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Abstract

Dinoflagellates are a natural resource for unique secondarymetabolites and pigments,

which have great potential in the application in biomedical drug development, cos-

metics and aquaculture. However, biotechnological cultivation of dinoflagellates in

the common suspension-based closed photobioreactors (PBRs) has been proven to be

problematic due to the sensitivity of the cultures against the associated shear forces. To

overcome these and other constrains of suspension systems immobilised cultivation

of the dinoflagellate Symbiodinium voratum is performed using a Twin-Layer porous

substrate biofilm reactor (TL PSBR). In this thesis, the optimisation of the production

of biomass and anti-oxidant peridinin, the main carotenoid of S. voratum, in TL PSBRs

was investigated. In the optimisation process a maximal biomass productivity of

7.8 g m−2 was recorded at a light intensity of 600 µmol photons m−2 s−1 and 2 % CO2.

Due to the persistent linear growth of the S. voratum biofilm a maximal biomass yield

of 305 g m−2 was gained which is higher than in other biotechnological cultivated

microalgae in the TL PSBR, like Haematococcus pluvialis. The peridinin production

in S. voratum was enhanced by exposure of the biofilm to low light and high temper-

atures. While the peridinin yield (0.93 g m−2) and productivity (28.0 mg m−2 d−1)

was highest at a light intensity of 100 µmol photons m−2 s−1, maximal peridinin

concentration of 1.8 % of dry weight was obtained at 15 µmol photons m−2 s−1. Due

to opposing conditions for biomass and peridinin production a two-step cultiva-

tion approach, composed of the combination of growth and peridinin enhancing

phases was performed. Thereby, in this thesis, a maximal peridinin productivity of

51.4 mg m−2 d−1 was obtained. In addition up-scaling of the immobilised culture

of S. voratum in a horizontal fleece-based TL PSBR, with a growth area of 2 m2, was

shown to generate under comparable conditions as in the bench-scale experiment

identical results. Therefore the TL PSBR presents an alternative biotechnological

system for the large scale application of dinoflagellates.





Zusammenfassung

Dinoflagellaten stellen eine natürliche Quelle für einzigartige Sekundärmetabolite

und Pigmente dar, die großes Potential in der Verwendung für biomedizinische Pro-

dukte, Kosmetika und Aquakulturen von Fischen und Meeresfrüchten haben. Allerd-

ings hat sich die biotechnologische Kultivierung von Dinoflagellaten in den gängi-

gen suspensions-basierten geschlossenen Photobioreaktoren (PBRs) als schwierig

herausgestellt, da die Kulturen sehr empfindlich gegenüber den dort bestehenden

Scherkräften sind. Zur Überwindung dieser und anderer Limitationen in Suspen-

sionssystemen wurde eine immobilisierte Kultivierung des Dinoflagellaten Symbio-

dinium voratum an Hand des "Twin-Layer porous substrate biofilm reactors" (TL PSBR)

vorgenommen. In dieser Arbeit wurde die Produktion von Biomasse und Peridinin,

dem anti-oxdianten Hauptcarotenoid von S. voratum, im TL PSBR optimiert. Die

maximale Biomasseproduktion von 7,8 g m−2 wurde bei einer Lichtintensität von

600 µmol photonen m−2 s−2 und 2 % CO2 verzeichnet und aufgrund des konstanten

linearen Wachstums des S. voratum Biofilms wurde ein maximaler Biomasseertrag

von 305 g m−2 erreicht. Die Produktion von Peridinin in S. voratumwurde durch den

Einsatz von geringem Licht und hoher Temperatur gesteigert. Während der Ertrag

an Peridinin (0,93 g m−2) und die Produktivität (28.0 mg m−2 d−1) bei einer Licht-

intensität von 100 µmol photonen m−2 s−2 am höchsten war, wurde die maximale

Peridinkonzentration von 1,8 % bei 15 µmol photonen m−2 s−2 erreicht. Aufgrund

der gegensätzlichen Bedingungen für optimale Biomasse und Peridinin Produktion

wurde eine zweistufige Kultivierungsstrategie entwickelt, bestehend aus einer Wach-

stumsphase der Biomasse und einer sich anschließenden Akkumulationsphase des

Peridinins. Damit wurde diemaximale Peridininproduktivität von 51,4mgm−2 d−1 in

dieser Arbeit erreicht. Zusätzlich wurde durch Hochskalieren der immobilisierten

Kultur von S. voratum in einem horizontalen Fleece-basierten TL PSBR, mit 2 m2 Wach-

stumsfläche, identische Ergebnisse zu den Experimenten im Labormaßstab erzielt.

Dies zeigt die Eignung des TL PSBRs als alternatives biotechnologisches System für

die Massenkultivierung von Dinoflagellaten.
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1 Introduction

1.1 Dinoflagellates

While the term dinoflagellates describes a variety of morphologies and lifestyles,

dinoflagellates in general are unicellular organisms with a size of 10 to 100 µm and

occur in plankton, benthos, as symbionts or even as parasites [Graham et al., 2009].

Thereby, dinoflagellates occupy fresh water, brackish and marine habitats [Fritsch,

1945; Tobias and Lariree, 2013]. With regard to feeding strategies dinoflagellates are

very diverse and have been described to be photoautotroph, as well as heterotroph,

even within one species [Taylor, 1980; Burkholder et al., 2008; Jeong et al., 2014b].

Since 50% of all dinoflagellate taxa are heterotrophic protists [Kofoid and Swezy,

1921; Schnepf and Elbrächter, 1992], species have been studied and described under

zoological as well as botanical aspects and nomenclature [Spector, 1984]. The first

record of dinoflagellates dates back to the 18th century, when a bioluminescent

organism, now known as a member of the genusNoctiluca, was described byM. Baker

[1753]. The basis of dinoflagellate taxonomy has been laid a few years later by O.F.

Müller, who described the first dinoflagellate species [Müller, 1773].

The name dinoflagellate translates to the Greek word dinì, to whirl, and the latin

word flagellum meaning whip. This refers to the typical morphology and movement

of the cells. Most dinoflagellates possess, in at least one stage of their life cycle, two

distinct flagella [Fritsch, 1945; Graham et al., 2009]. One is curled around the middle

of the cell, called transverse flagellum, and one arises from the posterior end and

moves like a whip [Taylor, 1980]. As a result from this arrangement the cells spin in a

rotational fashion. A further special characteristic of dinoflagellates is the nucleus,

called dinokaryon, in which the chromosomes are almost permanently condensed

and possess no histones [Taylor, 1980; Fensome et al., 1993].
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Dinoflagellates are most commonly known for two phenomena which are closely

related to human health. First their ability to produce massive algal blooms, called

brown or red tides [Anderson, 1995], and secondly the generation of toxins which are

related to fish and shellfish poisoning [Bowden, 2006; Garthwaite, 2001]. These two

effects can also occur simultaneous, which constitutes a serious risk for human and

animal health [Anderson, 1995; García Camacho et al., 2007]. The effect of dinoflagel-

late toxins range from diarrhoea, severe nerve damage to even death [Bowden, 2006;

Rodriguez-Navarro et al., 2007]. While these toxins have been studied and charac-

terised for decades, new ones are still being discovered today [Holland et al., 2012;

Garthwaite, 2001]. Well known representatives for toxic dinoflagellates are species

of the genus Alexandrium and Amphidinium [Lippemeier et al., 2003; Parker et al.,

2002; Kobayashi, 2008]. However, toxicity only occurs in a minority of dinoflagellates.

It has been estimated, that from the known 5000 species of marine phytoplankton, 300

are able to form algal blooms [Daranas et al., 2001; Tobias and Lariree, 2013], while

only 40-60 dinoflagellate species are reported to produce marine toxins [Smayda, 1997;

Graham et al., 2009]. One of the non-toxic species is Symbiodinium voratum, which is

the subject of this study.

