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Abstract

Astaxanthin production from Haematococcus pluvialis is one of the main branches of
microalgal biotechnology. Commercial interest rises from its applications as a
pigment in animal feed and more recently in human health, due to its potent
antioxidant activity. However, challenges in large-scale production of H. pluvialis,
associated to both algal metabolism and cultivation strategies, still limit the market of
natural astaxanthin. Current cultivation technologies are based on suspension
systems that have major drawbacks such as high water, energy and technical
requirements. These problems can be avoided by immobilized cultivation, which is
therefore receiving increased attention. In this study, H. pluvialis was cultivated under
immobilized conditions, in a Twin-Layer PSBR. 26 different strains of H. pluvialis
were capable of biofilm growth and astaxanthin production and CCAC 0125 was
selected for process optimization. Biomass and astaxanthin production increased as
a function of the light intensity, until up to 1,015 pmol photons m? s, with no sign of
photoinhibition. Maximum biomass productivity of 19.4 g m? d”' was observed at high
light. Nutrient limitation and salinity increased astaxanthin production but
compromised biomass growth. Nevertheless, highest astaxanthin productivity of
0.507 g m? d” and content in biomass of 3.5% of dry matter was reported at high
irradiance, under nitrogen and phosphorous depletion. These results strongly
encourage the immobilized cultivation of H. pluvialis as an alternative to current
technologies. Coupling high biomass and astaxanthin productivities under high light
intensities was possible due to the biofilm organization. It can represent a
breakthrough in the commercial production of H. pluvialis by exempting the need of
pre-cultivation at low light and thereby, simplifying the costly two-step processes
currently employed.
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Zusammenfassung

Die Produktion von Astaxanthin mittels Haematococcus pluvialis ist eines der
wichtigsten Fachgebiete der Mikroalgen Biotechnologie. Kommerzielles Interesse ist
zuruckzufuhren auf dessen Anwendungen als Pigment in der Tierzucht und
neuerdings auch im Bereich des Gesundheitswesens, begrindet auf seiner starken
anti-oxidativen Wirkung. Allerdings begrenzen die Herausforderungen in der
industriellen Produktion von H. pluvialis, in Bezug auf den Metabolismus der Alge
wie gleichermalien auch die Kaultivierungsstrategie, immer noch den Markt far
naturliches Astaxanthin. Die derzeit gangigen Kultivationstechnologien basieren auf
Suspensionssystemen, welche weitgehende Nachteile mit sich fuhren, wie hoher
Wasser-, Energie und Technikaufwand. Diese Probleme konnen durch die
Anwendung einer immobilisierten Kultivation vermieden werden, weshalb diesem
Verfahren immer mehr Aufmerksamkeit zu Teil wird. In dieser Arbeit wurde H.
pluvialis als immobilisierte Kultur in einem Twin-Layer PSBR verwendet. Insgesamt
wurden 26 verschiedene Arten von H. pluvialis gefunden, die als Biofilm wachsen
und Astaxanthin produzieren konnten, wobei der Stamm CCAC 0125 zur weiteren
Optimierung des Prozesses ausgewahlt wurde. Biomasse und Astaxanthin
Produktion stiegen zunehmenden in Abhangigkeit zu der Lichtintensitat, bis
einschlieBlich 1,015 ymol Photonen m? s, ohne Anzeichen von Photoinhibition.
Maximale Biomasse Produktivitat von 19.4 ¢ m? d' wurde unter starken
Lichtverhaltnissen verzeichnet. Nahrstofflimitierungen und Salinitat unterstutzen die
Astaxanthin Produktion hinderten allerdings das Wachstum der Biomasse.
Nichtdestotrotz, wurde die héchste Astaxanthin Produktivitat von 0.507 g m? d”' mit
einem Biomasseanteil von 3.5% in der Trockenmasse durch starke Belichtung sowie
Stickstoff- und Phosphatmangel erreicht. Diese Ergebnisse bestarken die
Verwendung der immobilisierten Kultivation von H. pluvialis als Alternative zu den
derzeitigen Technologien. Die Verknupfung von hoher Biomasse mit der Produktion
von Astaxanthin bei starkem Lichtintensitaten wurde nur durch die Anordnung in
einem Biofilm ermodglicht. Es kann einen Durchbruch in der kommerziellen
Herstellung von H. pluvialis darstellen, da hierbei das Vorziehen der Kulturen bei
geringen Licht entfallt, was wiederum den derzeit verwendeten komplexen Zwei-

Stufen Prozess stark vereinfacht.
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Introduction |

1.1 Astaxanthin: applications and markets

Astaxanthin is a keto-carotenoid (3,3’-dihydroxy-f3,3-carotene-4,4’-dione; Figure 1.1)
commonly known for eliciting the pinkish/red colour of salmonids and crustaceans.
Such animals acquire astaxanthin from their food, since they are not capable of the
de novo carotenoid synthesis. Therefore, astaxanthin is widely used as pigment in
animal feed, mostly in aquaculture for salmon, trout and shrimps but it is also applied
in poultry for better pigmentation of the egg yolk (Chien and Jeng, 1992; Christiansen
et al., 1994; Foss et al., 1984; Johnson and Schroeder, 1995; Lorenz and Cysewski,
2000; Schiedt et al., 1989; Yamada, 1990). Astaxanthin has gained further attention
in the past years due to its potent antioxidant activities (Naguib, 2000; Ranga Rao et
al., 2010). Numerous studies are currently being conducted and astaxanthin is
indicated to have a beneficial effect in immune response, cardiovascular system,
cancer, diabetes and dermatitis among others (Dong et al., 2013; Gross et al., 2006;
Park et al., 2010; Rao et al., 2013; Yoshihisa et al., 2016). However, at present
astaxanthin is only commercialized for direct human consumption as a nutraceutical
or cosmetic, mostly for antiaging and eye, joints and muscle health improvement
(Ambati et al., 2014).

Global astaxanthin market is increasing rapidly and was estimated to be around US$
400 million in 2014 with prediction of reaching US$ 1.1 billion by 2020 (BCC
Research, 2015; Industry Experts, 2015). The major portion of this market is
aquaculture, for which astaxanthin is sold at values around US$ 2.500 kg™, but is
dominated by the synthetic version of the pigment (Lorenz and Cysewski, 2000),
synthesized from crude-oil-derived carbon fragments (Baker and Saling, 2003).
Natural astaxanthin synthesis occurs in some bacteria (Tsubokura et al., 1999;
Yokoyama and Miki, 1995), fungi (Dominguez-Bocanegra et al., 2007; Johnson and
Schroeder, 1996; Wang et al., 2006) and green algae (Droop, 1954; Ip and Chen,
2005; Rezanka et al., 2013; Zhang et al., 1997). However, the bacteria Paracoccus
carotinifaciens, the yeast Phaffia rhodozyma and the green alga Haematococcus
pluvialis are the most commonly used for commercial production of natural

astaxanthin.
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Astaxanthin o Astaxanthin 3R, 3'R °

Figure 1.1 Astaxanthin structure and the different stereoisomers

Astaxanthin from different sources have distinct isomer compositions. The
astaxanthin molecule contains two benzenoid rings with asymmetric carbons located
at positions 3 and 3’. The attachment of the hydroxyl to the asymmetric carbons on S
or R configurations determine the different enantiomers: 3R,3'R; 3S,3'S and 3R,3’S
(meso), as seen on Figure 1.1. Astaxanthin synthesized by H. pluvialis has a 3S,3’'S
configuration, which is also the isomer observed in wild salmons (Andrewes et al.,
1974; Turujman et al.,, 1997). The 3R, 3'R form accounts for over 92% of the
astaxanthin produced by Phaffia (Andrewes and Starr, 1976), whereas the synthetic
version of the pigment is a mixture of all three isomers in an approximate 1 3S,3’S: 2
meso: 1 3R,3'R relation (Turujman et al., 1997). Furthermore, astaxanthin is mostly
esterified in mono and diesters in H. pluvialis, and free when produced by Phaffia
and when chemically synthesized (Andrewes et al., 1976). The effect of the different
astaxanthin composition on its accumulation in animal tissue and biological activity is
controversial and seems to be species specific (Foss et al., 1987; Fujita et al., 1983;
Tejera et al., 2007).

Synthetic astaxanthin is associated to lower production costs, however it is currently
limited to applications in animal feed. With the exception of AstaSana from DSM
(Herleen, The Netherlands) that is attempting direct human consumption,
nutraceuticals are only prepared from natural sources. This market is increasing with

a growing knowledge on axtaxanthin-associated health benefits and retail price of
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nutraceutical grade astaxanthin is US$ 15,000 kg™' (Leu and Boussiba, 2014). In a
similar health-concern framework, the commercial interest for salmon fed with natural

astaxanthin is also enhanced.

H. pluvialis is considered the best source of natural astaxanthin because it is capable
of accumulating the pigment in values around 4.5% of its biomass, more than 10-fold
that observed in Phaffia (Boussiba and Vonshak, 1991; Kang et al., 2006b; Lorenz
and Cysewski, 2000; Zhang et al., 2014). Moreover, the production process is less

energy intensive and more eco efficient (Baker and Saling, 2003).

1.2 The green microalga Haematococcus pluvialis as a source for

astaxanthin

Haematococcus pluvialis is a freshwater, unicellular and ubiquitous green microalga,
typical of temporary water pools. Usual life cycle of this organism comprises green
biflagellate cells, immotile green cells called palmellas and akinetes, a resting stage
(Figure 1.2). Under favourable growth conditions — commonly established in
laboratory as light intensity up to 100 umol photons m? s™, temperature of 20 - 28 'C
and nutrient replete freshwater medium (Borowitzka et al., 1991; Fan, et al., 1994,
Giannelli et al., 2015) -, flagellates are the most abundant form. They are pear-
shaped vegetative cells with a cup-shaped chloroplast and the protoplast is
connected to the cell wall by means of protoplasmic strands. If conditions become
adverse, cells shed the flagella, forming non-motile palmella stages that have a
similar protoplasm structure as the flagellates, but adhered to the cell wall. Both
flagellates and palmellas are vegetative cells and undergo cell division. However, if
environmental conditions continue to be adverse or aggravate, cell division is ceased
as palmellas transform into astaxanthin-accumulating akinetes (Droop, 1953; Elliot,
1934; Hazen, 1899; Pocock, 1960). This transformation is accompanied by
modifications in cell composition, mainly characterized by a dramatic increase in
astaxanthin production, but also in cellular carbohydrate and lipid content and
formation of a trilaminar sheath containing sporopollenin-like material (Boussiba and

19
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Vonshak, 1991; Hagen et al., 2002; Santos and Mesquita, 1984). Under very specific
circumstances such as akinete germination following adverse conditions, sexual

reproduction can also be observed in H. pluvialis (Triki et al., 1997).

Figure 1.2. Micrographs of different life stages of Haematococcus pluvialis: A biflagellate cells, B
palmellas (green round cells) and akinetes (red cells).

Carotenoids are synthesized from isopentenyl pyrophosphate in the chloroplasts,
however astaxanthin accumulates in the cytoplasm. Grinewald and Hagen (2001)
propose that B-carotene is transported from the chloroplast to the lipid bodies, where
it undergoes oxygenation and hydroxylation, the final steps of astaxanthin
biosynthesis. Fatty acids are esterified onto the hydroxyl group(s) of astaxanthin after
biosynthesis of the carotenoid, forming mono and diesters and thereby increasing its
lipid solubility and stability (Grung et al., 1992). Astaxanthin then accumulates in lipid
droplets in the cytoplasm of H. pluvialis, initially surrounding the nucleus and then
spreading through the entire cell (Santos and Mesquita, 1984).

The physiological role of astaxanthin in the H. pluvialis cell is still a topic of debate,
but two major functions are considered. The first is its action as a light shield,
protecting cell components from excessive and harmful irradiances, by absorbing
light in the blue region (Hagen et al., 1994; Wang et al., 2003; Yong and Lee, 1991).
The second and likely major function is protection against oxidative stress, either
directly scavenging and quenching reactive oxygen species or indirectly, where the
astaxanthin biosynthesis pathway consumes excessive electrons and molecular
oxygen (Fan et al., 1998; Kobayashi et al., 1993; 1997; Li et al., 2008; Wang et al.,
2003). Astaxanthin accumulation is, therefore, triggered by conditions that generate

20



Introduction |

light and/or oxidative stress, such as: high irradiance, nutrient deficiency, salinity and
iron surplus (Boussiba and Vonshak, 1991; Boussiba et al., 1999; Droop, 1955;
Goodwin and Jamikorn, 1954; Harker et al., 1996, 1995; Kobayashi et al., 19923;
Sarada et al., 2002). Light plays a key role in both growth and astaxanthin
production, however, it is not mandatory. H. pluvialis can grow heterotrophically, with
productivities similar to that of photoautotrophic cultures and growth rates can be
increased in mixotrophic cultivation. Astaxanthin can also be produced in the
absence of light, as long as an organic carbon source is provided (Droop, 1955,
1954; Jeon et al., 2006; Kobayashi et al., 1992b).

One of the major difficulties of scaling up astaxanthin production for commercial use
is the metabolism itself. Even if growing flagellate cultures are capable of astaxanthin
production (Grunewald et al., 1997; Lee and Soh, 1991), as it is a secondary
metabolic compound, its accumulation is enhanced when the cell division slows
down or ceases, in the akinete resting stage (Boussiba and Vonshak, 1991; Droop,
1954). Therefore, state-of-the-art cultivation of H. pluvialis for astaxanthin production
is a two-step strategy. In the first step (green/growth phase), cultivation parameters
are optimal for vegetative growth, reaching high cell densities. When sufficient
biomass is obtained, the culture undergoes a stress/red phase, to enhance
astaxanthin production and accumulation. In large-scale setups, this second phase is
frequently performed outdoors taking advantage of natural sunlight, which reaches

intensities of up to 2,000 umol photons m? s™.

However, maximum 150 pmol
photons m? s light intensities are necessary to maintain vegetative growth in
suspension cultures and other parameters such as nutrients, temperature, CO, and
pH should also be carefully monitored (Lorenz and Cysewski, 2000; Olaizola and
Huntley, 2003). Thus, different systems are necessary for each phase and the
vegetative growth is frequently conducted indoors, using artificial light. Higher
technical efforts and energy inputs are, therefore, demanded in two-step cultivation
systems. Moreover, it suffers from a non-astaxanthin-productive growth phase, which
usually represents around half of the cultivation period (Aflalo et al., 2007; Suh et al.,

2006).
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1.3 Astaxanthin production by H. pluvialis on a technical scale

For a technical- or commercial-scale production of astaxanthin by H. pluvialis
conventional suspension cultivation dominate H. pluvialis research and market.
Suspension cultivation can be performed in open ponds or closed photobioreactors
(PBRs). Open ponds are basically containers in which suspension cultures are kept
exposed to the environment, constantly mixed and aerated by a paddlewheel. These
are very simple and cheap constructions, however, they are easily contaminated. To
reduce contamination and improve productivities, a range of closed PBRs was
designed. In such systems, suspension cultures are grown in enclosed transparent
structures (tubes, columns, flat plates, among others) and mixed by pumping and/or
aeration. Environmental conditions can be better controlled in closed PBRs, but it
comes at a high cost for both construction and operation (Acién Fernandez et al.,
2013; Brennan and Owende, 2010; Olivieri et al., 2014). Furthermore, biomass is
highly diluted in suspension systems, representing only 0.05 — 0.6 % of the culture.
Harvesting is then laborious and cost prohibitive (Gross et al., 2015).