1.1.1 Symbiodinium voratum

As the name implies the genus Symbiodinium has been first described as a ubiqui-

tous endosymbiont for marine corals or other hosts [Freudenthal, 1962]. Nowadays

Symbiodinium is one of the best studied symbionts and a main field of interest to

investigate global warming and the consequential effect of coral bleaching [Takahashi

et al., 2009]. This is of key importance since coral reefs are a unique ecosystem and

have been estimated to economically support over 100 million people [WWFAustralia

et al., 2009]. Based on this symbiotic interaction and the colouration of the corals,

symbiotic dinoflagellates, as Symbiodinium, were descried as Zooxanthella (Greek

zoon, animal; xanthos, yellow) [Freudenthal, 1962; Jeffrey, 1968], a generic term that

is still in use today [Gottschling and McLean, 2013].

2
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Even though the phylogeny of dinoflagellates is still under revision [Sausen, 2016],

the genus Symbiodinium has been associated to the order Suessiales [Murray et al.,

2005]. Interestingly, to date only two dinoflagellate genomes have been sequenced,

while the first obtained genomewas gained from the symbiont Symbiodiniumminutum

[Shoguchi et al., 2013] and the second one from Prorocentrum minimum [Ponmani

et al., 2016].

However, besides symbiotic living organsism of the genus Symbiodinium, the species

Symbiodinium voratum has been described as a free-living dinoflagellate [Jeong et al.,

2014a]. As known for dinoflagellates in general, also Symbiodinium is mixotroph and

can exist photoautotroph or even heterotroph [Jeong et al., 2012, 2014a]. Their ability

to feed phagotrophically on bacteria is expressed in the species name voratum, which

is Latin for vorare, to engulf. S. voratum represents an economical interesting source

of pigments, as it contains various carotenoids, from which the xanthophyll peridinin

is the most interesting one.

1.2 Peridinin

Due to the ubiquitous abundance of dinoflagellates and diatoms, their main

carotenoids peridinin and fucoxanthin [Johansen et al., 1974], are among the most

abundant pigments of the world [Strain, 1976; Sugawara et al., 2007]. However, in

contrast to fucoxanthin, peridinin occurs exclusively in dinoflagellates [Johansen

et al., 1974; Bustillos-Guzman et al., 2004]. While the first isolation of peridinin was

made by Schütt in an algal bloom of the genus Peridinium [Schütt, 1890], the first

description dates back to 1935. In that year I. M. Heilbron declared the finding of

a new lipid-soluble carotenoid, or lipochrome, called sulcatoxanthin from the sea

anemone Anemonia sulcata [Heilbron et al., 1935]. However, this pigment was later

shown to be identical with peridinin and originated from the symbiotic algae within

the anemone [Strain et al., 1944].

Already in the same publication it has been stated, that peridinin is moderately

resistant to oxidation [Strain et al., 1944]. Furthermore, peridinin was shown to

3
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function inhibitory on lipid oxidation [Barros et al., 2001] and has been described as

an anti-inflammations agent in mice [Onodera et al., 2014]. In addition to the anti-

oxidant and anti-inflammatory capacities peridinin also possesses anti-cancerous

properties, as it was shown to induce apoptosis in human colon cancer cells [Sugawara

et al., 2007; Yoshida et al., 2007].

The main function of peridinin in dinoflagellates is to absorb light in the blue-green

spectrum, as part of membrane bound light-harvesting complexes (LHCs) and soluble

peridinin-chlorophyll a-protein complexes (PCPs) [Haidak et al., 1966], to close the

green-gap of chlorophyll. PCPs have been investigated due to their highly efficient

energy transferring properties early on [Haxo et al., 1976; Hata andHata, 1982] and are

still of interest now [Alexandre et al., 2007; Polívka et al., 2007; Kanazawa et al., 2014].

In 1989 the US patent on the PCP complex as a fluorescent label was accepted, which is

especially suitable for diagnostic assays [Recktenwald, 1987]. The advantage of using

the PCP in immunolabeling like fluorescence-activated cell sorter (FACS) is that the

complex is due to the anti-oxidative properties of peridinin very stable and enhances

the quality of the procedure by being water soluble, pH resistant and well separable

from autofluorescence of the applied samples [Recktenwald, 1987; Haxo et al., 1976].

Therefore it is a high quality compound of the dinoflagellate S. voratumwith a current

value of 80-95 US $ mg−1 [Santa Cruz Biotechnology, catalogue nr.: sc-359908, Dallas,

U.S.A., www.scbt.com, August 2016; AAT Bioquest, Sunnyvale, U.S.A., catalogue nr.:

2559, www.aatbio.com, August 2016 ]. However, a prerequisite for the production

of peridinin and its associated products lies in the biotechnological cultivation of

dinoflagellates.

1.3 Potential applications of dinoflagellates

Biotechnology of microalgae relies mostly on the utilisation of suspension-based culti-

vation systems, which have been proven to be problematic for the mass cultivation of

dinoflagellates [Shah et al., 2014; Sullivan et al., 2003]. Therefore, the biotechnological
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application of dinoflagellates is currently limited, even though their potential and

their products have been studied intensively on laboratory scale.

As dinoflagellates are among the most important primary producers occurring in

marine phytoplankton [Field, 1998; Graham et al., 2009], dinoflagellate biomass has

high potential for the application in aquaculture, aiming on natural production of fish,

molluscs and crustaceans. Due to presence of the polyunsaturated fatty acids (PUFAs),

Eicosapentaenoic acid (EPA) and Docosahexaenoic acid (DHA), in dinoflagellates

[Fuentes-Grünewald et al., 2013, 2009], the utilisation of dinoflagellate biomass can

further enhance the quality of the obtained aquaculture products. For example

the species Symbiodinium microadriaticumwas shown to possess the second highest

percentage [per dry weight] of total fatty acids and best growth in a screening of five

different dinoflagellates [Mansour et al., 1999]. The aqua-farming of fish relies on

the upbringing of larvae on microalgae which are subsequently used in the live feed

of fish hatcheries. Therefore a further indication for the potential in aqua-farming

is the ability of larvae to feed on the dinoflagellate species Gymnodinium splendens

[Rodriguez and Hirayama, 1997]. Furthermore, high value aquaculture such as oyster

and shellfish farming might benefit from feeding on dinoflagellate biomass directly.

This was demonstrated in a study on the feed of bivalves on marine phytoplankton

containing dinoflagellates which meet the nutritional requirements of the used filter

feeder Mytilus edulis very well [Budge et al., 2001]. Overall aquaculture seems to be a

promising market for the application for dinoflagellates since it has been estimated

that 30 % of the global algal production is currently used in animal feed [Becker, 2007].

Besides the growing demand in aquaculture, the application of microalgae, as "super

foods", for human consumption has steadily gained recognition in the last years.

In additon, in the last decade a inreased demand for alternative fuels has lead to

an exploitation of dinoflagellate biomass and lipids for potential fuel production

[Fuentes-Grünewald et al., 2013, 2009]. While only the species of Alexandrium min-

utum and Karlodinium veneficum are applied in this field, in total 62 different kinds

of dinoflagellates were found to possess valuable lipids, emphasising the unused

5
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potential of dinoflagellate cultures [Fuentes-Grünewald, 2015; Fuentes-Grünewald

et al., 2009; Kneeland et al., 2013].