Most of the commercial cultivation of H. pluvialis is performed under photoautotrophic
conditions, in closed photobioreactors or open ponds. Tubular PBRs are the most
commonly used enclosed systems and can be employed for both growth and stress
phases. Open ponds are restricted to the stress phase, when extreme conditions can
be applied and cultivation is performed for a short period, i.e. 4 - 6 days, thereby
reducing contamination risks (Olaizola and Huntley, 2003). The choice of the
cultivation system should be based on the final product that is aimed. Nutraceuticals
have more demanding requirements with respect to contamination, but also higher
market values, therefore, the use of expensive and energy intensive systems as
closed PBRs can still be economically viable. On the other hand, when aiming at a
bigger market with lower added value, such as animal feed, production costs should
be maximally reduced in order to compete with the synthetic astaxanthin (Leu and
Boussiba, 2014).

In spite of the intense basic and applied research, the market share of natural
astaxanthin nowadays is still limited by the high costs associated to H. pluvialis
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cultivation. It is speculated that the synthetic pigment production costs are below US$
1,000 kg™'. Hence, in order to compete with the synthetic version, 1 kg of H. pluvialis
dry weight containing 3 — 4 % astaxanthin should be produced at the values of US$
30 - 40 (Olaizola and Huntley, 2003). Meanwhile, Leu and Boussiba (2014) estimate
costs of at least US$ 100 kg™ in a small commercial plant with two-step cultivation
but values lower than US$ 30 kg™ could be reached in a much larger scale and with a
one-step approach using tubular PBRs and an appropriate strain. Values could be
further reduced in regions with cheaper lands and labour, as well as material and
nutrients. Indeed, an economical assessment of a conceptual production plant in
China estimated costs below US$ 20 kg™ of H. pluvialis biomass and US$ 1,000 kg™
astaxanthin for cultivation in a two-step system with closed PBRs and open ponds (Li
et al., 2011).

Immobilized cultivation represents an alternative for simplifying microalgae
production. By overcoming common problems associated with suspension culture
such as high water and energy consumption; limitations in gas exchange and light
dilution and shear stress, production costs can be reduced. It consists of biofilm-
based cultivation systems in which harvesting can be performed simply by scraping
off the biomass, which has a very low water content of about 70 — 85 %, over 100
fold higher than that of suspension cultures. This way, flocculation and/or
centrifugation is exempted (Berner et al., 2014; Gross et al., 2015; Ozkan et al.,
2012). Hence, immobilized cultivation has attracted a lot of attention in the past years
and different biofilm-based PBRs have been developed in both stationary and
rotating configurations (Blanken et al., 2014; Christenson and Sims, 2012; Genin et
al., 2014; Gross et al., 2013; Mulbry and Wilkie, 2001; Schnurr et al., 2013).
However, in all these systems the biofilm is submerged in the culture medium
constantly or periodically, which can reduce algal immobilization and increase

biomass detachment.

These problems are avoided by complete separation of biofilm and bulk medium in
the Porous Substrate Bioreactors (PSBRs), which consists of a sheet-like micro-
porous substrate in which microalgae are immobilized by self-adhesion, while culture

medium circulates through an inner source layer. Nutrients reach the biomass
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through the porous substrate by diffusion, but the pores should be small enough to
prevent microalgae from crossing and to reduce contamination in biomass (Liu et al.,
2013; Murphy et al., 2012; Naumann et al., 2013). The “Twin-Layer” was the first
developed PSBR (Melkonian and Podola, 2007). Maximum biomass surface
productivities in a PSBR were recently reported on the Twin-Layer by using high
light: Biomass of Halochlorella rubescens increased with increasing light intensity,
reaching a maximum of 31.2 g m? day™' surface productivity at 1,000 ymol photons
m? s with supplementary CO,. No evidence of photoinhibiton was observed
(Schultze et al., 2015). Moreover, footprint productivities as high as 80 g m? day™
were obtained for Scenedesmus obliquus, when using multiple PSBRs organized in

parallel (Liu et al., 2013).

PSBRs have been shown to support growth of different microalgal species (Benstein
et al., 2014; Cheng et al., 2014; Ji et al., 2013; Liu et al., 2013; Naumann et al., 2013;
Nowack et al., 2005; Schultze et al., 2015), including H. pluvialis (Nowack et al.,
2005; Wan et al., 2014a; Yin et al., 2015; Zhang et al., 2014). The effect of cultivation
parameters, such as inoculum density, temperature, light intensity and nutrient
concentration in culture medium were investigated on the immobilized cultivation of
H. pluvialis. However, research was limited to continuous light conditions with
maximum irradiances of 230 pymol photons m? s™. Moreover, H. pluvialis immobilized
cultivation has only been proposed for use in astaxanthin induction (stress phase),
and not the entire process (Wan et al., 2014a; Yin et al., 2015; Zhang et al., 2016,
2014).

1.4 Aim of this study

The main aim of this study was to optimize H. pluvialis immobilized cultivation on a
bench-scale Twin-Layer PSBR for astaxanthin production. In order to do so, different
H. pluvialis strains were initially evaluated to verify their potential for biofilm

cultivation and to identify attractive traits such as high biomass and astaxanthin
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productivities and robustness. Optimization of the cultivation process in respect to
light intensity and carbon dioxide was then conducted with one selected strain.

Astaxanthin production was further optimized by: (1) Investigation of the effect of
stress factors (nutrient depletion and salinity); (2) comparison of different cultivation
strategies (one vs. two-step). Moreover, for a better comprehension of the biofilm
structure and dynamics, biofilm cross-sections were evaluated by microscopy and
microsensor analysis for light and dissolved oxygen and were performed.
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2.1. Microalgal strains and cultivation

2.1.1 Strains and culture maintenance

A total of 26 strains of H. pluvialis were obtained from different culture collections
worldwide: Culture Collection of Algae at the University of Cologne, Cologne,
Germany (CCAC); Coimbra Collection of Algae (ACOI), Coimbra, Portugal; Culture
Collection of Algae and Protozoa (CCAP), Oban, Scotland; National Institute for
Environmental Studies Microbial Culture Collection (NIES), Tsukuba, Japan and
Culture Collection of Algae at the University of Gottingen (SAG), Gottingen,
Germany. The strains are listed on Table 2.1, together with available information on

its isolation.

All strains were obtained axenic and were maintained in this condition, in 100 mL
Erlenmeyer flasks, with 50mL of culture medium and transferred every 3 - 4 weeks.
Stock cultures were grown in 16 "C culture chambers, at around 30 ymol photons m™
s provided by fluorescent lamps (L36W/640i energy saver cool white and L58W/956
BioLux fluorescent lamps; Osram, Munich, Germany), using a 14/10 hours light/dark
cycle.

For experiments on the Twin-Layer PBR, cultures were expanded to 2 or 5 L
Erlenmeyer flasks and placed in a 23 'C culture chamber, with same lamps and
light/dark cycle. Flasks were placed in order to be exposed to 50 - 60 uymol photons
m? s light intensity and were aerated with 0.5% additional CO,, at a flow rate of 0.5
mL min™". Culture medium was refreshed accordingly and microalgae were collected

from logarithmic growth phase.
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Table 2.1. Strains of Haematococcus pluvialis

CCCryo 096-99

NIES-144

SAG 34-1a
SAG 34-1b
SAG 34-1f
SAG 34-1h
SAG 34-1 |
SAG 34-1n
SAG 44.96

Australia, Tilba-Tilba, NSW. Dried out concrete bird bath.
Japan, Sapporo Sapporo, Hokkaido.

Sweden, Aneboda.

Former Czechoslavakia.

Svalbard. From a stone.

Finland, Tvarminne. Supralittoral rock pool.

Switzerland, Zirich. Stoup at Sihlfeld cemitery.
Switzerland, Graubtinden. Little “blood pond® near Samnun

South Africa, Cape Town. Soil from Cape Flats "De Klip";
leg. M. A. Pocock, 1967

Strain ID Origin Isolator
CCAC 0526 n.a. n.a.
CCAC 0528 n.a. n.a.
CCAC 0529 n.a. n.a.
CCAC 0055 Germany, Lohmar near Cologne. Rainwater reservoir. Powalowski (1990)
CCAC 0868 Russia; Moscow, Biology Institute of the State University. Sineshchekov
CCAC 0869 Russia; Moscow, Biology Institute of the State University. Sineshchekov
CCAC 1023 n.a. n.a.
CCAC 2072B Germany, Cologne, Botany Department of the University Podola (2000)
CCAC 0125 Germany, Asbach-Oberplag / Westerwald. Naumann (2004)
CCAC 0129 Germany, Lohmar near Cologne B. Melkonian (2004)
CCAC 3305 Germany, Cologne, Wahner Heide, Fuchskaule. Freshwater. M. Melkonian (2010)
CCAC 3319 Switzerland, Rylle. Freshwater. M. Melkonian (2010)
CCAC 3323 Switzerland, Rylle. Freshwater. M. Melkonian (2010)
M1024 Switzerland; Zurich. Stoup at Sihlifeld cemitery. Zehnder (1953)
ACOI - 276 Portugal, Serra da Estrela. Pond near Lagoa Comprida. M. F. Santos (1987)
CCAP 34/13 USA, Ferrum, Virginia. bird bath. Ott (1959)
CCAP 34/14 USA, Cattonsville, Maryland. Cement urn, Ott (1989)

T. Leya (1999)
Ichimura (1964)

Pringsheim (before 1970)

Mainx (probably 1931)
Pringsheim (1932)
Droop (1951)
Zehnder (1953)
Zehnder (1953)
Schldsser (1969)

n.a. information not available
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2.1.2. Culture media

Modified BG11-H medium was used for H. pluvialis cultivation in both suspension
and immobilized conditions. Stock solutions were prepared as described in Table 2.2,
and stored at 4 ‘C. For the preparation of final medium, 40 mL of main nutrients and
1 mL of each trace elements, Fe-EDTA, vitamins and buffer stock solutions were
added to double distilled water (Milli-Q water, TKA-X-CAD, Germany) and were then
completed to 1 L. Once prepared, pH was corrected to 7.3 - 7.4 with NaOH and
media bottles were immediately autoclaved.

For astaxanthin induction purposes, the following adaptations of the modified BG11-
H medium were applied: N zero, P zero, NP zero, NaCl, and N zero + NaCl. N zero,
P zero and NP zero media were prepared by leaving out from the main nutrients
stock solution the NaNO3, K;HPO,4 - 3H20 and both compounds, respectively. For the
NaCl, 8 g L' of NaCl were added to the final BG11-H medium, yielding a
concentration of 0.8 %. These compositions will be referred to as stress media.

2.2. Twin-Layer PSBR

2.2.1 Inoculation: Immobilization of H. pluvialis

H. pluvialis immobilization was always performed on polycarbonate membranes
(PC40, 0.4 um pore size, 25 mm diameter, Whatman, Dassel, Germany), that have a
weight of 4.44 + 0.01 mg. The inoculated area on the filter was 2.5447 cm?.

Inoculum quality is of great importance for the development of the experiment and its
results, therefore, they were always prepared following the same protocol:
Suspension cultures were transferred one week and refreshed two days before
inoculation. This way, cells in logarithmic growth phase were collected and
concentrated by centrifugation (800 x g for 5 minutes). Under these conditions, no
damage was observed to flagellate cells. Concentrated culture density was then
determined by filtering 1mL of the suspension onto a polycarbonate membrane,
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which was then dried in compartment drier (WTB Binder, Germany) at 105 °C for two

hours.

Table 2.2. Composition of modified BG11-H culture medium.

Compound Stock solution (L) Molarity in final medium

Main nutrients (40 ml per liter medium)

NaNO; 37.500 g 17.650 mM
KoHPO, - 3H,0 1.312 ¢ 0.230 mM
MgSQO, - 7H,0 1.875¢g 0.300 mM
CaCl;, - 2H,0 1.620 g 0.440 mM
Na,COs; 0.500 g 0.190 mM
Trace elements (1 ml per liter medium)

H;BO3 2.860 g 46.260 yM
MnCl; - 4H,0 1.810 g 9.150 uM
ZnS0O, - 7TH0 0.220 g 0.770 uM
Na;MoO, - 2H,0 0.390 g 1.600 uM
CuSOy, - 5H,0 79.000 mg 0.320 uM
Co(NO3), - 6H,0 49.400 mg 0.170 uM
Fe-EDTA (1 ml per liter medium)

EDTA (Titriplex II) 5.220¢g 17.860 uM
FeSO, - 7H.O 4980 g 17.910 uM
KOH 54.000 ml 1N KOH 54 yM

Vitamins (1 ml per liter medium)

Vitamin B, 0.200 mg 0.150 nM
Biotin 1.000 mg 4.000 nM
Thiamine-HCI 0.100 g 0.300 nM
Niacinamide 0.100 mg 0.800 nM

Buffer (1 ml per liter medium)

HEPES 238.310¢g 1.000 mM

All chemicals were manufactured by Merck (Germany), with the exception of H;BO3; (Roth, Germany)
and MnCl, - 4H,0 (Sigma-Aldrich, Germany). .
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After cooling down to room temperature in desiccator, the weight of membrane and
biomass were determined gravimetrically and culture density was calculated as

follows:

D= Wt—-Wm Equation 01

Where D is the density of the culture in mg mL™; Wtand Wm are the total (biomass +

membrane) and membrane weight, both in mg.

It was then possible to calculate the volume that should be used, in order to achieve
a density of 5 g m? (unless otherwise stated) in the inoculation area. Volumes of 0.8
to 1.5 mL were usually used. If necessary, inoculum culture was further concentrated
or diluted. Once ready, the suspension culture was placed on a magnetic stirrer, to

maintain homogeneity during the entire inoculation process.

Immobilization of H. pluvialis followed the protocol described by Naumann et al.
(2013). Custom made polyvinylchloride (PVC) blocks were used for inoculation, each
of which containing six holes (& 18 mm) that determined the inoculation area.
Polycarbonate membranes were soaked in double distiled water and placed
individually on the top of each hole. The block and filters were then covered with a
wet highly absorbent paper (Gel-Blotting-Paper GBO002; Schleicher & Schuell,
Dassel, Germany), and turned upside down on a pile of dry paper towels. The
previously determined volume of the suspension culture was pipetted into these
holes, the culture medium was filtered through the paper and cells were immobilized
on the membrane, as illustrated in Figure 2.1. Inoculated filters were maintained
moist on glass fibre soaked in culture medium, until placement on the Twin-Layer
PSBR. Both suspension cultures used as inoculum and immobilized algae were
frequently monitored under the microscope. Cell morphology, colour, life stage and

possible contamination were observed.
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Figure 2.1. Immobilization of microalgae for inoculation on the bench-scale Twin-Layer PSBR. Ib —
inoculation block, pt — paper towel, p — highly absorbent paper, alg — algae, pcm — polycarbonate
membranes

2.2.2 Bench-scale Twin-Layer PSBRs setup

The bench scale Twin-Layer PSBRs used in the present work were described by
Schultze et al. (2015), based on the design by Shi et al. (2007) and is showed in
Figure 2.2. The system consisted of a transparent acrylic tube (50 cm long, 12 cm
diameter) on a PVC support box. A glass fibre mat (50 x 10 cm — 80 g/m?; Isola AS,
Eidanger, Norway) was used as a source layer, hanging vertically from the lid inside
the tube.

A reservoir bottle containing 1 L of culture medium was placed under the acrylic tube,
inside the PVC support. Medium circulated from the bottle to the top of the glass fibre
through PVC (Rauclair, Germany) and pump tubes (Spetec, Erding, Germany) at a
flow rate of 4.5 - 5.5 mL min™'. Once applied at the top, it spread down with gravity,
soaking the glass fibre and returning to the reservoir bottle by means of an opening
in the support box. Culture medium was exchanged every 2 - 3 days to avoid nutrient
limitation for algal growth, even when applying stress media with nutrient
deficiencies. Evaporated water was replaced whenever found necessary. Inoculated
polycarbonate membranes were easily adhered to the wet glass fibre due to the
hydrophilic properties of both materials.
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Sodium discharge lamps (SON-T AGRO 400W, Philips, Hamburg, Germany) were
used as light source, following a 14/10 hour light/dark cycle that was controlled by
timers (Theben Timer 26, Theben, Haigerloch, Germany). Different irradiances were
obtained according to the distance from PSBR tubes to the lamps and/or by the use
of filters capable of reducing light intensity in 50 and 75% (Filter types 209 and 210,
LEE, Germany). Irradiances were measured with a photometer (LI-250A, LI-COR,
Lincoln, NE, USA).