Apart from the total biomass it is very common to extract natural compounds and

secondary metabolites from dinoflagellates. The properties of dinoflagellate toxins,

even though they are known to cause extensive harm for humans, have been shown

to have beneficial applications. For example neosaxitoxin was identified to be a local

anaesthetic and gonyautoxin is used in the treatment of anal fissures in medical trials

[Garrido et al., 2005; Gallardo Rodriguez et al., 2007]. Also from the most prominent

toxic algae of genus Amphidinium multiple compounds, called amphidinolide and

amphidinols, have been identified as candidates for anti-fungal or anti-cancer drugs

[Kobayashi, 2008; Echigoya et al., 2005]. Extracts from Symbiodinium sp., such as sym-

biodinolide and symbioramide, were shown to function as a Ca2+ ATPase activator

or Ca2+ channel-opening agent and possess anti-leukaemic activity [Yoshida et al.,

1992; Kita et al., 2007]. In different studies two undefined species of Symbiodinium

were found to contain mycosporine-like amino acids (MAAs), which are known to

have photo-protective properties [Banaszak et al., 2006; Bandaranayake, 1997]. Due to

this, it can function as a UV absorbing agent in the cosmetic industry in make-up and

sunscreen. In addition anti-inflammatory compounds, for example symbiospirols,

symbioimine and neosymbioimine, from the symbiotic Symbiodinium sp. have been

isolated [Kita et al., 2007, 2004, 2005; Tsunematsu et al., 2009]. Due to their function-

ality the application osteoporosis treatment was proposed [Kita et al., 2004]. Also

carotenoids, like peridinin, are extracted from dinoflagellates which are utilised in bi-

ological and biophysical research [Carbonera et al., 2014; Schulte et al., 2010; Johansen

et al., 1974; Bjørnland, 1990].

In summary, biomedical science is the best studied application for dinoflagellates

so far, related to the fact that with the current technologies only small amounts

of dinoflagellate cultures can be produced [Gallardo Rodríguez et al., 2010]. This

makes their extracts a high value niche product and limits the current research on

dinoflagellates to high cost consumables like drugs or cosmetics.

6
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1.4 Biotechnological cultivation systems and their

relevance for dinoflagellates

A core requirement for the exploitation of microalgae as a resource for commercial

production lies in their biotechnological cultivation. As a consequence products

become only available when a suitable mass cultivation technique has been identified.

Since their is no such system for the majority of dinoflagellates available, their indus-

trial applications are currently limited. This stands in clear contrast to macroalgae.

These algae occur naturally in such quantities, that their biomass can directly be

collected from their habitat. Due to this, coastal regions like France and Japan have a

long history in using macroalgae for human consumption and application of their

biomass and extracts in a variety of products, such as cosmetics. However, given that

this is not an agricultural system, they have to be regarded as a naturally limited re-

source. Therefore the major downfall of macroalgae is, that with increasing demand,

the supply of marine products becomes scarce. A current example is the high require-

ments for agar from the Rhodophyta Gelidium, which cannot be fulfilled [Callaway,

2015]. This underlines that the utilisation of an algal products for commercial applica-

tions is dependent on their availability and a controllable biotechnological cultivation

system. Since the majority of microalgae is water-borne, the mass cultivation of

microalgae is almost exclusively dependent on suspension.

1.5 Cultivation in suspension

In contrast to macroalgae, habitats from microalgae can be simulated by the usage of

specialised growth media, enabling the cultivation of microalgae. The capability of

microalgae cultivation enables the preservation of single species and strains, which is a

prerequisite of the biotechnological exploitation of the resource microalgae. However,

while small suspension cultures are efficient for culture maintenance, the application

of liquid cultures in mass cultivation and biomass production is not trivial. With

an increase of the culture volume the light penetration into the suspension becomes

7
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limiting. Thereby algae close to the water surface of the medium obtain most of the

light and grow, while further shading the underlying cells and hindering optimal

growth in a suspension culture. Besides light, CO2 is one of the most important

limiting factors for microalgae growth, especially at high light intensites or densely

grown cultures. To increase light and gas diffusion, cultures often have to be aerated or

mixed. Whilemixing not only enhances the costs formass cultivation, it also generates

mechanical stress for the cultured algae. As a consequence only robust algae can

be grown in such mass production systems, limiting the effective use of microalgae.

A further disadvantage of suspension cultures is harvesting the microalgae. To

achieve the separation of cells and water, the culture has in general to be filtrated,

sedimented and subsequently centrifugated or spray dried [Chen et al., 2011; de la

Noüe and Basseres, 1989; Bínová et al., 1998; Brennan and Owende, 2010]. Therefore

the harvesting of microalgae from any suspension-based culturing system is always

dependent on high input of energy and effort [Uduman et al., 2010].

1.5.1 Open ponds

Cultivation of microalgae in suspension has traditionally been achieved in larger scale

by the application of open pond systems. The main advantage of the open ponds

is the technical simplicity, since they are only composed of a artificial pond with a

cartwheel or aeration system for culture mixing. Due to this design, open ponds

have only been commercially realised for the production of two extremophile algae,

Arthrospira (Spirulina) platensis and Dunaliella salina. The cyanobacteria Arthrospira

(Spirulina) platensis presents the most prominent application of microalgae in the

market of food supplement and health product [Radmann et al., 2007; Markou and

Georgakakis, 2011]. Already Incas and Aztecs used Arthrospira (Spirulina) platensis

grown in ponds as food source. However, these microalgae can only be grown in open

suspension systems due to their niche ability [Del Campo et al., 2007]. The culture

naturally grows at a pH of 9-11 and brackish water, hindering contamination to rise

up and ensuring a selective growth of Arthrospira (Spirulina) platensis. The same holds

true for Dunaliella salina, a known source for β carotene [Wegmann and Metzner,
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1971]. The culture can be predominately grown in open ponds [Hejazi et al., 2004;

Morowvat and Ghasemi, 2016] due to its high salt tolerance [Avron and Ben-Amotz,

1992].

However, a freshwater pond with regular medium and conditions in general is not

controllable. Air- and waterborne contaminations can enter the system and are not

removable once they have settled in the medium. Thus the cultivation of desirable

freshwater algae like Haematococcus pluvialis is not performed in open ponds, but

rather in closed photobioreactors. With regard to the cultivation of dinoflagellates,

open ponds are not realised since the cultures are sensitive to the associated turbu-

lences and shear forces [Dixon and Syrett, 1988; Sullivan et al., 2003].

1.5.2 Closed photobioreactors (PBRs)

In general closed photobioreactors (PBRs) rely on a stack of glass tubing and thusmake

more efficient use of area and light. Due to this they are technically more complex and

since they are based on suspension the associated problems regarding contamination,

shear stress and harvesting are persistent. Nevertheless these types of culturing

systems are also applied in aquaculture and production of food supplements [Michels

et al., 2014; López-Rosales et al., 2015; Leupold et al., 2013; Ugwu et al., 2008; Slegers

et al., 2013]. Commercially realised systems for closed PBRs are currently operated

for the production of Haematococcus in large scale systems in Israel and Portugal

[Borowitzka, 1995; Carvalho et al., 2006]. For the application of dinoflagellates the

species Alexandrium minutum and Karlodinium veneficum have been reported to be

maintained in a bubble column photobioreactor [Fuentes-Grünewald et al., 2013].

1.5.3 Fermenters and heterotrophic growth

In order to overcome the common disadvantages in suspension cultures the focus

of research has been shifted to immobilised and heterotrophic cultivation [Ogbonna

et al., 1995; Shi et al., 1999; Liu et al., 2013]. Especially in biotechnological fields like

biofuels or biohydrogen production the reports on growth of algae in fermenters has
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been increasing [Wan et al., 2016; Liu et al., 2013; Shi et al., 1999; Ogbonna et al., 1995;

Perez-Garcia et al., 2011]. In case of heterotrophic growth the ability of microalgae to

switch from fixation of gaseous CO2 to using organic carbon from the environment

as energy source and for the production of light-independent metabolites, such as

amino acids and lipids, is required. Additionally the requirements on the algae are to

be fast growing in light-limited condition and resistance to mechanical stress [Gladue

and Maxey, 1994]. The growth of heterotrophic dinoflagellates in fermenters for the

production of biomass and lipids has been patented [Kyle et al., 1998] and has mainly

been described for the species Crypthecodinium cohnii [Ganuza et al., 2008]. However,

since the production of pigments is a light coupled process, this cultivation method

cannot be applied in this project. Furthermore the technical setup of fermenters and

operational cost of these stainless steal reactors is very high and often not profitable

for algae cultivation.