Aeration was supplied directly inside the PMMA tube, through a second opening in
the support box. Compressed air and CO,, were applied together in concentrations
from 0 to 10% CO,, at a flow rate of 1 L min™'. In some cases, aeration with no
additional CO, was performed by aquarium pumps (Schego Prima, Schemel & Goetz
GmbH & Co KG, Offenbach am Main, Germany).

A few hours prior to inoculation, the system started running with culture medium, so
to ensure glass fibre mats would be soaked with nutrients when receiving the algae.

Figure 2.2. Bench scale Twin-layer PSBR tubes. A Schematic drawing of one system containing 2
acrylic tubes (1) on a PVC support (2). Glass fibre (3) hangs inside the tubes, where the
polycarbonate membranes, containing the biomass (4) are placed. A reservoir supplies culture
medium to circulate on the system (5) and aeration is provided directly inside the tubes (6). B Front
image of four PBRs.
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2.2.3 Harvest

Harvests were usually performed every 2 - 3 days, but could be more spaced in
longer experiments. They consisted of removing at least 3 membranes from different
positions of the glass fibre, in the PSBR. This way, possible spatial variations would
be included in the analysis. To ensure that only biomass in the inoculated area would
be accounted for, surplus biomass was scraped off with the aid of an 18 mm
diameter tube. Membrane and remaining biomass were lyophilized for two hours and
subsequently weighed in an analytical balance (Sartorius, Bovenden, Germany).
Biomass per area was determined according to Equation 02, and the samples were
then stored at -20 "C until pigment analysis.

Wt —Wm
B= —

Equation 02
a

Where B is the biomass in g m?; Wt and Wm are the total (biomass + membrane)

and membrane weight, both in mg, and a is the inoculation area in m?.

2.3. Pigment analysis

Lyophilized biomass samples were removed from polycarbonate membranes and
mixed to disperse clumps, until a homogeneous powder was obtained. A small
amount of 1 - 2 mg of this powder was weighed in a high precision balance and
separated for pigment extraction. All the following extraction and measurement

process was carried out in darkness.
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2.3.1 Astaxanthin

A calibration curve was prepared from a commercial astaxanthin standard (98.6%
purity, Dr. Ehrenstorfer GmbH, Augsburg, Germany). An initial master solution was
performed in DMSO, followed by 12 dilutions in the same solvent. Samples were
plated in triplicates in 96-well plates (200 pL well') and the OD was measured at 530
nm (Infinite M200 plate reader, Tecan, Mannedorf, Switzerland). From the linear
correlation between OD and astaxanthin concentration (Figure 2.3), equation 03 was
obtained.

Astaxanthin was then determined spectrophotometrically as described by Li et al.
(2012). Freeze dried biomass samples were extracted with Dimethyl sulfoxide
(DMSO; Merck, Germany), incubated in water bath at 70°'C for 5 minutes with
intervals for vortexing, then centrifuged at 4,000 g for 5 minutes. Extraction was
repeated until a colourless pellet was obtained and supernatants were collected
together. When necessary for complete extraction, cells were broken by grinding with
sea sand (AppliChem, Germany).

Y = 0.665x + 0.008236 Equation 03

2.5

OD measurement [530 nm]

0.0

T T T T T T 1
0 5 10 15 20 25 30 35
Astaxanthin concentration [ug/mL]

Figure 2.3. Astaxanthin standard calibration curve for spectrophotometry.
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Supernatants were plated in triplicates onto flat-bottom 96-well plates (200 pL weII'1)
and the OD was measured at 530 nm. Pure DMSO was used as a blank and, when
necessary, 1:2 dilutions were performed with the solvent. Absorbance measurements
were then used to determine astaxanthin concentration in the wells with equation 03
and the value was multiplied by the DMSO dilution used for extraction and plating.
From these results, astaxanthin content in extracted biomass was calculated in
percentage, with subsequent estimation of total astaxanthin production per biofilm
surface (in g m™).

2.3.2 Chlorophyll

Since no alkali treatment was performed during astaxanthin extraction, the same
supernatants could be used for chlorophyll analysis. The OD of the plated samples
was also measured at 664 and 647 nm, and chlorophyll quantification (mg L") was
conducted according to equations 4 and 5 (Jefferey and Humphrey, 1975). These
equations were created using 90% acetone as solvent, but the absorption spectra of
chlorophylls a and b are identical in and DMSO (Shoaf and Lium, 1976).

Chla = 11.93 Absggs — 1.93 Absgy, Equation 4

Chl b = 20.36 Absgs7 — 5.5 AbSggs Equation 5

Since Equations 2 and 3 are based on measurements in cuvettes (light path of 1 cm),
OD measurements were corrected for the light path in the 96-well plate, i.e. 0.6217
cm. This value was calculated from the height of the 200 yL DMSO column in a well
of 6.4 mm diameter. Total chlorophyll was calculated as the sum of chlorophylls a
and b.

38



Material and Methods |

2.4. Cryosectioning of biofilm

To gain insight into the microalgal biofilm structure, pieces of around 3 mm x 3 mm
were cut from fresh membranes in strategic time points. Biofilm borders were always
avoided and careful handling with forceps and sharp blades helped to preserve the
original structure. Cut pieces were placed in plastic supports containing a thin layer of
Tissue-Tek O.C.T compound (Sakura Finetek USA Inc., Torrance, CA, USA) and
then completely embedded by the product, removing bubbles that might have been
formed. The supports containing samples were immediately placed inside liquid
nitrogen containers, exposed to the vapour but not immersed in the liquid. Once
frozen, samples were individually wrapped in accordingly labelled tin foil and stored
at -35 'C. 90 pm transversal sections were cut in a cryostat microtome (HM500,
Microm International, Walldorf, Germany), using the cutting temperature of -16 C.
Sections were immediately placed on glass slides, observed under a light
microscope and photographed.

Biofilm thickness and layers were measured from the micrographs using Image J
software (ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA).

2.5. Experimental designs

2.5.1 Screening of H. pluvialis strains

Screening experiments were performed to select among the 26 H. pluvialis strains
listed on table 2.1, which were capable of biofilm growth on the Twin-Layer PSBR.
Strains were immobilized separately onto polycarbonate membranes at densities of 2
-3 g m?, but placed sorted in the Twin-Layers. Thus, each PBR tube accommodated

one sample from each strain.

A two-step cultivation approach was employed, where full BG11-H medium was
supplied for eight days (“growth phase”), followed by six days under nitrogen
starvation conditions (N zero medium - “stress phase”). Applied light intensity was
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203 pmol photons m? s™, provided by white fluorescent lamps, with a light/dark cycle
of 14/10 hours. PBRs were aerated at a flow rate of 0.5 L min ™" with 0.5% additional
CO, and the temperature was 23°C. Four samples per strain were harvested at the
end of each phase for dry weight and astaxanthin measurements.

A screening experiment was also performed in secondary wastewater to evaluate
robustness of the H. pluvialis strains. Municipal wastewater was obtained from the
Erftverband facility, in Frechen, Germany. A large sample was collected in
September 2013 from the secondary settlement tank after biological treatment (prior
to discharge). It was left to settle for two hours to remove suspended particles and
was then stored in 5 L flasks at -21 'C. One day before use, flasks were left at room
temperature to thaw and were later separated to 1 L bottles to be applied in the Twin-
Layers. Cultivation was conducted for one week, with daily wastewater exchange.
Tubes were exposed to 200 umol photons m? s, provided by sodium discharge
lamps at a 14/10 hour light/dark cycle. Meanwhile, aeration was performed by means
of aquarium pumps, with no additional CO,. At the end of the experiment, all of the
biofilms were harvested and exceptionally dried at 105 ‘C for two hours, followed by
20 minutes in desiccator to reach room temperature. Final dry weight was
determined gravimetrically.

2.5.2 The effect of light intensity and CO; supplementation on biomass and
astaxanthin production

Strain CCAC 0125 was chosen as one of the most astaxanthin productive from the
screening test and was therefore used in all further experiments for the optimization
of immobilized cultivation of H. pluvialis. For all of these experiments, inoculation
density was 5 g m? and around 90% of cells in inoculum were flagellates. Full BG11-
H culture medium was used throughout the experimental period with replacements
every two to three days. Hence, nutrients were always available in sufficient

amounts.

The effect of light intensity on growth and astaxanthin production was the first to be

investigated. Initially, a common two-step approach was used: Twin-Layers were
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irradiated with 90 pmol photons m? s™ for eight days and then moved to 1,000 umol
photons m? s™ for another period of eight days, adding up to a total of 16 days.
Aeration was supplemented with 5% CO..

Light and was further investigated in the system, this time in a one-step process, in
which the same irradiance was maintained throughout the cultivation period. 10
different light intensities in the range 20 to 1,015 pymol photons m? s™ were evaluated
under two aeration conditions, either only ambient air or ambient air supplemented
with 5% CO,. Due to the heat emitted by the lamps, the temperature on the glass
fibre increased as a function of the light intensity. Temperature control was attempted
by reducing room temperature, opening lids and aerating tubes. Nevertheless, the
variation could be reduced but not avoided, as described on Table 2.3. Experiments
with CO, supplementation were conducted for 16 days while those with only ambient
air ran for 31 days.

Table 2.3. Light intensity and glass fibre temperatures in PSBRs for irradiance experiments with and
without supplementary CO,.

Temperature [UC]
Light intensity

[umol photons m?s™] Ambient 5% CO2
air supplementation

20 18.6 18.6
44 21.5 19.3
89 20 22
211 20 22.2
329 24.5 24.5
440 24.2 24
535 28.1 24.5
644 23.4 24.5
789 23.6 24.7
1,015 28.3 28.6

This initial investigation showed maximum growth and astaxanthin production at high
light intensities. Thus, the aim of the following experiment was to identify the
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appropriate CO, concentration to support high growth rates at 1,000 yumol photons m
2 7. In order to do so, aeration was conducted with mixtures of air and CO; at
concentrations of 1; 2.5; 5; 7.5 and 10%. Glass fibre temperatures in all five tubes
were 27 + 0.5 'C. To evaluate the effect of the CO, concentrations in the culture

medium, pH was measured after the exchange.

2.5.3 Astaxanthin induction with stress media

Numerous conditions are considered to trigger astaxanthin accumulation besides
high light. Aiming at further increasing astaxanthin production, nutrient starvation and
salinity stress were coupled to the high irradiances, in a series of experiments. A
growth phase of three days with full BG11-H medium preceded the onset of stress
with P zero, N zero, NP zero, N zero + NaCl and NaCl culture medium.

At first, all the stress media were applied at 800 pmol photons m? s™. In a following
experiment, NP zero and NaCl were evaluated under a range of irradiances from 345
to 805 pmol photons m? s™. The light intensity was maintained the same throughout
the experimental period and aeration was supplemented with 1% CO..

2.6. Determination of light and oxygen profiles in the biofilm using

microsensors

In the attempt to better understand H. pluvialis biofilm structure and growth in the
different environmental conditions, depth profiles of light and oxygen were acquired
with microsensors. Three types of biofilms were analysed: LL -grown at low light
intensity; LL/HL - grown at low light, then transferred to high light intensity and
HL/Nzero - grown exclusively at high light and transferred to N zero culture medium.
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2.6.1. Biofilm preparation

All the membranes were inoculated with strain CCAC 0125 at a biomass density of
5.6 g m?, and cultivated with 2% supplementary CO, for a total of 28 days. Initial
growth was conducted for 18 days, at light intensities of 130 pmol photons m? s™ for
LL and LL/HL groups and 1,000 pymol photons m? s™ for the HL/Nzero. Full BG11-H
culture medium was supplied to all three groups during this growth phase and was
replaced every 3 days to avoid nutrient limitation. At day 18, biofilms were transferred
to the same culture conditions that were used at the microsensor analysis, for 10
days of acclimation. LL biofilms were placed at 20 pmol photons m? s™ and LL/HL
biofilms, at 1,000 pymol photons m? s™, but both groups were maintained with full
BG11-H. HL/Nzero biofilms continued at the same light intensity (1,000 pmol
photons m?s™), but culture medium was switched to BG11 N zero.

Irradiance distribution and dissolved oxygen concentration ([DO]) profile were
determined from two biofilms for every culture condition. Once measurements were
completed, samples were prepared for cryosectioning. Furthermore, three extra
biofilms from each group were lyophilized for dry weight calculation.

2.6.2 Microsensor measurements

Microsensor measurements were performed as described by Li et al. (2015a, 2015b),
based on works of Gieseke and de Beer (2004). Biofilms grown under the above
mentioned conditions were removed from the Twin-Layer PSBRs and placed on a
glass fibre mat inside a measurement chamber. Glass fibre was maintained wet by
circulating 50 mL culture medium (BG11-H or BG11-H N zero) through the system
with a peristaltic pump, at a flow rate of 3 mL min™". In order to avoid light and gas
exchange in the remaining glass fibre around the biofilm, it was covered with a black
plastic foil. The chamber was partially closed with a transparent plastic cover, to
maintain a stable environment, leaving only the biofilm exposed. Compressed air
containing 2% CO, was continuously introduced from the right and left sides of the

chamber at a flow rate of 1 mL min™". All the measurements were performed at room
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temperature of 23 'C and carried out with 40 pm resolutions. The movement of the
sensor was controlled by a computer-driven micromanipulator (Pollux Drive, PI

miCos, Eschbach, Germany).

Microsensors, amplifiers, micromanipulator and data acquiring software were kindly
provided by Dr Dirk de Beer, Max Planck Institute for Marine Microbiology, Bremen.
His group constructed microsensors with tip diameters < 10 ym and a response time
< 0.5 s used for the determination of [DO]. For this analysis, two-point linear
calibration was performed using culture medium saturated with nitrogen gas or
compressed air (zero and 0.274 mM of [DO]). The signals were amplified and
converted into digital data (DAQpad 6015 and 6009, National Instruments, Munich,
Germany), sent to a custom-made software (Microprofiler).

Light profiles in the biofilms were measured with a fibre optic microsensor with a
spheric tip (& 80 um), connected to a portable spectrometer (USB 4000,0cean
optics, Dunedin,USA). The acquired data was integrated and values for total
photosynthetically active radiation (PAR; 400 - 700 nm) and specific colour bands:
red (400 - 500 nm), green (500 — 600 nm) and blue (600 - 700 nm) irradiation

intensities were estimated.

2.7. Data analysis

Growth rates were calculated according to the biomass data. For longer time periods,
growth rates were calculated for individual points by first orders derivatives of a
second order polynomial function. When growth was linear, in shorter time periods, a
single growth rate was calculated as the slope of a linear regression. Astaxanthin
productivities were only calculated as the slope of a linear regression in limited
cultivation periods. For all the analyses, three or more replicates were used per data
point and only fits with R? > 0.90 were considered.

When normal distribution could be verified, comparisons between data points were

performed with one- and two-way anova, followed by Holm Sidak’s or Turkey’s
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multiple comparison tests, respectively. When n was insufficient for normality tests,
the Kruskal-Wallis test was carried out. Results were considered significantly different
when p < 0.05. To compare curves, area under curve (AUC) was calculated.

Biomass growth rate dependency on irradiance was plotted using the
Photosynthesis-irradiance (Pl) model proposed by Platt et al. (1980):

PB = PBs(1 — e~4!/Ps) g=F1/PBs Equation 6

Where PB is the biomass-specific rate of photosynthesis, Ps is the maximum
theoretical photosynthetic rate in the absence of photoinhibition, a the slope of the
line at low light (initial portion of the curve), B8 the photoinhibition constant, and I is the
irradiance. Growth rates were also used to calculate photosynthetic efficiency, i.e. the
biomass (in g) produced per unit of irradiance (umol photons m? s™), in one day.