1.6 Immobilisation of microalgae

An immobilisation is given when the cell is hindered, in natural or artificial way, to

move independently in the liquid phase [Tampion and Tampion, 1987]. Traditionally

the immobilisation is realised by enclosing algae in beads or gels, a technique that

has been used for over 30 years [Chevalier and de la Noüe, 1985; Robinson et al.,

1985; Tam and Wong, 2000; Mallick, 2002]. The aim is to facilitate access to algal

products without harvesting of the algae itself. Even tough research on entrapment

of algae continues [Zeng et al., 2012], this approach does not solve the limitations

in gas and light diffusions. In addition an up-scaling seems to be difficult due to

the elaborate immobilisation technique. However, already in the late 19th century,

the more evident way of immobilisation microalgae as a biofilm has been described

[Beijerinck, 1890; Klebs, 1896]. Nevertheless, the approach was not pursued until

the late seventies, when the work on attached biofilm reactors has been revisited

[Hansford et al., 1978]. The described system of a rotating algal "disc" relies on at

least temporary submerging of the cells in media, which increases detachment of the

biomass into the bulk medium and lowers the productivity of the systems. These
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systems are still studied today [Sebestyén et al., 2016; Blanken et al., 2014; Gross and

Wen, 2014], but due to the submerging the algae culture is not immobilised and grows

in the medium. In a horizontal orientation, the submerged biofilm systems are also

referred to as algal turf scrubber (ATS) [Craggs et al., 1996] and have been studied

with respect to waste water treatment with microalgae [Roeselers et al., 2008; Boelee

et al., 2011, 2014; Mulbry et al., 2008; Wilkie and Mulbry, 2002]. A strict separation of

medium and algae cells has been achieved by the application of the Twin-Layer (TL)

system [Melkonian and Podola, 2003]. For algae cultivation the system is referred to

as a TL porous substrate bioreactor (TL PSBR).

1.6.1 Twin-Layer porous substrate biofilm photobioreactors

The Twin-Layer technology is based on the combination of two layers, which en-

able the growth of algae apart from the bulk medium. Algae are applied on a fine

porous substrate layer, which is supplied with medium by the underlying source

layer. Requirements for the substrate layer are that the pores are large enough to allow

a diffusion of micro- and macro nutrients while preventing the penetration of any

cells larger that 1 µm. Thus the substrate layer functions as a barrier against contami-

nation. The source layer has to be strongly hydrophilic to collect and transport the

culture medium without ashing off the attached biofilm. The theoretical groundwork

for this technology had been developed by the work group of Professor Melkonian

for Bio and Environmental Technology of microalgae, at the University of Cologne

[Melkonian and Podola, 2003]. It was further on developed for algae immobilisation

and culturing from small to up-scale with a multitude of freshwater and marine

cultures [Nowack et al., 2005; Shi, 2005; Naumann, 2003; Benstein et al., 2014]. By

immobilising the cells a monoalgal biofilm is established and so the culture surface

is increased, resulting in an effective gas diffusion and enhancement of CO2 supply

to the cells. Since no aeration, mixing or agitation of the biomass is necessary, these

type of biofilm photobioreactors provide a cost and energy efficient way to culture

microalgae [Ozkan et al., 2012; Schnurr et al., 2016; Gross et al., 2015]. It has been

estimated, that the current TL PSBR requires a volume of 36 - 250 L to produce 1 kg of
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algae biomass, in comparison 2000 - 2850 L are needed in open pond systems [Podola

et al., 2016].

With regard to harvesting, no centrifugation is needed, due to the low water content

(70 - 85%) of the biomass [Podola et al., 2016]. Themaximal surface productivity of the

systemwas recorded to be 31 gm−2 d−1 at 1000 µmol photonsm−2 s−2 and the addition

of CO2 with the alga Halochlorella rubescens [Schultze et al., 2015]. Furthermore the

setup of the Twin-Layer is technically fairly simple and the materials can be chosen

according to the requirements. Thus the Twin-Layer has been studied for applications

with environmental [Shi, 2005]; [Li, 2011] or commercial purposes, like aquaculture

[Naumann, 2003; Naumann et al., 2013]. The Twin-Layer system makes it possible to

cultivate multiple algae in parallel on limited space and provides stable cultivation

conditions [Naumann et al., 2013] . Apart from the Twin-Layer PSBR and the work

at the University of Cologne the principle has been applied for Botryococcus braunii

[Cheng et al., 2013], Acutodesmus obliquus [Ji et al., 2014b] and Pseudochlorococcum sp.

[Ji et al., 2014a]. To summarise, the greatest advantage of the Twin-Layer technology

is that the limitations of suspension cultures in respect to light and gas diffusion, the

omitting of shear stresses as well as the problematic harvesting can be overcome. With

respect to the immobilisation of dinoflagellates it has been shown, that the species

S. voratum has been successfully cultivated on a paper-based biofilm reactor and

achieved a surface production rate of 11 g m−2 d−1 [Benstein et al., 2014]. However,

no growth data on a glass fiber substrate layer in bench- and up-scale cultivation have

been recorded.

1.7 Mass production of dinoflagellates

The first dinoflagellate cultures were established in the late 19th century [Stein, 1883]

and the cultivation of the species Gymnodinium fucorum was initially reported on

by Küster [1907]. Nowadays the maintenance of dinoflagellates is performed in

suspension within classical culture vessels or tubular reactors in order to produce

biomass or biomedical products like toxins [Fuentes-Grünewald et al., 2013; Wang
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et al., 2015; Gallardo Rodriguez et al., 2007]. With these cultivation systems, only

low concentrations of biomass and desired compounds could be obtained [Hu et al.,

2006; Gallardo Rodríguez et al., 2010]. When an attempt for the up-scaling of cultures

was performed the productivities were reduced in larger cultures [Beuzenberg et al.,

2011; García Camacho et al., 2007]. Moreover the sensibility of most dinoflagellates

to shear stress and turbulences which are associated to large scale cultivation in

suspension, hinder the up-scaling of cultures further [Sullivan et al., 2003; Karp-Boss

et al., 2000; Gibson and Thomas, 1995]. For the fragile alga Protoceratium a successful

up-scale of the culture has been recorded, but only from a volume of 2 L to 15 L

[Camacho et al., 2011]. Thus reports on the large scale production of dinoflagellates

are scarce due to a lack of specialised cultivation systems [Shah et al., 2014]. Given

this, dinoflagellate products are often obtained from natural sources, such as algal

blooms, host organisms like corals or filter feeders [Rosic and Dove, 2011; Carlos et al.,

1999; Warner and Berry-Lowe, 2006; Jeffery and Haxo, 1968]. The immobilisation of

S. voratum in a simple biofilm PSBR has been shown to be a potent alternative for the

cultivation of dinoflagellates [Benstein et al., 2014] and was therefore the focus of this

thesis.

1.8 Aim of the thesis

The aim of the thesis was to further study the cultivation of the dinoflagellate

S. voratum on the Twin-Layer PSBR. The focus was set on identifying the optimal

culture conditions for the growth of S. voratum and finally the production of the

highly valuable peridinin. The optimisation process was performed in a series of

bench-scale TL PSBR experiments, with the aim to identify the effect of abiotic factors

and media on the growth and peridinin accumulation of the biofilm. Furthermore

the cultivation of the dinoflagellate S. voratum in different up-scale TL PSBRs was

investigated and compared to bench-scale PSBRs in order to test whether the TL PSBR

is a suitable mass cultivation system for S. voratum.
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2 Materials and Methods

2.1 Algae Culture and Conditions

The dinoflagellate Symbiodinium voratum CCAC 0047, was obtained from the Culture

Collection of Algae (CCAC). The strain had been isolated fromphytoplankton samples

collected on the Ille de Batz in Brittany, France, by Professor M. Melkonian in 1997.

Therefore it is considered a free living strain.

The stock and back up cultures were grown at a light intensity of 50 µmol pho-

tons m−2 s−1 in a 16 °C climate chamber. Prior to an experiment the cultures were

scaled up to 500 mL, 1 - 2 L and subsequently 6 L Erlenmeyer flasks. The culture

bottles containing 1 L or more were aerated with 2 % CO2 and maintained in a 23 °C

culture chamber in order to enhance algae growth further. The illumination in the

climate chambers was based on fluorescent lamps (L36W/640i energy saver cool

white and L58W/956 BioLux fluorescent lamps, Osram, Munich, Germany). All

cultivations were performed with ASP 12 medium. The composition of the medium

is given in the following section. For the pilot scale experiments, larger quantities of

cultures were required. Thus the cultures were scaled from 2 L to 10 L glass vessels

and were maintained with 2 % CO2 and 23 °C. As light intensity in the 23 °C chamber

200 µmol photons m−2 s−1 was applied. 3 - 5 days before each experiment the culture

was refreshed with ASP 12 medium to obtain optimal growth conditions.

2.1.1 Culture media

The suspension cultures have been maintained in the medium ASP 12. If different

media have been applied in for the experiments, it is stated within the correlating

section. The composition of all applied media is given here.
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Table 2.1: ASP 12 Medium

Stock Solution Addition Final
for 1 L Stock for 1 L medium concentration

HEPES 238.1 g 3 mL 3.00 mM
NaCl 28 g 479.00 mM
KCl 60.0 g 11.6 mL 9.40 mM
MgSO4 x 7 H2O 7 g 28.40 mM
MgCl2 x 6 H2O 4 g 19.70 mM
CaCl2 x 2 H2O 370.0 g 4 mL 10.00 mM
NaNO3 100.3 g 1 mL 1.18 mM
K3PO4 x 3 H2O 12.5 g 1 mL 47.00 µM
Na2-Glycerophosphate 6.85 g 1 mL 31.70 µM
Na2SiO3 x 9 H2O 28.42 g 5.3 mL 528.00 µM
NTA (Titriplex I) 10.00 g 10 mL 523.00 µM
Vitamins 1 mL
Trace metal solution 1 mL

[McLachlan, 1973], modified after [McFadden and Melkonian, 1986]

The preparation of the trace metal and vitamin solutions is given in [McLachlan,

1973] and the homepage of the culture collection (www.ccac.uni-koeln.de). For one

litre ASP 12 medium the according amount of the stock solutions was diluted in 1 L

bidistilled water. The pH was set to 8.3 with NaOH and NaCl.

The original medium f/2 [Guillard and Ryther, 1962] is based on natural seawater but

the medium in this thesis was prepared by a substitution with an artificial sea salt re-

placement, Tropic Marine Meersalz Classic (Tropic Marine, Wartenberg Deutschland).

The measured pH was 8.3 and since the medium is not buffered, the pH was not

Table 2.2: Artificial f/2 Medium

Stock Solution Addition for 1 L Stock [g] For 1 L medium

Tropic Marine 36 g
NaNO3 75 1 mL
NaH2PO4 x H2O 5 1 mL
Trace metal solution 1 mL
Vitamins 1 mL
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altered. In up-scale applications the f/2 medium was prepared with the commercial

stock solution AlgaBoost (f/2 concentrate 200x, Wallaroo, Australia).

Seawater modifications

Selected experiments, see section 3.7, were conducted using natural seawater obtained

from the Biologische Anstalt in Helgoland (Alfred-Wegener-Institut Helgoland) as

basis for f/2 medium. The required stocks were added up to 1 L of medium as listed

in table 2.2. The obtained seawater had a pH of 8.1. Overall three modifications

of the seawater have been made, whereas 1 L of seawater was utilised as basis, the

compositions are given in the following tables 2.3 - 2.5.

Table 2.3: SW1 Medium

Stock Solution Addition for 1 L Stock [g] For 1 L medium

Seawater
NaNO3 100.3 1 mL
K3PO4 12.5 1 mL

Table 2.4: SW2 Medium

Stock Solution Addition for 1 L Stock [g] For 1 L medium

Seawater
MgSO4 7 g
NaNO3 100.3 1 mL
K3PO4 12.5 1 mL
Na2-Glycerophosphate 6.85 1 mL
Na2SiO3 x 9 H2O 28.42 5.3 mL
NTA (Titriplex I) 10.00 10 mL
Trace metal solution 1 mL
Vitamins 1 mL

In the third seawater modification the liquid fertiliser Salozene NPK (Liquid with mi-

cronutrients, Sandepan chimica s.r.l, Viadana, Italy) was used (Tab. 2.5). The applied

amount was chosen to match the phosphate concentration of ASP 12. Furthermore it

provides nitrogen in the form of urea. Since the fertiliser does not contain iron the

trace metal solution was added to the SW3 medium.
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Table 2.5: SW3 Medium

Stock Solution For 1 L medium

Seawater
Fertiliser 0.5 mL
Trace metal solution 1 mL

2.2 Bench-scale Twin-Layer PSBR

In order to apply the theoretical principle of the Twin-Layer, as it is described in

section 1.6.1, into technical application the Bio and Environmental Technology group

of Professor Melkonian, in cooperation with the workshop of the Biological Institute,

has designed a bench-scale TL PSBR. The setup was established by Shi et al. [2007]

and more information on the design are given by Schultze et al. [2015].

Figure 2.1: The bench-
scale Twin-Layer PSBR. A
Schematic drawing of the
bench-scale TL PSBR [mod-
ified from [Schultze et al.,
2015]]. B Inoculation setup
for S. voratum.

As it is shown in the schematic drawing in figure 2.1 the bench-scale system con-

sists of a PVC basis (30 cm x 30 cm) and transparent vertical tubes made of PMMA

(Height: 50 cm, 12 cm in diameter). In this thesis glass fibre (80 g m2, Isola AS,

Eidanger, Norway) was chosen as substrate layer and commercial printing paper

(Kölner Stadtanzeiger, 45 g m2, obtained from DuMont Schauberg, printing plant,

Cologne, Germany) was determined as substrate layer. In the setup a strip of glass

fibre (65 cm x 10 cm), was applied to the top of the tube, which holds the substrate
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layer. In case of the bench-scale TL experiments the biofilm grows on small discs

of paper (diameter of 25 mm) in order to improve the handling and harvesting of

the system. The medium was supplied via PVC tubing (Raulair E, Rehau AG + Co,

Rehau, Germany) which was connected to a peristaltic pump (Ismatec, Cole-Parmer

GmbH, Wertheim, Switzerland) by pump tubing (Spetec, Erding, Germany). The

circulation of the medium was performed at a flow rate of 4.5 - 5.5 mL min−1. The

air was provided through an inlet at the basis of the reactor by aquarium pumps

(Schego Prima, Schemel & Goetz GmbH & Co KG, Offenbach amMain, Germany).