Values shown in figures are expressed as mean * SD of at least 3 replicates. All data
was organized in Microsoft Excel sheets and analysis was performed using
GraphPad Prism v5.04 statistical software (GraphPad Software Inc., La Jolla, USA).
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3.1. Screening of H. pluvialis strains

Screening of 26 strains of H. pluvialis was performed in order to select the best
performing in respect to growth and astaxanthin production on a Twin-Layer PSBR.
Successful growth of H. pluvialis strains was observed in all strains when cultivated
with BG11-H culture medium and supplementary CO; (Figure 3.1A). Biomass yield
ranged from 35.12 g m? (CCCryo 096-99) to 64.7 g m? (CCAP 34/13) after the 8
day green phase and increased significantly during the astaxanthin induction period.
CCAP 34/13 showed maximum biomass production after 14 days (112 g m?),
whereas the lowest biomass was 73 g m?, observed in strain SAG 34-1l. For some
strains, astaxanthin production was already induced by the 203 pymol photons m? s™
light intensity. Thus, after the first 8 days, CCAC 0526 had an astaxanthin content of
0.83% of dry weight, the highest observed at this period. Nevertheless, all the strains
responded to nitrogen starvation with an increase in astaxanthin content. 22 of them
accumulated over 1% astaxanthin per dry weight and strains SAG 34-1I, CCAC
0125, SAG 44.96 and NIES-144 reached even more than 1.5%. The maximum
astaxanthin yield obtained after the 14 days was 1.6 g m? and no significant
difference in total astaxanthin was found between the four best performing strains:
SAG 44.96, CCAP 34/13, CCAC 0125, NIES-144 (Figure 3.1B).

For further evaluation of the strains’ robustness, they were grown in secondary
wastewater from the Erftverband municipal treatment plant. Biomass yields after the
7 days cultivation period are shown in Figure 3.2. With the exception of strain ACOI-
276, all others presented good and similar growth under these conditions. Maximum
final standing crop was 56.63 g m™ dry weight, observed on strain CCAC 0526, but it
was not significantly different from the other 24 strains with exception of ACOI-276
(19.1 g m?).
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Figure 3.1. Total biomass (A) in g dry matter m? + SD (n=4) and total astaxanthin (B) in g m? + SD
(n=4) of 26 strains of H. pluvialis during 14 days of cultivation in a Twin-Layer PSBR. White bars
represent amounts after cultivation using BG11 culture medium until day 8, whereas grey bars indicate
produced biomass/astaxanthin from day 8-14 during stress phase using nitrogen-depleted BG11. Light
intensity was 203 pmol photons m? s and aeration was supplied with 0.5% CO,. ns: no significant
differences were found between data sets (Kruskal-Wallis test; p=0.05)

In order to compare the performance on wastewater and BG11-H, biomass
productivity was calculated by dividing the difference between initial and final
biomass by the number of days. Only the growth phase (8 days with full BG11-H)
was considered for the biofilms that received culture medium. Results are
summarized on Figure 3.3. Most of the strains exhibited higher growth rates when
cultivated with BG11-H and supplementary CO,. Strains CCAC 0526, 0868, 3305,
3319 and 3323 had similar productivities in both treatments, as did SAG 34-11 and 3-
1b. Meanwhile, M1024 and CCCryo 096-99 seemed to grow better on wastewater.
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Figure 3.2. Total biomass in g dry weight m? + SD (n=4) of 26 strains of H. pluvialis during seven
days of cultivation |n a Twm -Layer PSBR with secondary municipal wastewater. Light intensity was
200 pmol photons m?s” and aeration was performed only with ambient air.

Despite of the similar performance on immobilized biomass and astaxanthin
production of most of the strains, some differences were observed during cultivation.
Slight colour variations were naturally present, however diversity of biofilm surface
and growth orientation was surprising. Extremely irregular, with elevations and
depressions as shown in Figures 3.4A left and 3.4B and smooth surfaces (Figure
3.4C) were observed, as were levels in between (Figure 3.4A right). Most of the
irregular surface strains also exhibited growth to the sides, frequently taking over the
whole polycarbonate membrane, whereas smooth surface strains’ growth was more
constrained. No conclusive correlation could be drawn, but the most biomass
productive strains seemed to have a rough surface, with the exception of strains
CCAC 0869 and SAG 44.96.
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Figure 3.3. Estimated biomass productivity for eight days of growth with secondary municipal
wastewater and aeration with no additional CO, and for seven da1ys of growth with BG11-H and 2%
CO:.. In both conditions, light intensity was 200 uymol photons m?s".

Figure 3.4. Biofilm surfaces of different strains of H. pluvialis cultivated for 14 days in a Twin-Layer
PBR at 203 pmol photons m?Zs’ A: Polycarbonate membranes completely covered by biofilms with
different levels of rough surfaces On the left, strain CCAC 0125 and right, CCAC 0869. B: binocular
image of a rough surface biofilm from strain CCAC 0125 and C smooth surface, from SAG 44.96. Full
BG11-H medium was supplied for the first 7 days of growth and N-depleted BG11-H, for days 8-14.
Aeration was supplemented with 5% CO,.
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Considering the good and comparable performance of most of the strains, CCAC
0125 was selected for further studies in optimization of the immobilized cultivation of
H. pluvialis, based on the high astaxanthin yield obtained. On BG11 culture medium,
this strain reached final astaxanthin and biomass values of 1.4 and 91.2 g m?and an
astaxanthin content of 1.5% of the dry weight. Furthermore, it can be considered

robust, capable of growth on secondary wastewater.

3.2. The effect of light intensity and CO, supplementation on

biomass and astaxanthin production

3.2.1 Two-step cultivation with high light

Light intensity plays a major role on both biomass and astaxanthin production and is
usually applied in two different conditions: initially low irradiances are used to favour
biomass growth and high irradiances are then introduced for astaxanthin
accumulation. This classical two-step approach was simulated for the Twin-Layer,
when cultures were exposed to 90 umol photons m? s™ for eight days (growth
phase), then transferred to 1,000 pmol photons m? s™ for the same period (stress

phase).

Biomass increased linearly in each stage of cultivation, but with very different growth
rates (Figure 3.5A). A growth rate of 5.4 g m? d* was observed at low light, yielding
a biomass of 48.2 g m? after 8 days of cultivation. When switched to high light,
growth rate increased to 17.2 g m? d™' and a final standing crop of 177.1 g m? was
obtained. Astaxanthin production was restricted to the high light phase, in which a
rate of 0.36 g m? d”' was observed, leading to a final yield of 2.8 g m™? (Figure 3.5B).
This was confirmed by the astaxanthin content in the biomass that increased from
0.16% to 1.6% during the first four days of exposure to 1,000 pmol photons m? s™

and was then stable until the end of the experiment.

Figure 3.6 depicts cross-sections of the biofilms at the end of each cultivation phase.

At day eight, biofilm was almost completely green, with a very thin red layer emerging
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on the top. Surface was mostly smooth, though some elevations could be observed.
After exposure to high light, the biofilm increased in thickness and was composed by
two very distinct layers of similar depths. The outermost, formed by big red akinetes
while the inner layer showed small green cells.
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Figure 3.5. Biomass and astaxanthin kinetics of a two -step cultivation of H. pluvialis usmg only high
light as a stress factor. A Biomass production (g m 2+ 8D, n= =3); B Total astaxanthin (g m’ 2+ 8D, n= =3)
and C Astaxanthln content in biomass (% + SD, n=3). Biofilms were grown for eight days at 90 ymol
photons m?s’ (growth phase) then transferred to 1,000 uymol photons m™ s for another eight days
(stress phase), as indicated by the vertical dotted line. Culture medium was full BG11-H and aeration
was supplemented with 5% CO,. Biomass and astaxanthin productivities were calculated from the
linear regressions showed in the graphs.

8 DAYS 16 DAYS

Figure 3.6. Cross-sections of H. pluvialis biofilms at the end of the growth (8 days) and stress (16
days) phases L|ght intensity was 90 umol photons m? s for the first and increased to 1,00 umol
photons m? s™ for the latter. Full BG11-H culture medium and aeration with 5% CO, were supplied
throughout the cultivation period. Scale bar corresponds to 200 um and applies for both images.
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During the stress phase, high light supported biomass and astaxanthin productivities,
raising the interest on the effect of light intensity on the H. pluvialis biofilm, which was
further investigated.

3.2.2 Light intensities and CO, supplementation

Ten different irradiances, ranging from 20 to 1,015 umol photons m? s were

evaluated for its effect on biomass and astaxanthin production, under two aeration
conditions: ambient air and 5% supplementary CO.. Light conditions were maintained
constant throughout the cultivation period.

Biomass growth

Biomass production in terms of dry matter per m? increased with increasing light and
this effect was more pronounced when additional CO, was supplied (Figure 3.7).
Hence, lowest biomass growth occurred at 20 umol photons m? s™ and highest at
1,015 umol photons m? s™ for both aeration conditions. When only ambient air was
applied, biomass yield at 16 days was 33.8 g m™ (20 pmol photons m? s™") and 103.2
g m? (1,015 umol photons m? s™'), whereas at 31 days it reached 60.00 and 153.5 g
m?. Meanwhile minimum and maximum final standing crop after 16 days of
cultivation with supplementary CO, was 34.3 g m? and 213.5 g m2. Indeed, area
under curve analysis indicated that CO, supplementation increased growth by only
12.3% at the lowest light intensity, whereas this effect was about 11.5 times higher

(141.8%) at the highest irradiance.

When no CO, was supplemented, biomass increased linearly throughout the 31 days
at light intensities < 89 pmol photons m? s™'. At higher irradiances, a gradual
saturation in growth was observed. A similar trend was observed in the groups that
received additional CO2, but saturation was much stronger at 644, 789 and 1015
umol photons m? s™ and final biomass yields were not significantly different in these
groups (Figure 3.7).
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Figure 3.7 Total dry biomass of H. pluvialis grown in a Twin-Layer biofilm (g m? + SD, n= =3) over a
maX|maI growth period of 31 days for different light intensities ranging from 20 to 1,015 pmol photons
m?s” . Experiments were conducted with ambient air (open circles) or ambient air supplemented with
5% COz (open squares) using BG11 culture medium.

Daily biomass productivities (growth rates) were calculated and helped to recognize
this saturation effect. Figure 3.8 depicts plotted values with the Pl-model fit. Growth
rates from tubes aerated with ambient air designed a curve with two parts: an initial
sharp increase in productivity until 89 pymol photons m? s, after which the steepness
of the slope is eased. Values in this flattened part of the curve did decrease over
time, however, full saturation was not reached. 1,015 umol photons m? s™' registered
the highest growth rates, ranging from 7.6 (day 2) to 4.9 g m? d™' (day 31) without
supplementary COs..

The effect of CO, supplementation was evident on the growth rates at high
irradiances. In fact, the maximum growth rate of 19.4 g m? d”' was observed on day
2, at 1,015 pmol photons m? s (Figure 3.8). However, the biomass growth
saturation was also higher and saturation was reached at day 10 for light intensities
over 440 pymol photons m? s™. At day 16, three parts could be identified in the
biomass-irradiance curve: an initial light dependent increase in biomass production (0
— 329 pmol photons m™ s'1); a small plateau, where growth rates don’t seem to be
affected by the irradiance (329 - 535 umol photons m? s™) and a light dependent
decrease of the growth rates (535 — 1,015 pymol photons m? s”). These results
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indicate that biomass grows faster at very high light intensities but it tends to saturate

earlier. Thus, similar amounts of biomass can be reached after longer cultivation

periods with intermediate irradiances.
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Figure 3.8. Biomass productivity on a Twin-Layer (g m™ d'1) during 16 and 31 days of cultivation in
dependence of light intensity from 20 to 1,015 pymol photons m? s™. Aeration was performed only with
ambient air (open circles) or ambient air supplemented with 5% CO, (open squares) and BG11 culture
medium was applied. Values were calculated from the first derivative of a second order polynomial fit
of biomass growth (n=3).

While biomass productivities increased with irradiance, efficiency of light energy use

reduced drastically (Figure 3.9). Highest values of 1.29 g biomass per mol light were

observed at 20 ymol photons m? s™. The more pronounced reduction occurred from

20 to 211 ymol photons m2 s and the trend was similar throughout the experimental

period, both with or without CO, supplementation.
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Figure 3.9. Biomass productivity of H. pluvialis per mol light intensity on a Twin-Layer PSBR (g mol)
during 31 days of cultivation in dependence of light intensity from 20 to 1,015 umol photons m?s™.

Aeration was performed only with ambient air (open circles) or ambient air supplemented with 5% CO,
(open squares) and BG11 culture medium was applied.

Astaxanthin production

Similar to biomass, total astaxanthin production and content per dry weight showed a
light dependent increase. Astaxanthin analyses in tubes aerated only with ambient air
were conducted at days 6, 16 and 31 and results are shown in Figure 3.10. Highest
astaxanthin contents were observed at day 6, in the range of 0.4 (20 ymol photons
m2s™) to 2.3% (1,015 pmol photons m? s™'). However, it reduced over time and after
31 days, astaxanthin contents varied from 0.2 to 1.5%, still showing a light-
dependency trend. Regardless of this reduction, biomass increase over time led to
an increase of total astaxanthin production. Astaxanthin productivities were not

calculated due to too few time points for an appropriate kinetic analysis.
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Figure 3.10. Total astaxanthin (g m? + SD, n=3, grey squares) and astaxanthin content (% of dry
biomass + SD, n=3, black/grey squares) of H. pluvialis grown in a Twin-Layer at light intensities from
20 to 1,015 pmol photons m? s7, with BG11-H culture medium and no supplementary CO,.
Measurements were performed at 6, 16 and 31 days of cultivation.

Supplementary CO- did not affect astaxanthin content per dry matter when compared
to aeration with ambient air, but increased the total astaxanthin production per area
by increasing the total standing crop on the reactor surface. Figure 3.11 shows the
astaxanthin kinetics during the 16-day experimental period with supplementary CO..
Astaxanthin induction by light began at very low levels in a later stage of cultivation at
89 pmol photons m? s™ and increased at higher irradiances (Figure 3.11). When light
was = 440 umol photons m? s, contents of 1.5 - 2 % astaxanthin were already
observed in early cultivation stages (days 2 and 4) and highest values of around
2.5% astaxanthin per dry weight were reached at 789 ymol photons m? s, Total
astaxanthin increased linearly for around 10 - 13 days and then started to saturate at
irradiances over 200 pymol photons m?2s’, following the trend of biomass production.
Astaxanthin productivities were calculated for the linear phases depicted in Figure
3.11 and confirmed dependency on light intensity (figure 3.12). Cultivation of H.
pluvialis at 789 umol photons m? s resulted in the highest astaxanthin productivity
(0.39 g m? d™") and total astaxanthin yield in the experimental period (3.4 g m?).
Maximum yields, however, were not significantly different at 644, 789 and 1,015 pmol

photons m?s™.
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biomass = SD, n=3, black/grey squares) over a growth period of 16 days for different light intensities
ranging from 20 to 1,015 pmol photons m? s Experiments were conducted with ambient air
supplemented with 5% CO, and BG11-H culture medium. A linear increase of total astaxanthin over
time prior to saturation is indicated by the solid line.
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Figure 3.12. Light-induced astaxanthin productivity by H. pluvialis in terms of productivity during the
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SD, n=3) in dependence of PAR light intensity from 20 to 1,015 ymol photons m? s”'. Experiments
were conducted with ambient air supplemented with 5% CO, and BG11 culture medium.
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Biofilm appearance and structure

The described effect of light intensity on biomass and astaxanthin was visible on the
biofilms (Figure 3.13). The very low astaxanthin production at 89 ymol photons m2
s starts to change the colour of the biofilm surface, but it becomes evident at 211
pmol photons m? s, when it is already red. The irregular surface of the biofilm
formed by strain CCAC 0125 is also visible in the images, increasing at higher light

intensities, when there was more biomass production.