If additional CO2 was provided to the system it was mixed with pressured air to

a concentration of 2 % and a flow rate of 1 L min−1. As the light source in all TL

PSBR experiments sodium discharge lamps (SON-T AGRO 400W, Philips, Hamburg,

Germany) were chosen. The light dark cycle for all experiments was set to 14/10

hours. While the outdoor green house has integrated time switches, the light cycle in

the indoor green house was established by external timers (Theben Timer 26, Theben,

Haigerloch, Germany).The tubes were arranged in front of the sodium discharge

lamps according to the wanted light intensity. The light was measured with a photo

meter (LI-250A, LI-COR, Lincoln, NE, USA). For the light and temperature experiment

filters for the reduction of light were used (Filter type 209, 210; LEE, Germany) in

order to obtain the wanted range of light irradiances.

To prevent leakage and technical malfunction, Twin-Layer systems were installed

and put into operation one day prior to inoculation. The biofilm had been generated

as described by Naumann et al. [2013]. In figure 2.1 B the set up for the inoculation

of the paper discs is depicted for the culture of S. voratum. After the preparation

of the biofilm the paper discs were placed on top of the wet glass fibre mat in the

bench-scale Twin-Layer system. The medium was exchanged every three days to

prevent nutrient limitations of the cultures. In case of evaporation of the medium

due to high temperature or light the loss was replaced with distilled water.
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2.2.1 Harvesting in bench-scale

The bench-scale TL PSBR was harvested by removing a minimum of three replicate

filters fromdifferent locations of the glass fibre. Thus taking environmental effects into

account. The so obtained filters were then washed with distilled water for at least two

minutes in order to remove salt from the biomass. This procedure had previously been

verified by a comparison to centrifuged and washed biomass and a well established

ammonium bicarbonate treatment by Benstein [2010]. All methods were proven to be

sufficient in the removal of salt from a S. voratum biofilm or biomass (data not shown).

The washed biomass was freeze dried for at least an hour in the ALPHA 1 - 4 LSC

lyophilisator (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz) to

gain the dry weight and to prepare the biomass for the peridinin extraction without

destroying the pigments. The biomass was analysed gravimetrically. Therefore the

initial weight of the filter was subtracted from the gained result. In general harvesting

was performed after initially three days and subsequently every two days. If a tube

was partially dried out, or the long term duration of the experiment did not allow

harvesting every two days, the sampling interval was adapted accordingly.

2.2.2 Experimental design and information

With regard to optimising the process of biomass and peridinin production in the

dinoflagellate S. voratum a series of bench-scale TL experiments were carried out.

Initially abiotic culturing factors such as light, CO2 and temperature have been inves-

tigated. Subsequently a two-step process and an additional medium experiment were

carried out. The goal was to mutually increase biomass and peridinin production.

Finally the dinoflagellate culture had been grown in pilot photobioreactors in order

to compare the gained data to bench-scale TL PSBRs and inquire information on how

to up scale the cultivation of S. voratum. In general the bench-scale TL experiments

had been performed in the indoor green house of the Biozentrum in Cologne, which

is fully temperature controlled and kept around 23 - 25 °C.
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Due to the high space requirement the light experiments (Exp. L1 and L2) were

maintained in the large outside green house within the botanical garden of the Uni-

versity of Cologne. The set up was surrounded by a protective black foil, preventing

a surplus of light from the outside. The biomass was harvested every third day. The

first light experiment was performed at an average temperature of 20.6 ± 7.6 °C.

The second light experiment (Exp. L2) was conducted at 24.2 ± 8.2 °C. It has to be

noted that in comparison to the initial light experiment the percentage of peridinin

per biomass was four times higher in the beginning of the experiment due to the

suspension pre-culture. For both setups the artificial f/2 medium was applied.

2.3 Up-scaling of the Twin-Layer PSBR

All up-scaling experiments were carried out in the outside green house within the

botanical garden of the University of Cologne. The aeration in the facility was main-

tained by windows located at the top of the green house and was automatised via a

temperature sensor set to 25 °C. However, if this was not sufficient, the temperature

in the green house varied. Due to this data loggers (HOBO Pendant, Onset Computer

Corporation, Bourne, U.S.A) had been placed with the experiments to record the

temperature and light. The media in the up-scaling experiments were prepared with

tap water, which was also applied in the replacement of evaporation losses.

2.3.1 Vertical TL PSBR

The vertical TL PSBR has been successfully applied in the cultivation of microal-

gae by Naumann et al. [2013] and Shi et al. [2014]. In this thesis a proof of concept

on the up-scaling of S. voratum in a vertical Twin-Layer system composed of paper

and glass fibre is presented. The experiments were conducted in cooperation with

B. Podola and B. Piltz. The up-scale TL PSBR was set up in the outdoor green house

in April 2014 with a culture area of 1.5 m2. On average an irradiation of 130 µmol pho-

tons m−2 s−1 was recorded and the temperature on the layer was 27.3 ± 9.7 °C. As

medium f/2 had been applied which was provided in a 150 Lmedium tank connected

21



Materials and Methods

to the reactor via irrigation drippers (Netafim Ltd., Tel Aviv, Israel). The medium

was filtered by two modules with 200 and 100 µm pore size. The pre-culture was

kept at 100 µmol photons m−2 s−1 in 20 L Stedim bags (Sartorius AG, Göttingen,

Germany) using artificial f/2 medium and was aerated via an aquarium pump. For

the inoculation the suspension was concentrated to 500 mL and the biomass was then

applied to the substrate layer by a spraying bottle (Gloria, Typ 133, Witten, Germany).

The density of the inoculation has been determined by the placement of polycarbon-

ate filters on the cultivation area prior to the spraying. Afterwards the filters were

removed and processed as in the bench-scale TL experiments (Section 2.2.1). During

harvesting samples from the top, middle and bottom of the TL PSBR were taken for

each measurement.

2.3.2 Horizontal TL PSBR

The basic principle of the Twin-Layer was originally described as a horizontal system

for microtiter plates by Nowack et al. [2005]. It has been applied in bench-scale

systems by [Ji et al., 2014a; Zhang et al., 2014]. In this thesis it was scaled up to a

horizontal PSBR of 2 m2, as shown in figure 2.2. The pre-culture was grown at 23 °C

in aerated 10 L glass vessels. For the inoculation 30 L of cultures were concentrated

up to 500 mL and the substrate layer was inoculated with a sponge.

Figure 2.2: Horizontal up-scale TL PSBR
used in the immobilised cultivation of S. vo-
ratum. The growth area was 1 m2 per side.
The declination of the system is 13°.
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As medium ASP 12 has been used, which was exchanged every four days. The

evaporated water was replaced in accordance to the salinity of the medium (Salinity

meter, pHenomenal, C03100L, VWR, Darmstadt, Germany). In total two reactors

with different substrate layers were set up.

Paper-based horizontal PSBR

The first reactor was build up with paper as substrate layer and an underlying

glass fibre sheet. The size of the surface was 100 cm x 100 cm. The set up was

mirrored to two sites, referred to as left and right (see section, 3.8.3). Both sides

were connected to the same medium supply and exposed to the same irradiance.

On average the applied light intensity was 100 ± 10 µmol photons m−2 s−1 and the

temperature was 23.0 ± 5.1 °C.

Fleece-based horizontal PSBR

To further study and improve the construction of the up-scale system a fleece material,

sawascreen 88AG010106 (60 g m−2) was investigated. The material was developed

and custom made for the Twin-Layer system (Sandler, Schwarzenbach/Saale, Ger-

many). In total two compositions of the horizontal set up were compared. First

to gain comparable results to the bench-scale TL PSBRs the Twin-Layer has been

constructed by the combination of the fleece material with the glass fibre. Secondly

the fleece is assembled only with the grid as source layer in order to simplify the

setup. The light intensity during the experiment was 115 ± 10 µmol photons m−2 s−1.

The average temperature was 26.5 ± 2,3 °C. The results of the fleece-based PSBR are

given in section 3.8.4.

2.3.3 Harvesting in up-scale TL PSBR

When working with the up-scale TL PSBR the biomass was harvested by scraping

off the biofilm from a defined area. The obtained biomass was collected in 40 mL

of distilled water. Subsequently the biomass was centrifuged for 10 min at 500 x g.

The supernatant was discarded and the pellet was washed with distilled water again

in order to remove salt residues from the biomass. After the second centrifuga-

23



Materials and Methods

tion (10 min, 500 x g), the pellet was vacuum-filtrated on polycarbonate filters and

lyophilised. The biomass was analysed gravimetrically, as described in section 2.2.1.

2.4 Cross-sectioning of the biofilm

For a better visualisation of the algae biofilm cross-sections have been prepared for

some of the performed experiments. This procedure was originally developed for

the analysis of plant tissue, but has been established for immobilised microalgae by

Kiperstok [2016]. In theory the biofilm is embedded in a preserving agent containing

carbowax, which structurally protects the biofilm. For this purpose small pieces of the

filter (3 x 3 mm2) were cut from the biofilm with a razor blade. Since paper was too

thick to obtain clean cuts additionally three polycarbonate filters (47 mm, Nuleopore,

Whatman, GE Healthcare Europe GmbH, Freiburg, Germany) were kept in the bench-

scale TL PSBRs. These biofilm blocks were embedded in Tissue-Tek (Sakura Finetek

U.S.A Inc., Torrance,CA,USA) and frozen at -30 °C. From the embedded samples

90 - 70 µm sections were produced via a cryostat microtome (HM500, Microm In-

ternatinal, Walldrof, Germany). The sections were cut at -16 °C and subsequently

photos were taken with a light microscope (Olympus, Hamburg, Germany).

2.5 Pigment analysis

2.5.1 Preparation of the peridinin standard

For the chromatographic quantification of the peridinin concentrations a calibration

standard was required. The here used method for the isolation of peridinin was

established as originally described by [Jeffrey, 1968] and was applied on S. voratum by

Benstein et al. [2014] . Since the preparation of a standard requires high amounts

of biomass a 6 L culture of the strain Symbiodinium voratum (CCAC 0047) had been

maintained with aeration and 2% CO2 supply. After 3 weeks the culture was dense

enough for the pigment extraction as described in Benstein et al. [2014] . For estab-
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lishing a calibration curve the spectrum of the peridinin extract in methanol was

recorded photometrically (UV-2450, Shimadzu, Duisburg, Germany). The concentra-

tion was calculated by applying the volumetric absorption coefficient for peridinin:

E1 % 1 cm: 1360 as recommended in the publication by Jeffery and Haxo [1968]. The

calibration standard was prepared as described by Benstein et al. [2014].

2.5.2 High-performance liquid chromatography (HPLC) of

dinoflagellate pigments

The samples were analysed by HPLC, which was carried out according to the original

method of Rogers and Marcovich [2007] and which has been applied for S. voratum by

Benstein et al. [2014]. The separation of pigments by liquid chromatography is based

on the affinities of polar pigments to interact with mobile and stationary phase of col-

umn and solvents under high pressure. The separation of pigments arises according

to their polarity and interaction with a reverse phase C 18 column (Spherisorb ODS-2,

5 µm particle size, 250 mm x 4.0 mm ID, packed by Dionex, Techlab, Braunschweig,

Germany). In general the HPLC is build up by three components: the high pressure

pump (L-6200 Intelligent Pump, Merck Hitachi, Darmstadt, Germany) designed to

regulate and control the solvents, the detector (L-4200 UV-Vis detector, Merck Hiti-

achi) which records the chromatographic information and converts it into electrical

voltage and the LC system for the sample throughput. Within the LC system the

applied reagents are brought together where the pre-column (Waters; Spherisorb

ODS-2, Particle size 5 µm, 10 mm x 4.0 mm ID, packed by Dionex, Techlab, Braun-

schweig, Germany) and the C18 column are located. The analysis was performed

with 100 µL extract, which was applied with a Hamilton syringe and let into the

pressurized solvent stream via a reodyne injection valve. The linkage of the valve

and pre-column was formed by a 50 µL sample loop, which supports a stable and

reproducible sampling. The analysis of the pigments was carried out at a wavelength

of 436 nm with the following three solvents as described by Rogers and Marcovich

[2007]. Solvent A: 80:20 methanol: 0.5 M ammonium acetate (pH 7.2), solvent B: 80:20

acetonitrile: water, solvent C: ethyl acetate. In figure 2.3 a typical chromatogram of
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Figure 2.3: Chromatogram
of S. voratum. Presented are
the peaks of the pigments
in the order they are eluted
from the column: Chlorophyll
c, peridinin, diadinoxanthin
and chlorophyll a.

S. voratum is depicted. The data analysis had been performed by the Clarity software

(Version 3.0.2.244).

2.6 Spectrophotometric method for pigment analysis

To find an alternative to the time- and cost-intensive procedure of HPLC for the

determination of peridinin a spectrophotometric method was investigated.

In the visible wavelength regime S. voratum shows a strong absorption band as a result

of the contribution of all its pigments. To differentiate each contribution individually

the spectrum reconstruction method (SRCM) has been applied. This approach is

more robust than the classical utilization of single wavelength equations for pigment

determination [Naqvi et al., 1997]. More details on the method are given by Naqvi

et al. [2004]. The approach makes use of reconstructing the total absorption spectrum

of a pigment mixture by a linear combination of the single absorption spectra of all

its contributing pigments [Naqvi et al., 2004]. The simulation is performed by linear

least-squares fitting. In order to establish the method all contributing single spectra of

the pigments present in S. voratumwere required. Thus 1 L of suspension culture was

concentrated and extracted in MeOH over night at -30 °C. The separation of pigments

was performed by thin layer chromatography (TLC) as described by Benstein et al.

[2014]. The gained extracts of the single pigments were analysed photometrically from

400 - 700 nm (UV-2450, Shimadzu, Duisburg, Germany). In total four main pigments

of S. voratumwere isolated and applied for the spectral reconstruction (Fig. 2.4 A).
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Figure 2.4: Measured and simulated absorption spectrum of S. voratum by the spectral recon-
struction method. Presented are the single spectra A scaled according to their contribution.
Measured total spectrum of a S. voratum biofilm (B, green line) in comparison to the fitted
curve (B, red line) from the spectral reconstruction.

The software Phyton x,y (version 2.7.10.0 ) and the development environment spyder2

(version 2.3.5.2) were employed to fit the single spectra to a simulated total spectrum.

The used script is given in the appendix, chapter 6. In order to improve the linear

combination the wavelength of 660 - 675 nm are fitted by the single spectrum of

chlorophyll a only, since this is the predominant constituent. The wavelength of

400 - 550 nm are fitted by all other isolated pigments for an optimal fit.

For the actual photometrical analysis of a sample the alga pellet or biofilm is extracted

in 5 mL MeOH over night at -30 °C and analysed photometrically from 400 - 700 nm.

From the curve fit the concentration of peridinin can be retained in µg mL−1. Overall

100 samples were analysed and employed in the evaluation of the method. To en-

hance the reliability of the method data from most experiments of this thesis have

been applied. Therefore variations, in abiotic factors which can have an effect on

the pigment composition, such as light, CO2 content, temperature and media were

included.