. . ' b
Figure 3.13. H. pluvialis biofilms on polycarbonate membranes after 16 days of cultivation at different
light intensities and aerated with 5% additional CO..

Cryosectioning of H. pluvialis biofilms (Figure 3.14) grown at different irradiances with
5% CO2 was conducted at the end of the experiment. The images support biomass
and astaxanthin results, showing increased biomass thickness and presence of red
akinetes at higher irradiances. Astaxanthin accumulation occurred mainly in the
outermost layer of the biofilms, exposed to the light source. The thickness of this red
layer formed by akinetes depended on the irradiance available, as did the size and
colour of the cells in its composition. Sectioning confirmed almost completely green
biofilms at 20 and 44 umol photons m? s and a very thin red layer at 89 pmol
photons m?s™, which increased in thickness and akinete size at high light intensities.
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Figure 3.14. Micrographs of biofilm sections after 16 days cultivation at: A 20 ymol Ehotons m?s’, B
89 umol photons m? s, € 329 pmol photons m? s and D 1,015 umol photons m™® s™'. Experiments
were conducted with ambient air supplemented with 5% CO, and BG11-H culture medium.

3.2.3 Cultivation at high light: one versus two-step strategy

The effect of high light boosting both biomass and astaxanthin production observed
in the classic two-step approach was confirmed while investigating the range of
irradiances. The results for cultivation at 1,000 pmol photons m? s were then
compared to elucidate the need of a growth phase with low light. In this comparison,
results obtained from cultivation at 1,000 umol photons m? s for the entire 16 days
are referred to as one-step.

Biomass growth rates were very similar for the first eight days cultivation at high light,
namely 17.2 gm?2d” and 18.3 g m? d™ for two and one-step strategies. Since it was
preceded by a low light period, standing crop was 48.2 g m? in the first, compared to
146 g m™ in the latter after 8 days of cultivation (Figure 3.15A). Nevertheless, due to
the previously described biomass growth saturation, the final yield was only 20%
higher in the one-step process (213.5 g m?vs. 177.1 g m™).

Similar trends were observed when analysing total astaxanthin data. Accumulation in
the two-step was restricted to the high light phase, but in a similar rate to that
observed for the first eight days of the one-step: 0.34 and 0.36 g m? d”', respectively
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(Figure 3.15B). At day 8, astaxanthin yield was 2.5 g m? at 1,000 umol photons m? s°
' and 0.08 g m? at 90 pmol photons m? s, a 32-fold increase when applying one-
step cultivation. Nevertheless, this difference was abolished after the exposure to
high light and astaxanthin production reached 2.8 g m? at day 16 in both
approaches. While astaxanthin content in biomass was ca. 1.5% already after 2 days
of cultivation at 1,000 ymol photons m? s™, 12 days were necessary to reach this
value when using a two-step approach (Figure 3.15C).

Biofilm cross-sections support these findings. After 16 days of cultivation, the biofilm
grown in a two-step process was thinner but resembled the one exposed to 1,000
umol photons m? s during the entire cultivation period (Figures 3.6 and 3.14D).

High light boosted both growth and astaxanthin production on a H. pluvialis biofilm
and its effect was independent of the beginning of the exposure. That is, cultivation
could be entirely conducted at high irradiances and the use of a low light growth
phase only hindered the high productivities, but similar values were reached when
considering a total of 16 days cultivation period.
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Figure 3.15. Biomass and astaxanthin kinetics of one versus two-step cultivation of H. pluvialis using
only high light as a stress factor. A Biomass production (g m™ + SD, n=3); B Total astaxanthin (g m? +
SD, n=3) and C Astaxanthin content in biomass (% * SD, n=3). One-step approach consisted of
exposure to 1,000 umol photons m? s™ for 16 days (black squares), whereas two-step consisted of 8
days pre-cultivation at 90 pmol photons m™? s and 8 days at 1,000 pmol photons m? s (grey
squares). Vertical dotted line indicates when light intensity was switched for the two-step approach.
Biomass and astaxanthin productivities were calculated from the linear regressions showed in the
graphs.
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3.2.4 CO; optimization at high light

In light of the increase in biomass productivities at high irradiances, the required CO-
concentration to sustain or further boost H. pluvialis growth in these conditions was
investigated. Five different concentrations were tested (1, 2.5, 5, 7.5 and 10 %) at

1,015 pmol photons m? s™ for 16 days.

Biomass growth was similar among all groups and to the previous experiment.
Growth rate calculations show slightly higher values at 5% and lower at 10% CO.
during the first 6 days of growth (Figure 3.16A). However, as previously observed,
higher early growth rates tend to have a more pronounced decrease over time.
Therefore, all CO, concentrations yielded a final standing crop of around 213 g m?,
with no significant differences (Figure 3.16B). Total astaxanthin yields at day 16 were
also similar, approximately 3 g m™? (Figure 3.16C), while contents in biomass were

1.5% of dry weight.

High concentrations of CO, could have led to acidification of the culture medium,
inhibiting biomass growth. However, when measured at media exchange, the lowest
pH values were 6.72, at 10% CO,. When 1% CO2 was supplied, the pH was almost

stable and a value of 7.2 was measured.
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Figure 3.16. Effect of supplementary CO, on biomass and astaxanthin of H. pluvialis: A Growth rate
(9 m'2) over time within the 16 d of cultivation. B Total biomass (g m™ + SD, n=3) and. C Maximal total
astaxanthin produced within the 16 days of cultivation (g m?d”" + SD, n=3). All experiments were
conducted at light intensity of 1,000 umol photons m?s’ using BG11-H culture medium.
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Thus, at 1,015 pmol photons m? s™ and feeding BG11-H medium, aeration with 1%
CO; is enough to avoid carbon limitation and support maximum growth and
astaxanthin production. It was therefore maintained as the standard CO,

concentration for the following experiments

3.3. Astaxanthin induction with stress media

Previous results indicated that high irradiances could be applied throughout the
immobilized cultivation of H. pluvialis in biofilms, increasing astaxanthin accumulation
not only without compromising biomass production, but even boosting it. High light
was then applied in combination with culture medium stress factors in an attempt to

further improve astaxanthin production.

3.3.1 The effect of culture media stress factors coupled to high light

Initially, nutrient depletion (nitrogen and/or phosphorous), salinity and nitrogen
depletion together with salinity were applied after a growth phase of 3 days with full
BG11-H medium. Light intensity was 800 pmol m? s™ throughout the experiment and
one tube was maintained as a control, with full medium. The experiment was
conducted for a total of 17 days: 3 days with full BG11-H medium and 14 days with
the different stress media.

Biomass production was similar among all groups for the first 4 days of stress. At day
10, significant differences began to emerge, with the full BG11 (control) and P zero
maintaining higher values when compared to the others (Figure 3.17). At day 17,
biomass yields were highest in control (210.3 + 7.3 g m™?) and P zero (186.9 + 11.4 g
m™?), with no significant difference among them. Other stress treatments lead to a
reduction from 31% (NP zero) to 44% (NaCl) in final biomass, as depicted in figure
3.18.
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Figure 3.17. Biomass production (g m? + SD, n=3) during cultivation with different culture media.
Vertical dashed line indicates transition from full BG11-H to different stress media: P zero, NP zero, N
zero, N zero+ NaCl and NaCl. Light intensity was 800 pmol photons m? s and aeration was
performed with additional 1% CO,.
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Figure 3.18. Final biomass yield in the different media treatments (g m? + SD, n=3). Biofilms were
grown with full BG11-H (control) culture medium for 3 days and for the following 14 days with one of
the stress media: P zero, NP zero, N zero, N zero + NaCl and NaCl. Light intensity was maintained at
800 umol photons m™s™ and additional 1% CO, was supplied in aeration.

Astaxanthin production and content in biomass for the control and different stress
treatments are shown in Figures 3.19 and 3.20. At day 3, all groups contained 1.2 +

0.2 % astaxanthin of dry matter and immediately after the onset of stress, a steep
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increase was observed in the tubes fed with N zero, NP zero, N zero + NaCl and
NaCl. A maximum content of 2.8 and 2.9 % was reached in N zero and N zero +
NaCl biofilms, significantly higher than the control. More gradual astaxanthin
accumulation in biomass occurred when full BG11 and P zero media were applied,
resulting in lower contents of 1.7 and 2.2 % (Figures 3.19 and 3.20).
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Figure 3.19. Total astaxanthin (g m? + SD, n23, grey squares) and astaxanthin content (% of dry
biomass + SD, nz3, black/grey squares) for biofilms cultivated for 3 days with full BG11-H culture
medium and subsequent 17 days with stress media. Vertical lines indicate beginning of stress phase.
Light intensity was 800 pmol photons m™ s™ and aeration was supplemented with 1% CO,.

Astaxanthin productivities were calculated for the period of 3 to 10 days, when
increase was linear among all experimental conditions (Figure 3.20A). N zero
showed the highest productivity of 0.336 g m? d™', whereas the lowest was observed
in P zero (0.194 g m? d™). Extreme values were significantly different from each
other, but when comparing all stress factors with the control, no statistical difference

was found.

Since higher biomass production was associated to lower astaxanthin contents, total
production of the carotenoid was not significantly different among the tested culture
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media. At day 17, values ranged from 2.9 g m?in NaCl to 3.8 g m?in P zero (Figure
3.20C).
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Figure 3.20. Astaxanthin productivity, maximum content in biomass and final yield of H. pluvialis
biofilms under different stress conditions. A Astaxanthin productivity calculated from linear regression
of days 3-10 g m? d” + SD, n23). B Maximum reached astaxanthin content in biomass during the
stress phase (% of dw + SD, n=3). C Final yield after 17 days of cultivation (g m™ + SD, n24). Light
intensity was 800 pmol photons m? s' and aerated with 1% CO, supplementation for the entire
experiment.

In order to better understand the effect of the different stress factors, total chlorophyll
was also analysed in the biofilms. Data are organized in Figures 3.21 and 3.22. Total
chlorophyll values increased over time in the control, following the biomass trend.
Biofilms fed with P zero medium showed a similar rise until day 10, i.e. 7 days of
stress, followed by a decrease. For the other stress factors, total chlorophyll was
stable or showed a very discrete increment (Figure 3.21). As a consequence, final
yield in the control was 2.7 g m?, whereas maximum value in stress media was 1.1 g
m2in P zero. There were no significant differences between yields at day 17 among
the different stress factors, however lowest values seemed to be associated to
nitrogen deficiency (Figure 3.22A).

Prior to stress, chlorophyll content was 0.9% of dry weight in all groups. In the
control, there was a modest increase over time and the final value was 1.3%. On the
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other hand, it decreased in all of the stress treatments. In the presence of salt,
decrease was already observed at day 7, meanwhile, in nutrient deficiency,
chlorophyll content decrease was delayed to days 10 or 13 (Figure 3.21). Final
contents showed the same trend as total chlorophyll: maximum values were found in

the control and minimum, in the nitrogen deprived groups (Figure 3.22B).
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Figure 3.21. Total chlorophyll production (g m? + SD, n=3, empty squares) and content in biomass (%
of dw + SD, n23, black and white squares) in the different stress conditions. Vertical dashed line
indicates the onset of the stress media. Light intensity was 800 umol photons m?s™ and aerated with
1% CO, supplementation for the 17 days.

The carotenoid / chlorophyll ratio is frequently used for an insight into the
physiological state of microalgae. Here, astaxanthin / chlorophyll ratios were
calculated at day 17 for this purpose. Significantly higher ratios were observed in N
zero and N zero + NaCl groups, with values of 11.5 and 10, indicating greater stress.
As expected, biofilms grown only on full BG11-H culture medium showed the lowest
astaxanthin / chlorophyll ratio of 1.3 (Figure 3.23).
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Figure 3.22. Final chlorophyll values in: A total production (g m™ + SD, nz3) and B content in biomass
(% + SD, n23). Values from 17" day, after 3 days of cultivation with full BG11-H culture medium,
followed by 14 days of feeding with the different stress media. Light intensity was 800 umol photons m
25" and aerated with 1% CO, supplementation for the entire experiment.
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Figure 3.23. Final astaxanthin / chlorophyll ratios of biofilms cultivated for 3 days with full BG11-H
culture medium, followed by 14 days with the stress media (+ SD, n=3). All groups were exposed to
800 umol photons m™s™ and aerated with 1% CO, supplementation.

Day 3 was chosen for the onset of the induction with stress media because the
biofilm should be thin enough for the light to completely penetrate it. Indeed, when
measured, thickness was around 150 pm, thus completely illuminated (see section
3.4). Nevertheless, astaxanthin accumulation was mainly concentrated in the top cell
layers (Figure 3.24). The effects of the different stress factors at day 17 are shown in

Figures 3.25 B-G. Apart from the control and P zero, astaxanthin accumulation could
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be observed in the inner part of the biofilm, but still in a lower degree than the
outermost cell layers. This is related to the thinner biofilms and the inner green cells
are more frequent in the thicker areas, under the elevations.

Differences in thickness and cell composition could also be observed in the biofilm
sections. In agreement with biomass growth results, thickest biofilms occurred in
control and P zero conditions. Salt stress resulted in bigger cells in the entire biofilm
(Figure 3.24F and G). On the other hand, nitrogen deficiency resulted smaller cells
with a brighter red colour, probably due to different pigment composition, hence the
high astaxanthin / chlorophyll ratio (Figure 3.24 D-F).

Figure 3.24. Biofilm cross sections before and after astaxanthin induction. A At day 3, prior to
application of stress. B-G At day 17: B full BG11-H (control); C P zero; D NP zero; E N zero; F N zero
+ NaCl; G NaCl. Scale bar represents 200 um and is applicable to all the micrographs. Light intensity
was 800 pmol photons m™?s™ and aerated with 1% CO, supplementation for the entire experiment.
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3.3.2 The effect of stress culture media at a range of high irradiances

Additional stress factors originated from the culture medium were not capable of
increasing total astaxanthin production at 800 pmol photons m?s™ but did increase
astaxanthin content in biomass. Another experiment was conducted to investigate if
similar yields could be obtained applying nutrient starvation and salinity at irradiances
between 340 and 800 pmol photons m?s™. The use of low light was discarded due
to previous findings that light intensities below this range compromise both biomass
and astaxanthin production, even in the presence of other stress factors (unpublished
observations). This was also observed in the screening (see Section 3.1), where
maximum astaxanthin contents were 1.5% in N deprived conditions at 200 pmol

photons m?s™.

In this setup, biofilms were grown for 3 days on full BG11-H medium, and for a
subsequent period of 7 days with NP zero or NaCl media. A shorter cultivation period
was applied because both biomass and astaxanthin trends were already visible at 10
days in the previous experiments. Controls were maintained on full BG11-H medium
for the entire experimental period at the following irradiances: 485, 655 and 805 uymol

photons m?s™.

Biomass production in the different conditions is shown in Figure 3.25. During the 7
days of stress media, biomass growth was linear and growth rates could be
calculated from the regression. As previously observed when applying full BG11-H,
growth rates in 10 days increased with increasing light intensity, with values of 11.4,
13.9 and 15.6 g m? d™" at 485, 655 and 805 pmol photons m?s™, respectively. When
stress was induced from the culture medium, this correlation was not visible and
biomass productivity was stable in the irradiance range here investigated. Indeed, no
significant differences were found for each stress factor and all the growth rates were
lower than those observed for the controls (Figure 3.26). Thus, final biomass yield
after 10 days of cultivation was also highest in biofilms fed with full BG11-H medium,
ca. 145 g m? at both 655 and 805 pymol photons m?s™ (Figures 3.25 and 3.26).
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Figure 3.25. Biomass production in 10 days cultlvatlon when applying different stress media at the
range of irradiance from 345 to 805 pymol photons m?s™'. Astaxanthin induction was conducted from
day 3 to 10 and the onset is indicated by the vertlcal dashed line. Applied culture media were: NP zero
(gm %+ SD, n=23; black C|rcles) and NaCl (g m” >+ 8D, n=3; grey circles). At light intensities of 485, 655
and 805 pmol photons m?s™ a control group was included, maintained in full BG11-H for the entire
period of 10 days. All groups were aerated with 1% supplementary CO5.
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Figure 3.26. Blomass productivities (black squares; g m?d’ + SD, nz3) and maX|mum yield (grey
squares; g m? + SD, n23) at irradiances in the range 345 - 805 pmol photons m?s”, when applying
different stress media — NP zero and NaCl. Productivities were calculated from I|near regression of
days 3 to 10. At light intensities of 485, 655 and 805 umol photons m?s” a control group was
included, maintained in full BG11-H. All groups were aerated with 1% supplementary CO,.
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Kinetics of astaxanthin content in all tested irradiances were comparable to
previously observed results at 800 umol photons m?s™: an increase was reported in
the controls during the first three days, after which values were stable, whereas
astaxanthin content continued to increase after the onset of stress in NP zero and
NaCl groups (Figure 3.27). Both stress media increased astaxanthin content in the
biomass already from day 5, when compared to the control at 655 and 805 ymol
photons m?s™. At 485 pmol photons m?s™ such increase was only visible at day 10,
mainly in the NP zero group. Nutrient deficiency resulted in higher astaxanthin
contents than salinity in all light intensities. Nevertheless, in the presence of stress
media, final values were all superior to 2% of astaxanthin per dry weight. At day 10,
lowest astaxanthin content was 1.6% in biofilms grown at 805 pmol photons m?2s’
with full BG11-H medium, whereas maximum values of 3.6 and 3.5% were observed
in NP zero at 655 and 740 pmol photons m?s™, respectively.
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Figure 3.27. Astaxanthin contents in biomass (% of dw, £ SD, n23) of H. pluvialis cultivated with
different medium at irradiances from 345 to 805 pmol photons m? s™'. Stress media were NP zero
(black circles) and NaCl (grey circles), applied from day 3, as indicated by the dotted line. A control
group was fed with full BG11-H for the 10 days (white squares) at specific light intensities. Aeration
with additional 1% CO2 was supplied to all of the groups.
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Very much like biomass, astaxanthin production also followed a linear trend at days
3-10 (Figure 3.28). Due to the increased astaxanthin contents, total astaxanthin was
also higher under nutrient starvation at all tested irradiances, when compared to
control and salinity. A maximum total astaxanthin of 4.2 g m? was obtained at day 10
of cultivation with NP zero medium and 655 pmol photons m?s™ irradiance, whereas
minimum final yield was 1.5 g m? at NaCl and 348 umol photons m?s™ conditions
(Figures 3.28 and 3.29). Calculated astaxanthin productivities in relation to light
intensity are shown in Figure 3.29 and different trends can be observed according to
the culture medium applied.

Astaxanthin productivity and final yield in cultivation with full BG11-H and NaCl media
show a very similar trend of that observed for biomass (Figure 3.26 and 3.29). The
isolated effect of irradiance has already been described, with an increase of
astaxanthin production until saturation at light intensities over 600 umol photons m
s™ conditions (Figures 3.11 and 3.12). The three control points of this experiment fit
these previous results, but due to limited data, it is not possible to describe the trend.
In NaCl biofilms, a slight increment of astaxanthin production was observed with
increasing irradiance until 485 pmol photons m? s, where the maximum values of
0.29 g m? d” for productivity and 2.45 g m™ for final yield were reached. Higher
irradiances had no effect on astaxanthin production when cultivation was performed
with this medium (Figure 3.29). The most interesting finding, however, was in the NP
zero biofilms, in which a peak of astaxanthin production was observed at 655 pmol
photons m?s™. With an astaxanthin productivity of 0.51 g m? d”, this was the most
efficient condition for the pigment production among all of the experimental setups
here described. Maximum yields and productivities for biomass and astaxanthin for
the induction with stress media experiments are synthesized in the Appendix (Table
7.1).
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Figure 3.28. Astaxanthin production at light intensities from 345 to 805 pmol photons m?s”, during 10
days of cultivation (g m?+ SD, nz3). Full BG-11 medium was applied for 3 days, followed by induction
with NP zero (black circles) or NaCl medium (grey circles). Vertical lines indicate this transition. At
485, 655 and 805 pmol photons m?s™ a control group was also included, maintained with full BG11-H
culture medium for the whole 10 days of experimental period. Aeration was performed with 1% CO,.
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Figure 3.29. Astaxanthin productivity (g m® d” + SD, n23) and maximum yield (g m® + SD, n23)

according to irradiance, in controls and stress media. Productivities were calculated from red phase of
seven days with NP zero or NaCl culture media and full BG11-H for control.

Since it was the best performing condition for astaxanthin production, a longer
experiment was conducted with a 3 days of full BG11-H, followed by 20 days of
astaxanthin induction with NP zero medium, all at 655 pmol photons m? s light
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intensity. The aim was to verify if astaxanthin content continued increasing after the
first week of stress, which was not observed. Astaxanthin content saturated after 10
days of cultivation but total astaxanthin production continued to increase due to
biomass growth, even after 20 days of nutrient starvation (Figure 3.30). The biofilm
cross-sections show very red cell layers, in accordance with the high astaxanthin
contents observed, however an inner green zone is still present (Figure 3.31).

5
]
2009 p: o 5 578 T 8y
° £ 4] 5 6] ¢
1504 | ° = E o ® = 64 | °
@ Bl o8 £.1 ¢
1004 | @ € € 44 | ®
H c H
504 ¢ £ 1 . B 24
- [ H E - ..
C ) I I I 1 g CI ) I I I 1 |2 C T ) I I I 1
0 5 10 15 20 25 z 0 5 10 15 20 25 0 5 10 15 20 25
Cultivation time [days]

Figure 3.30. Biofilm cultivation of H. pluvialis at 650 umol photons m™? s with nutrient starvation from
day 3 (dotted line). A Biomass production (g m™ + SD; n n23); B astaxanthin content in the biomass
(% of dry weight + SD; n n23) and C total astaxanthin production per cultivation area (g m? + SD; n
nz3). Aeration was supplemented with 1% CO..
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Figure 3.31. Cross-section of biofilm grown at 650 pmol photons m?s™ for 3 days with full BG11-H
medium and 20 days under nutrient depleted conditions. Micrographs show biofilms at days 10 (left)
and 23 (right). 1% supplementary CO, was supplied in aeration.
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3.4. Light and oxygen profiles of the biofilms

For better comprehension of processes in H. pluvialis biofilms, depth profiles were
acquired with microsensors for both light intensity and dissolved oxygen
concentration. Obtained data were then correlated to the biofilm structure and cell
distribution. Biofilms were cultivated and measured at low light conditions (LL); pre-
cultivated at low light and transferred to high light (LL/HL) and pre-cultivated at high
light with full culture medium before cultivation at the same irradiance with N zero
medium (HL/Nzero). Measurements were performed at either 20 (LL) or 1,000 ymol
photons m?s™ (LL/HL and HL/Nzero).

Figure 3.32 depicts the different biofilms that were analysed and their cross-sections.
Cell distribution as a result of the cultivation conditions were in agreement with
previous findings. LL biofilms were pre-cultivated at 130 umol photons m? s™" before
acclimation at 20 pmol photons m? s™, hence the presence of a rather diffuse red
akinete layer. Nevertheless, akinetes were smaller and more tightly packed than
those observed at HL and the biofilm was mostly green (Figure 3.32B). LL/HL
showed the two very distinct zones: an outermost layer of approximately 350 ym
composed of large red akinetes and a green inner layer (Figure 3.32C). An additional
bright red layer (£ 310 um) was observed at/near the surface of the biofilm, over the
dark red cells (+ 310 — 700 ym depth) when cultivated under the HL/Nzero condition
(Figure 3.32D).

Light profiles exhibited very similar trends in the three investigated biofilms,
independent of the irradiance on the surface (Figures 3.33A, C and E). A steep
decrease in light intensity was observed in the first 300 ym depth, a reduction of 90%
of the total PAR at high light and 80% at low light. This was followed by a more
gradual decrease, which was not evident in the biofilms exposed to 20 umol photons
m? s™ due to the very low irradiances. In fact, at 200 um depth, light intensity was
already <10 pymol photons m? s™ in LL biofilms, (Figure 3.33A). A similar irradiance
was only reached at 480 um depth, when biofilm surface was exposed to 1,000 umol
photons m? s™ (Figures 3.33 C and E). Red and green light follow the same trend as
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total PAR, whereas blue light is very low already at the surface, being the first to be
fully absorbed inside the biofilm.

Figure 3.32. Biofilms used in microsensor measurement. A Polycarbonate membranes with biofilm
and B-D cross- sections of biofilms cultivated and measured at low light - LL (B), pre-cultivated at low
light, then acclimated and measured at high light - LL/HL and (C) cultivated at high light for the entire
period, but acclimated and measured with N zero culture medium - HL/Nzero (D). Low and high light
for measurements were 20 and 1,000 pmol photons m™? s™, respectively.

The difference in light intensities resulted in a big disparity in the [DO] in biofilms
(Figure 3.33 B, D and F). In biofilms illuminated with 20 umol photons m? s™, [DO]
reduced to a value below that of saturated culture medium (0.274 mM), indicating a
higher consumption than production rate under these conditions (Figure 3.33B). On
the other hand, when data was acquired from biofilm exposed to 1,000 umol photons
m? s, [DO] increased in the outermost cell layers, reaching a peak of around 0.9
mM and then decreased in deeper layers. Minimum values at 1,000 ym depth were
similar to those observed in O, saturated BG11-H. Coupling high light and N
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deficiency resulted in a larger peak area of [DO], but with the same maximum value
(0.9 mM). Area under curve analysis confirmed an increase of 11% in the [DO] at
HL/Nzero biofilms (Figure 3.33F), when compared to LL/HL (Figure 3.33D).
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Figure 3.33. Biofilm depth profiles of light intensity (umol photons m?s™ A, C, E) and dissolved O,
concentration (mM; B, D, F). In the first row (A and B) are shown the results for LL group, in which
measurements were performed at a surface irradiance of 20 uymol photons m? s, LL/HL data are
exhibited in the second row (C and D) and HL/Nzero, in the third (E and F?. For both groups,
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nitrogen depleted medium was applied. Horizontal dashed line in the row on the right indicates the
oxygen concentration in culture medium saturated with compressed air.
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4.1. Screening of H. pluvialis strains on a PSBR

Strain selection is a major step for the commercial cultivation of microalgae.
Identifying more robust strains and traits such as enhanced biomass and carotenoid
productivities could significantly reduce costs of large scale production of H. pluvialis
and natural astaxanthin. There are many H. pluvialis strains available in culture
collections worldwide, but most of the research is concentrated in only a few of these.
In this work, screening of 26 H. pluvialis strains was performed, the first one in

immobilized conditions.

All the tested strains were capable of biofilm growth on BG11-H culture medium and
of astaxanthin accumulation under nitrogen starvation. Final biomass and
astaxanthin values were in the range of 73 to 112 g m? and 0.53 to 1.6 g m?,
respectively. The immobilized cultivation of H. pluvialis was first approached by
Nowack et al (2005), using a 96-well Twin-Layer system for the successful growth
and maintenance of a large number of different microalgal species. No additional
study was published at the time of the beginning of this work, but with an increasing
interest in PSBRs, H. pluvialis has been studied in more detail in recent years (Wan
et al.,, 2014a; Yin et al., 2015; Zhang et al., 2016, 2014). Zhang et al (2014) used
strain SAG 34-1b, that was included in this screening, and reported a biomass
productivity of around 4 g m? day” for the strain at 100 umol photons m? s
continuous light when inoculum density was similar to the one used in this work. A
comparable result was observed here when growing on BG11-H: 5 g m? day™ at 203
umol photons m? s with 14/10 light/dark cycle.

The 26 strains also underwent immobilized growth on secondary wastewater,
indicating robustness. While one strain had a significantly lower performance, the
others exhibited similar biomass production. Furthermore, nine of these strains
showed similar or higher biomass productivities in wastewater than BG11-H culture
medium. This might be explained by the presence of organic compounds in the
wastewater, since H. pluvialis is capable of mixotrophic growth (Droop, 1955;
Kobayashi et al., 1991). H. pluvialis growth on wastewater and nutrient uptake have
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already been reported in suspension cultures, even for the NIES-144 strain that was
also used here (Kang et al., 2006a; Wu et al., 2013),

Coupling H. pluvialis cultivation to wastewater treatment would represent an
attractive option for the reduction of production costs and sewage treatment.
However, there are a few drawbacks such as legal barriers for direct or indirect
human consumption (by means of animal feed), as well as public acceptance
resistance. Wastewater treatment and astaxanthin production also have completely
different market sizes and values (Sprujit, 2015). If the focus is then on the
wastewater treatment, regardless of astaxanthin production, other green algae are
faster growing than H. pluvialis, thus with higher potential for nutrient recovery. For
these reasons, research was followed up with BG11-H culture medium and its

variations.

Taken together, the screening results clearly support the feasibility of immobilized
cultivation of H. pluvialis. Furthermore, with the exception of ACOI-276 on
wastewater, strains performances were not extremely different, especially when
considering biomass production. Variations among most of the strains were usually
lower than 50%. However, when considering extreme values, differences up to two-
fold were observed for biomass and three-fold for astaxanthin production. Such
variations are in accordance with that reported for different strains in previous works
(Gao et al., 2014; Noroozi et al., 2012; Zhang et al., 2009). Genetic variability was
also observed among H. pluvialis strains (Allewaert et al., 2015).

Since different strains can have different optimal conditions both for biomass and
astaxanthin production, further screenings with other settings could give a more
precise outlook for convenient strains and protocols for scale-up purposes. This can
easily be done on the Twin-Layer PSBR, simplifying the screening process. Indeed,
the successful use of a Twin-Layer as a screening platform had already been
reported by Nowack et al (2005), on a 96-well plate system. In the present work, 26
different strains were immobilized in different polycarbonate membranes and
cultivated in the same PBR without cross-contamination showing that the bench
scale setup is also an adequate system for such a study.
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4.2. The effect of light and CO, on immobilized cultivation of H.

pluvialis

The use of natural sunlight is desirable for obvious economic and environmental
reasons but it can reach up to 2,000 pmol photons m? s™, considered prohibitive for
H. pluvialis biomass growth. This problem is commonly avoided by two-step

' is used for

cultivation, in which artificial light below 150 pmol photons m? s
vegetative growth during the green phase and irradiances beyond that are applied for
astaxanthin induction, frequently in association with other stress factors (Aflalo et al.,
2007; Fabregas et al.,, 2003; Li et al., 2010; Suh et al., 2006; Yoo et al., 2012).
However, even when restricted to the stress phase, high light can lead to
photoinhibition and cell death (Li et al., 2010; Steinbrenner and Linden, 2003; Wang
et al., 2013a; Zhang et al., 2009). In suspension cultures, damage can be reduced by
using high density cultures due to the self-shading effect. Moreover, light dilution can
be achieved by appropriate PBR design (Liu et al., 2013; Naumann et al., 2013;

Posten, 2009).

Immobilized cultivation of H. pluvialis on the Twin-Layer allowed both biomass and
astaxanthin production to increase together as a function of the light intensity.
Maximum productivities reported for cultivation without culture medium stressors
were 19.4 and 0.393 g m? d”" at 1,015 and 789 umol photons m? s™'. These values
are in the order of three and five-fold higher than previously reported for H. pluvialis
in immobilized conditions when supplied full medium, under the maximum irradiance
of 150 pmol photons m? s™ (Zhang et al., 2014). Biomass productivities were close
to those observed in Halochlorella rubescens, a much more robust and fast growing
green alga, under similar conditions (Schultze et al., 2015). Moreover, final standing
crop reached the impressive amount of 213 g dry matter m? (adequate to about 1 kg
of fresh weight) in 16 days of cultivation.

Biomass productivity increased until 1,015 pmol photons m2 s with no evidence of
photoinhibition. Saturation of growth was indeed observed at longer time periods
mainly over 500 pmol photons m? s™ and when supplementary CO, was added. This
was probably associated to the thickness of the biofilms. Hence, thicker biofilms
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exhibit larger dark zones, which result in a decrease of net photosynthesis,
compromising biomass production (Li et al., 2015a). Nutrient limitation should not
play a role, since it is not expected in the biofilm grown under these condition (Li et
al., 2015c).

Successful cultivation at such high irradiances can be explained by the biofilm
structure and the appropriate combination of environmental factors. Simultaneous
growth and astaxanthin production at high light intensities in a one-step process is
possible due to the biofilm organization, in which cells are immobilized and light is
received solely from one direction. Outermost cell layers are exposed to full
irradiance and transform into astaxanthin-rich akinetes that protect the inner layers,
composed of mostly green cells. The pigment gradient formed inside the biofilm
enables further light penetration (Li et al., 2015a) while protecting inner cells from
harmful irradiances and wavelengths. Astaxanthin accumulation is then limited to the
illuminated area of the biofilm, but biomass growth could possibly occur at two
stages: cell division inside the biofilm and increased volume in akinete formation and

maturation. The biofilm structure is fully discussed in Section 4.5.

This organization of red and green cells was used by Suh et al (2006) to develop a
suspension PBR. In their system, green cells were grown in an inner cell core, with
full culture medium and shielded by red akinetes, cultivated in an outer separate
compartment with nitrogen limitation and exposed to high irradiances. Furthermore,
higher resistance to light stress in H. pluvialis biofilm can result from the
transformation into palmellas. Almost 100% of the cells shed the flagella during
immobilization and enhanced acclimation to high light was associated to this stage
(Wang et al., 2014).

After 16 days of cultivation at high light irradiances, the biofilm thickness reached 900
pgm, which means that more than 50% of the biomass did not receive light and thus
was not accumulating astaxanthin, as described in Section 4.5. Nevertheless, a total
astaxanthin content up to 2.5% was obtained, which would already be appropriate for
biomass commercialization (Lorenz and Cysewski, 2000). Such yields could possibly
be increased when biofilms are exposed to natural sunlight, since blue and UV light
are more efficient in inducing astaxanthin production (Katsuda et al., 2004,
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Kobayashi et al., 1992a; Lababpour et al., 2004) and are low or absent in the

spectrum of high pressure sodium lamps used as light source in the this work.

In respect to environmental conditions, irradiance, temperature, CO2 and nutrient
availability are inter-dependent factors for biomass production in both suspension
and biofilm cultivation of microalgae (Schnurr and Allen, 2015). This is frequently
ignored while evaluating productivities and the appropriate combination was essential
for the high growth rates reported here. Temperatures over 30 'C can act as a stress
factor in H. pluvialis cultures reducing cell division but maintaining growth through
increase in cell volume and inducing astaxanthin production at light intensities below
130 umol photons m? s™ (Fan and Vonshak, 1995; Giannelli et al., 2015; Tjahjono et
al., 1994). At 250 umol photons m? s™ without CO, supplementation, 28'C was the
optimal temperature for both growth and astaxanthin production, while 33°C led to
culture death (Wan et al., 2014b). High temperatures have shown to support algal
growth at high irradiance (Dauta et al., 1990) and Wan et al reported higher
temperature tolerance for H. pluvialis cultivation in biofilm, when compared to
suspension (Wan et al., 2014a). In the experimental conditions reported here, higher
irradiances were directly related to higher temperatures, reaching a maximum of
28.6°C and the effect of light and temperature on growth and astaxanthin productivity
cannot be distinguished. Nonetheless, in large-scale outdoor conditions, the

parameters light and temperature are also closely related.

CO, supplementation can be easily controlled separately, but its effect is also
dependent on light intensity. While it had little or no impact on biomass production
when light was lower than 200 ymol photons m?2s™ it significantly boosted growth at
high irradiances, indicating that carbon was limiting in such conditions. These
findings are in agreement with microsensor measurements in Halochlorella
rubescens biofilms, where higher concentrations of CO, led to an increase in
photosynthetic rate at high light intensities, while no difference was observed at lower
irradiances. At 1,000 pmol photons m? s™, photosynthesis still increased with CO,
supplementation up to 5% (Li et al., 2015a). These profiles were not performed in H.
pluvialis biofilms, but 1% CO; was enough to sustain the high biomass and

-1

astaxanthin productiviies at 1,000 pmol photons m? s’ and increasing
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supplementation did not improve yields. The same CO, range was identified as
appropriate for immobilized cultivation of H. pluvialis under nitrogen limitation with
irradiance of 100 umol photons m? s™ (Yin et al., 2015). Further optimization of the
COg; supply should be focused on applying it in the culture medium, since at large
scale, the Twin-Layer is essentially an open system that can be placed inside a
greenhouse or simply under a transparent protection. In any case, CO;
supplementation in the air is not feasible.

4.3. One vs. two-step cultivation with high light

Despite the higher productivities of a two-step approach when compared to the few
one-step strategies reported in the literature (Aflalo et al., 2007), there are major
drawbacks associated to this discontinuous cultivation. When considering
astaxanthin as the target product, around 50% of the cultivation period, i.e. the
growth phase, is non-productive (Aflalo et al., 2007; Suh et al., 2006). This is
commonly disguised by overestimations of real productivities when values are
reported separately for each phase (Aflalo et al., 2007). Another drawback is the
higher technical effort required for the setup and maintenance of two separate and
different systems, enhanced by the use of conventional suspension cultivation, which

dominate H. pluvialis research and market.

In this context, the efficiency of the growth phase is essential, but is currently
hindered by the use of low light. In order to simplify astaxanthin production from H.
pluvialis, both growth and astaxanthin production should be conducted in the same
cultivation system and using sunlight. Attempts have been made in this sense, and
vegetative growth was reported at light intensities over 1,000 pymol photons m? s™,
showing increase in biomass, however, astaxanthin was not produced unless nutrient
stress was applied. Once nitrogen was depleted, astaxanthin accumulation was
triggered and its accumulation rate was directly related to the calculated average
irradiance per cell — that depends on both incident irradiance in the PBR and cell

density (Del Rio et al., 2008; Garcia-Malea et al., 2009). This process can be
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completely conducted in one PBR placed in natural sunlight. Indeed, high light
intensities had not yet been shown to support alone simultaneous biomass growth
and astaxanthin production.

In the present work, high biomass and astaxanthin production was obtained when H.
pluvialis was cultivated directly at high irradiances, in a one-step process. Further, it
was shown to be more effective than a two-step approach, consisting of pre-
cultivation at low light (90 umol photons m? s™ — growth phase) and a stress phase in
which light was the only stressor. Similar biomass and astaxanthin productivities
were registered for 8 days of cultivation at 1,000 ymol photons m? s™, regardless of
the beginning of exposure. However, the one-step process implicates on earlier
exposure, thereby maximum yields were obtained in half of the cultivation period.
Hence, the insertion of a low light green phase hindered the high productivities and is
needless for a PSBR.

4.4. Astaxanthin induction with culture medium stress factors

Having shown that high irradiances can support biomass and astaxanthin
productivities on the Twin-Layer, the additional effect of stress factors in the culture
medium was investigated. Nutrient depletion and salinity can be easily manipulated
in a Twin-Layer system, enabling a technically simplified two-step cultivation with
none or very low additional costs. Indeed, the term “two-step” would only refer to the
separation of maximum growth and astaxanthin production over time, with no
implication whatsoever on modifying technical setups. Furthermore, nutrient
depletion and salinity application in large scale cultures can also reduce risks of
contamination, while creating extreme conditions. This is the case of open air
cultivation of Spirulina in high pH (Vonshak and Richmond, 1988) and Dunaliella
salina in very high salinity (Borowitzka and Borowitzka, 1990) for commercial
purpose.

Different stress conditions have been thoroughly compared in H. pluvialis suspension
cultures (Borowitzka et al., 1991; Boussiba and Vonshak, 1991; Droop, 1954;
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Imamoglu et al.,, 2009). In immobilized cultivation, however, only nitrogen
concentration and high light were approached for astaxanthin induction (Wan et al.,
2014a; Zhang et al., 2014). In this work, the different stress factors were compared
for the first time in H. pluvialis biofilms and at high irradiances. Hence, in this
proposed cultivation strategy, the so-called growth phase refers to the initial
cultivation period with control culture medium, but it is also astaxanthin productive

due to the employment of high irradiances.

While high light increased astaxanthin and biomass production simultaneously, this
was not the case when culture medium stress factors were added. At 800 umol
photons m? s, biomass production was compromised in all of the stress conditions
investigated, except P zero. On the other hand, astaxanthin content in biomass
increased, but maximum values were only significantly higher than the control when
N zero and N zero + NaCl culture medium was applied. As a result, similar final
astaxanthin yields were observed in all groups.

Nitrogen starvation is the most commonly used stress factor for astaxanthin
induction, along with high light. Here, N limitation was investigated alone and
combined with phosphorous depletion or salinity, at high irradiances. Biomass
continued to increase in N stressed cultures with yields similar to the control for at
least four days, however reducing at longer cultivation periods. Increase in dry weight
was also observed in all strains during nitrogen deprivation in the screening process.
It is known that in the absence of nitrogen, protein synthesis in microalgae is
compromised and by providing enough light, a shift to carbon metabolism is generally
observed, resulting in production of carbohydrates, lipids and carotenoids (Boussiba
and Vonshak, 1991; Lamers et al.,, 2012) Biomass growth is therefore more
associated to an increase in cell volume during akinete formation and maturation
rather than cell division (Scibilia et al., 2015; Wang et al., 2013b). Dry weight
increase was shown here for up to 20 days under NP zero conditions. How long
biomass growth can be sustained in the absence of nitrogen is still to be determined

with further studies and kinetics, including cell count and cell size measurement.

The synergic effect of nitrogen depletion and light intensity on astaxanthin production

observed here was already reported for suspension (Aflalo et al., 2007; Boussiba and
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Vonshak, 1991; Fabregas et al., 1998; Scibilia et al., 2015) and immobilized cultures
(Wan et al., 2014a). When comparing the different stress factors at 800 ymol photons
m s'1, N starvation conditions resulted in the highest astaxanthin contents in the
biofilm (almost 3% of dry weight) and productivity of 0.34 g m? d”. Astaxanthin
accumulation was faster in nitrogen and salt stressed groups. Salinity also reduced
significantly biomass growth and, according to by biofilm appearance, it seems to
have disrupted cell division. This finding is in agreement with other authors and arrest
in cell division was also observed at 0.8% NaCl (Boussiba and Vonshak, 1991).
Meanwhile, Harker et al. (1996) reported that concentrations of 0.2 and 0.4% NaCl in
culture medium inhibited cell division, while 0.6% led to cell death in suspension
cultures. In any case, the remaining cells accumulated high levels of astaxanthin.
Combination of N zero and NaCl stress evaluated here showed very similar results
as when both conditions were applied separately. Cordero et al. (1996) reported a
similar astaxanthin content in N zero + NaCl conditions at 140 umol photons m? s’
as observed here (3% of dry weight), but no data was shown regarding biomass and
total astaxanthin production.

Diverging from the other stress factors, cultivation in phosphorus-depleted medium
did not significantly impact biomass growth, when compared to the high light alone.
Continued growth in the absence of phosphorus is enabled by the luxury uptake of
the nutrient, known to occur in microalgae. It consists of taking up more P than
needed for cell composition (usually around 1%) and storing it mostly as
polyphosphate granules for internal reserve, used when the nutrient is limiting in the
environment (Fogg, 1973; Ketchum, 1939; Mackereth, 1953). The effects of stress
are then delayed, as observed in astaxanthin accumulation and chlorophyll
degradation. Biomass growth was also observed for at least 15 days in suspension
cultures under P depletion but different from what was shown here, it resulted in
higher astaxanthin yields than N starvation (Harker et al., 1996). Considering that P
zero did not significantly increase astaxanthin production, it is not surprising that the
combination of N and P depletion did not have an additive outcome.

The effect of stress and astaxanthin accumulation on photosynthesis is not

completely elucidated. A reduction of at least 50% in chlorophyll content in biomass
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was observed in the biofilms exposed to all additional stress factors, when compared
to the control. Nitrogen deprived cultures exhibited the most dramatic chlorophyll
loss, since it is required for chlorophyll synthesis. This corresponds well to the bright
red colour of the akinetes observed in biofilms grown with N zero medium.
Chlorophyll reduction has also been associated to all of these stressors in
suspension cultures of H. pluvialis (Boussiba and Vonshak, 1991; Boussiba et al.,
1999; Fabregas et al., 1998; Han et al.,, 2012; Kim et al.,, 2011). Boussiba and
Vonshak (1991) observed highest chlorophyll content of 1% at low light (85 umol
photons m? s™") and full medium while lowest content of 0.4% occurred at high light
(170 pmol photons m?s™) and N limitation. Although irradiances are not comparable,
similar values were obtained here at 800 umol photons m? s™, i.e. 1.28% at full
medium and 0.4% at N zero conditions. In spite of the chlorophyll loss, only a
moderate decline in photosynthetic activity is usually observed in stressed H.
pluvialis cultures (Torzillo et al., 2003; Wang et al., 2003; Zlotinik et al., 1993). Chen
et al. (2012) reported that photosynthesis / respiration rates are reduced in the
process of akinete maturation, whereas Rubisco activity is increased, explaining the
continuous biomass accumulation. Furthermore, exposure of vegetative cells to high
irradiance and nitrogen deprivation led to a decrease in chlorophyll biosynthesis and
light harvesting complex related genes and activation of respiration-, lipid
metabolism- and stress-related genes (Kim et al., 2011).

Molecular studies also indicate that stress factors can regulate the expression of
different genes involved in astaxanthin production, at different time periods, which
could result in additive effects in H. pluvialis, when applied in combination (Li et al.,
2008; Vidhyavathi et al., 2008; Wang et al., 2004). In spite of the above mentioned
differences, maximum astaxanthin accumulation per dry matter was not significantly
different for the stress factors investigated. It is, however, important to consider that
all the effects here described are already a combination of high light with a culture
medium stressor. Furthermore, the quantification of biomass and pigments in the

entire biofilm might have masked possible differences in the different cell layers.

When the same culture medium stressors are applied at irradiances < 200 pmol

photons m™? s, astaxanthin accumulation in biomass was slower (non published
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observations), pointing to the major effect of high irradiances, in agreement with
other authors (Choi et al., 2002; Harker et al., 1995). In fact, the same strain used in
all the optimization experiments (CCAC 0125) accumulated only 1.5% of astaxanthin
per dry weight at 200 pymol photons m? s and under nitrogen starvation in the
screening experiment. Furthermore, low biomass productivities that result from low

light lead to much lower total astaxanthin yields.

A range of irradiances from 300 to 800 ymol photons m? s was evaluated with
nutrient depletion and salinity stressors. High astaxanthin productivities were
supported at this light range. However, an optimum light intensity for astaxanthin
production in NP zero medium was found to be around 655 umol photons m? s™,
where the maximum astaxanthin production on the Twin-Layer was reported: 0.507 g
m2d”, with a content of 3.5% in biomass. An appropriate explanation for this has yet
to be investigated with more detailed pigments and photosynthesis profiles inside the
biofilm layers. Nonetheless, the effect of different stressors seems to vary according
to the light intensity. A comparable phenomenon was reported by Imamoglu et al
(2009): Astaxanthin production in distilled water, N zero and NP zero increased from
445 to 545 pmol photons m™? s, while P zero decreased. Values where anyhow
lower than observed here, with a maximum of 3% astaxanthin content in the

biomass.

4.5. Biofilm structure and profile

Microsensor and cryosectioning techniques were of great importance for the
comprehension of biofilm structure and metabolism and thus, for better
understanding of the results obtained. Analysis with microsensors has been used in
naturally occurring biofilms for over 30 years (Revsbech and Jorgensen, 1983) but
was only recently employed in an artificial unialgal biofilm by Li et al. (2015a).
Meanwhile, cryosectioning was first described in 1905 and since then has become a
widely used technique for examination of fresh tissues in biomedical sciences

(Wilson, 1905). It has more recently been applied for analysis of bacterial biofilms,
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also for fluorescence labelling and in situ hybridization (Wilmes et al., 2009; Yu et al.,
1994). This is the first time it is used for microalgal biofilm on a PSBR.

Forward light scattering and formation of a pigment gradient increase light
penetration into microalgal biofilms (Li et al., 2015a; Pringault and Garcia-Pichel,
2000). Light profile in H. pluvialis followed a very similar trend to that observed in
Halochlorella rubescens biofilm, however with a slightly deeper penetration, up to
400 um (Li et al., 2015a). This is probably a result of the enhanced pigment gradient
observed in the H. pluvialis biofilm. Furthermore, the presence of large akinetes,
which were are less tightly packed together, can also play a role. The illuminated
area corresponded approximately to the red akinete layer, observed not only in the
biofilms from which data were acquired, but in all biofilms grown at high light from

different experiments.

Nitrogen depletion and salinity have negative effects on biomass production,
resulting in thinner and almost completely red biofilms in the time periods analysed.
The early onset of stress was of great importance for obtaining such red biomass.
Later application of stress factors at high irradiances would not allow full penetration
of light due to the thickness of the pre-grown biofilm and the inner cell layer would
remain green. This was observed in the biofilm HL/Nzero, also used in microsensor
measurements. It exhibited three distinct layers: an outermost bright red layer of ca.
300 um; an intermediate composed of dark red akinetes (ca. 400 ym) and the inner
green cells. Astaxanthin present in the middle zone was probably preserved from
accumulation when it was exposed to light, but the dark production of astaxanthin
under N zero conditions while unlikely, cannot be completely discarded at this point.
Furthermore, a very thin red layer composed of small red cells was observed in the
bottom (adjacent to polycarbonate membrane) of all biofilms that were stressed with
nutrient deficiency and/or salinity. It results from very low light (< 10 ymol photons m™
s™) penetration from the back of the glass fibre and polycarbonate membrane,
because the posterior side of the Twin-Layer PBRs were not covered. Irradiances
were too low to provoke independent astaxanthin accumulation but it was enough to

enable production in otherwise stressed cells. This is in agreement with Boussiba
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and Vonshak (1991), who observed that H. pluvialis only accumulated astaxanthin at
low light when applying phosphorus or salt stress.

These results strongly support light dependency of astaxanthin production in the
biofilms grown on inorganic culture medium. However, it is known that H. pluvialis is
capable of heterotrophic growth and astaxanthin production when an organic carbon
source is available (Droop, 1955; Kobayashi et al., 1992b). On the Twin-Layer, a very
preliminary attempt of acetate supplementation for thick pre-grown biofilms did not
significantly increase short-term astaxanthin production and it boosted bacterial
growth in the biofilm (unpublished observations). Furthermore, acetate addition is not

attractive for commercial cultivation as it increases costs and contamination risks.

Light penetration determines the photosynthetically active zone in the biofilm.
Although photosynthetic performance was not analysed here, the acquired dissolved
oxygen profiles can help to enlighten status of the biofilm. At high irradiance (1,000
umol photons m™ 3'1), [DO] increased while penetrating in the biofilm, reaching
maximal values of 0.9 mM at ca. 200 um depth, followed by a reduction while
entering the dark zone. The same trend was observed in a Halochlorella biofilm but
with a 2-3 fold higher peak value (Li et al., 2015a). This can be a result of different O,
production/consumption ratio or just an effect of higher diffusion rates, related to
higher porosity due to the presence or large akinetes.

Nitrogen deprivation led to an increase of 11% in [DO] peak area. Scibilia et al.
(2015) suggest that the combined exposure to high light and nitrogen starvation can
induce a more rapid acclimation of photosynthetic apparatus to stress. A reduction of
functional PSII antenna size and increase in astaxanthin production would therefore,
improve the resistance of cells to photo-oxidation. However, here cells were exposed
to high light long before nitrogen depletion. If this is the case or if the increase in [DO]
is only associated to biofilm structure (thicker akinete layer), is still to be explained.
Photosynthesis microsensor measurements and pigment analysis for each cell layer
would help to elucidate this issue. Regardless of these slight differences associated
with nitrogen starvation, the oxygen profiles acquired at biofilms exposed to 1,000
umol photons m? s™, showed a clear surplus in the overall production/consumption

balance, suggesting that akinetes were photosynthetically active under these culture
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conditions, since light did not seem to reach the green cells. Moreover, high
dissolved O, concentrations can induce astaxanthin accumulation (Lee and Ding,

1995; Li et al., 2008) and could therefore, play an important role in the biofilm.

In an opposite scenario, 20 pmol photons m? s

irradiance was not enough to
maintain the positive oxygen balance and its concentration decreased while
penetrating the biofilm. In this scenario, biomass growth should be restricted to the
first 50 ym, since [DO] is similar to that of saturated medium, and the interior of the
biofilm should be losing biomass as a result of respiration > photosynthesis. It is
important to consider that the biofilm used in the microsensor measurements was
initially grown at 130 pmol photons m? s™ and these results reflect a thick biofilm
exposed to 20 pmol photons m? s™. For this situation, there is no kinetics available to
evaluate biomass loss in long cultivation periods. However, in another experiment
where cultivation was performed only at 20 ymol photons m?s™, linear growth was
here reported for 31 days without CO, supplementation and for 16 days with 5%

CO..

A detailed analysis of cell types and pigment composition of the above defined
biofilm layers will allow better correlations and more conclusive findings. This was not
performed here due to the irregular surface growth of strain the CCAC 0125. Hence,
differences in thickness of almost 1 mm were observed in the same biofilm. Since
light plays a major role in the structure, such variations reflected inside the biofilm,
precluding the appropriate separation of cell layers by sectioning parallel to the
surface. Therefore, pigment quantification was carried out for the entire biomass,
representing an average that can mask important differences seen in the
cryosections.

Furthermore, astaxanthin quantification was performed by spectrophotometry. It is a
cheap and simple method that is widely employed in research, however it can
overestimate real astaxanthin values, due to overlapping with other carotenoids. In
order to reduce such interference, 530 nm was chosen for measurements (Li et al.,
2012). Furthermore, under nitrogen deprivation and nutrient deprivation + high light
conditions, astaxanthin esters have been shown to account for over 90% of the total

carotenoids. When under salinity stress or phosphorous starvation, astaxanthin was
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80-90% and when just exposed high light, 75-80% (Aflalo et al., 2007; Ranga et al.,
2009). Hence, slight variations in carotenoid composition might have been overseen
during the akinete maturation process.

4.6. Immobilized H. pluvialis cultivation: research and upscale

In spite of the long commercial interest in H. pluvialis and astaxanthin, its cultivation
in immobilized systems is a recent topic in the microalgal biotechnology scenario. It
represents a very different approach from that of suspension cultures, making it
difficult to compare efficiencies. A large variety of systems, environmental conditions,
cultivation periods and stress factors are employed in the experimental setups.
Furthermore, data are frequently analysed in different manners and are presented in
different ways. Another major barrier is the concealment of methods due to the

commercial value of astaxanthin.

To have an insight into the real potential of the Twin-Layer PSBR for H. pluvialis
cultivation, productivities per surface area were recalculated for other cultivation
systems from literature data, which are usually provided in volumetric units. Papers
that offered sufficient information for these are listed in table 4.1. The aim of this
comparison was to place the results presented in this work in the research and
commercial scenario. Therefore, when a publication investigated different conditions,
the most productive option was selected and compared to the highest productivities
described in this work. Biomass values are also considered, but it is focused on
astaxanthin production, i.e. stress phases, since growth phases are frequently not
addressed in detail in the literature. For bubble columns and tubular systems, the
surface was calculated to be the rectangular cross-section of the PBR while open
ponds were evaluated by their footprint areas. Naturally, vertical systems (tubular
PBRs and bubble columns) can have a much lower footprint area than the cultivation
surface when placing parallel modules and this must be taken into account.
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These calculations confirmed that astaxanthin productivity of 0.507 g m? d
described here for NP zero at 655 umol photons m? s™ is among the highest found in
the literature. In fact, the strategy of using nutrient depletion at light intensities from
300 to 800 pmol photons m™? s™ only yielded astaxanthin productivities above 0.3 g
m? d”. This is also true for the one-step cultivation at 800 and 1,000 pmol photons
m? s, with no additional stressor. Such results contradict Zhang et al. (2016), who
concluded that biofilm cultivation of H. pluvialis is appropriate for biomass growth but
not for astaxanthin production. Their experimental data were not collected from
optimized conditions and the model seems to neglect spatial differences in the
biofilm, considering different cell layers and types as similar.

Biomass productivity on the Twin-Layer at high light was also among the highest
observed both in the presence or absence of additional stressors. Chaumont and
Thépenier (1995) reported 13.2 g m? d™" in one day of cultivation in a raceway pond
with nutrient-rich medium, i.e. high irradiances from natural sunlight were the only
stress factors employed. The same productivities were reported for stable large scale
cultivation in tubular PBRs, however, a maximum productivity of 19 g m? d' and
standing crop of 90 - 100 g m? were observed (Olaizola, 2000). While biomass
productivity values correspond nicely to those observed here for cultivation in full
medium, much higher standing crop capacities were supported by the Twin-Layer.
Cultivation for 16 days at 1,000 pmol photons m? s 'with 5% supplementary CO;
gave a final yield of 230 g m™. Higher values have also been observed in longer
periods, hence 263.4 g m? in the biofilm used for the microsensor and values of 300

g m?, when cultivating it longer.

Results presented here increase significantly the potential of biofilm cultivation of H.
pluvialis for astaxanthin production. Productivities were much more attractive than
previously reported for this approach, even if using a light/dark cycle when all other
work was done with continuous illumination (Wan et al.,, 2014a; Yin et al., 2015;
Zhang et al.,, 2016, 2014), known to almost double biomass and astaxanthin
production (Wan et al., 2014b). Moreover, all these papers used at least 10 g m™
inoculum densities because it was seen to increase performance (Wan et al., 2014a;
Zhang et al., 2014). This is still to be optimized on the Twin-Layer, however large
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| Discussion

inoculum also demands higher energy and labour inputs and this should be
accounted for at a larger technical scale. Nevertheless, the effect of the inoculum
density is of particular interest because the scale up of the Twin-Layer and
harvesting strategies, so it should be evaluated.

Implications for upscale

Cultivation in open systems can significantly reduce production costs when
compared to closed PBRs. Estimations for the Twin-Layer in large scale plants have
not yet been concluded and finding surface material with appropriate quality and
attractive price is of great importance in this context. Anyhow, the cultivation strategy
reported here aims at a cost-effective scale up process. The use of such a simple
PBR, with lower energy and water requirements (Naumann et al., 2013) is already
one step in this direction. Furthermore, the exclusive use of sunlight, enabled by the
successful cultivation at high light, represents a major economic advantage. This was
confirmed by life cycle analysis that appointed electricity requirements as one of the
major economic and environmental burdens of astaxanthin production from H.
pluvialis. Cultivation in closed PBR has a high energy demand, out of which 19.5%
represents light use for green phase and 58.5% for red phase (Pérez-Lopez et al.,
2014). Furthermore, the irradiances applied here represented not only cost reduction
but also higher surface productivities.

PSBRs such as the Twin-Layer can be arranged in vertical modules that support
biomass growth on both sides. Distribution of such modules determines the surface
to footprint ratio and, consequently, the light dilution rate (Liu et al., 2013; Schultze et
al., 2015). PBR design typically aims at high light dilution for higher photosynthetic
efficiencies and Schultze et al (2015) estimated maximum footprint productivities at
high light dilution rates despite the impressive surface productivities obtained at high
irradiances. However, the costs for construction, maintenance and harvest are
directly related to the surface area used for cultivation, thus, increasing the number of
modules for light dilution comes at a cost (Richmond, 1996). Furthermore, the use of
high light reported here was not only aiming on biomass yield but also for astaxanthin
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production, and, since astaxanthin is the commercial target, production costs should
be calculated based on the latter. In this context, setups with surface irradiances as
low as 300 pmol photons m? s™ can yield high astaxanthin productivities when under
nutrient depletion. According to measurements taken during a sunny summer day in
Cologne, Germany, an average of 330 umol photons m? s™' can be reached in 3 m?
surface panels spaced 1 m from each other, with a surface to footprint ratio of 3/1 (Dr
Bjorn Podola, oral communication). Hence, astaxanthin productivities footprint area
would reach 1.06 g m? d™" in a vertical PSBR system under this setup.

The use of a horizontal Twin-Layer can also be considered for cost reduction,
simplifying the system and reducing energy requirements for pumping. In such a
system, surface and footprint area are the same and areal productivities should then
be similar to that reported here. Naturally, light intensities can be considerably higher,
reaching 2,000 pmol photons m?s™.

Variation of sunlight during the day was not approached in the present work, however
in other algal species, total light quantity determined biomass production (Schultze et
al., 2015; Toro, 1989). Thus, extrapolation of irradiances applied here to average
sunlight is possible but should be cautious and experimental comparison is still
recommended. Nevertheless, since high astaxanthin productivities were observed at
a range of high irradiances, light variations will likely sustain such values.

Further optimizing large scale cultivation, harvesting periods have to be carefully
analysed. Biomass and total astaxanthin were shown to increase in much faster rates
at very high light intensities but productivities tend to reduce over time, thus reducing
differences in longer cultivation periods. In order to take maximum advantage of the
high irradiances, more frequent harvests should be considered. From the results
reported here, a total cultivation period of 10 days, 7 of them under nutrient limitation,
is suggested. Frequent harvests and such stress medium would also significantly
reduce risks of contamination. However, it requires higher efforts and increases
costs.
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In the present work, immobilized cultivation on a Twin-Layer PSBR was approached
for H. pluvialis cultivation and astaxanthin production, reporting the feasibility of the
process and further optimization. Aside from the technical advantages of cultivation
of microalgae on a PSBR, other specific positive features could be associated to H.
pluvialis: Coupling high biomass and astaxanthin productivities under high light
intensities was possible due to the biofilm organization and can represent a

breakthrough in the commercial production of in H. pluvialis.

Taken together, the results presented here support astaxanthin production by
simplified process with several advantages to the two-step currently employed.
Firstly, the use of high irradiances ensures an astaxanthin productive growth phase
and discards the need for two separate reactors or setups. It also raises the
possibility of surface cost reduction by making use of low light dilution rates, possibly
in a horizontal system. Finally, further astaxanthin induction can be naturally
developed with nutrient depletion and was here shown to vyield impressive
astaxanthin productivities, among the highest found in the literature.

Microscopic analysis of the biofilm structure and microsensor measurements of light
and dissolved oxygen helped to understand the organization and physiology of the
biofilm. They indicated that astaxanthin accumulation was light dependent, under the
experimental conditions tested in this work, and could give insights into biomass
growth behaviour. Enhancing the knowledge on the biofilm dynamics in response to
different stressors can help further optimization of the system. Microscopic and
microsensor analyses will be of great importance in this context, helping to elucidate
unanswered questions, such as if there really is cell division in the green layers and if
so, understand how it occurs. It could also help to understand why astaxanthin
production is highest at 655 pmol photons m? s in nutrient deprived conditions.

Moreover, a pilot scale test with natural sunlight is essential to confirm the high
productivities reported for the bench-scale Twin-Layer PSBR. Together with the
upscale, appropriate selection of material and estimation of costs will allow the
identification of the most cost-efficient setup for astaxanthin production from H.

pluvialis.
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