2.7 Data analysis

The data given in the shown figures represent the mean and standard deviation (SD)

of a minimum of 3 replicates (n = 3). Data were recorded and gathered with Microsoft

Exel 2013. Biomass and peridinin accumulation rates were obtained by fitting a linear
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regression if theR2 was> 0.90. Statistic analysiswas done viaANCOVA for comparing

of slopes, one-way ANOVA and Tukey´s multiple comparison test. The data are

considered to be statistically different at a p-value < 0.05. The asterisks indicate

the threshold of the significance level. p-value < 0.001, extremely significant, ***;

p between 0.001 and 0.01, very significant, **; p between 0.01 and 0.05, significant *.

Considering the one-way ANOVA, when two or more samples are not distinguishable

they are marked as one group (a). However, if one of the group members is found

to be statistically identical with another but the others of the group are not, the

corresponding label (ab) is given. For the statistics Graph Pad Prism 5 (GraphPad

Software Inc. La Jolla, USA) was applied.
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3 Results

3.1 Light Experiments

3.1.1 First light experiment (Exp. L1)

Light is the most crucial factor for an photoautotrophic organism. Therefore the effect

of light intensity on the S. voratum biofilm was analysed first. For this purpose bench-

scale Twin-Layer PSBRs with artificial f/2 medium have been set up (Section 2.2.2).

As shown in figure 3.1, algae biomass in dry weight (dw) per area [g m−2] is increased

linearly for all the shown light intensities over a time period of 27 days. However, a lag

phase within the first three days of the experiment can be observed. Thus the linear fit

has been adjusted accordingly. At 0 and 5 µmol photons m−2 s−1 no biomass increase

has been recorded (data not shown). The growth rate PB of the biofilm increases with

the light intensity up to 200 µmol photons m−2 s−1 (Fig. 3.1 E), where the maximal
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Figure 3.1: Biomass growth of S. voratum in dependence of the light intensity. [µmol] indicates
light intensity in µmol photons m−2 s−1. Shown are mean ± SD for n = 3 and the correlating
linear regression. PB = Biomass growth rate from the linear fit in g m−2 d−1.
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biomass production PB of 3.5 g m−2 d−1 has been recorded. Hereafter the growth

rate PB decreases (Fig. 3.1 F - H). A saturation of the growth over 27 days has not

been recorded for any of the light intensities.
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Figure 3.2: Peridinin production of S. voratum in dependence of the light intensity. Indicated
by the closed circles (•) is the absolute peridinin per area [g m−2] , while the open squares (�)
represent the relative peridinin concentration per dw biomass [% of dw]. [µmol] indicates
light intensity in µmol photons m−2 s−1 . Shown are mean ± SD for n = 3 and the correlating
linear regression. PP = Peridinin productivity from the linear fit in mg m−2 d−1.

As, shown in figure 3.2 A-D, the initial increase in peridinin amount per area at low

light is minor. Thus, the results of the peridinin accumulation per area are consistent

with the growth data and the same lag phase is observed. However, after ten days the

amount of peridinin [gm−2] is increasing linearly. The highest production of peridinin

PP is obtained at a light intensity of 100 µmol photons m−2 s−1 with 30.7 mg m−2 d−1

(Fig. 3.2 C). Enhancing the light intensity above 200 µmol photons m−2 s−1 strongly

reduces the peridinin production rate PP from 22.5 mg m−2 d−1 by 60 % down

to 9.3 mg m−2 d−1 (Fig. 3.2 D, E). Further increase of the light intensity leads to a

reduction of peridinin productivity PP . The final peridinin amount per area at day

27 even decreases at high light (Fig. 3.2 F, G). The relative peridinin concentration per

biomass [% of dw] has its highest increase at 15 µmol photons m−2 s−1 (Fig. 3.1 A). At

the lowest light conditions of 0 µmol photons m−2 s−1 the concentration is stagnating

and as the values from 5 µmol photons m−2 s−1, do not surpass 1 % (Data not shown).

Up to 100 µmol photons m−2 s−1 the relative peridinin concentration [% of dw]

is increasing over time (Fig. 3.2 A-C), while it decreases with further increase of

the light intensity (Fig. 3.2 D, E). At very high light the peridinin concentration is
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stagnating around 0.25 % of dw (Fig. 3.2 E-H). Overall it can be stated, that the

peridinin production is strongly light dependent and more effective at low light

conditions of 15 - 200 µmol photons m−2 s−1.

3.1.2 Second light experiment (Exp. L2)

In order to ensure the reproducibility of the TL experiments and study the effect of

light over five weeks, the light experiment in artificial f/2 has been repeated. The

data for the biomass and peridinin production of the S. voratum biofilm have been

recorded and are presented in figure 3.3 and 3.4.
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Figure 3.3: Biomass growth of S. voratum in dependence of the light intensity in the second
light experiment (Exp. L2). Shown are mean ± SD for n = 3 and the correlating linear
regression. PB = Biomass growth rate from the linear fit in g m−2 d−1.

As in the previously described experiment (Exp. L1), growth in terms of biomass is

following a linear trend in all applied light intensities (Fig. 3.1). The growth rates

PB range from 0.7 (Fig. 3.3 A) up to a maximum of 4.3 g m−2 d−1 at 100 µmol pho-

tons m−2 s−1 (Fig. 3.3 D) and decrease with further increase of the light intensity

(Fig. 3.3 E - H). In comparison to the first light experiment (Exp. L1), the maximal

biomass production is 20 % higher (Fig. 3.1 E).

The pigment amount per area [g m−2] is increasing linearly in all of the applied light

intensities (Fig. 3.4). As in the previous experiment (Exp. L1), highest peridinin pro-

duction PP is recorded at 100 µmol photons m−2 s−1 with 23.7 mgm−2 d−1 (Fig. 3.4 D)
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Figure 3.4: Peridinin production of S. voratum in dependence of the light intensity in the
second light experiment (Exp. L2). Presented is the peridinin amount per area (•) and
the peridinin concentration per biomass dw (�). Shown are mean ± SD for n = 3 and the
correlating linear regression. PP = Pigment productivity from the linear fit in mg m−2 d−1.

and is decreasing at higher light intensities (Fig. 3.4 E - H). From the presented re-

sults a light dependence curve with respect to biomass and peridinin production has

been generated. As depicted in figure 3.5 A, the biomass productivities of the light

experiment show different maxima.
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Figure 3.5: Comparison of biomass and peridinin productivity in dependence of the light
intensity and the final concentration of peridinin per biomass [% of dw]. Shown aremean± SD
for n = 3 and the correlating linear regression. The clear circles represent data from the first
light experiment (Exp. L1), the closed ones from the second light experiment (Exp. L2).

However, overall it can be stated, that growth is maximal at lower light intensities,

between 100 and 200 µmol photons m−2 s−1. Thus these light intensities have been

focused on for optimal growth of the biofilm. When comparing the overall data of the

two experiments for the peridinin productivity, the correlations follow the same trend,

while the exact values vary slightly (Fig. 3.5 B). Furthermore, the different biomass

production rates, within the two experiments, have no effect on themaximal peridinin
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productivity. In addition also the maximal peridinin value per biomass [% of dw]

are, except for the light intensity of 70 µmol photons m−2 s−1 (ANOVA, p = 0.013), not

significantly different (Fig. 3.5 C).

Since the main focus of this thesis is laid on peridinin production, which is maximal

at 100 µmol photons m−2 s−1, this light intensity is referred to as the optimum and

has been used as control in the subsequent experiments.

3.2 Effect of the inoculation density (Exp. D)

From the first performed light experiment (Exp. L1), it has been evident that the

biofilm is presenting an assimilation or lag phase after the inoculation (Section 3.1.1).

To further analyse this phenomenon the inoculation density of the S. voratum biofilm

in the bench-scale TL PSBRs has been altered from 5 to 10 g m−2.

In lowest light condition of 45 µmol photons m−2 s−1 a biomass growth rate PB of

3.1 g m−2 d−1 is recorded (Fig. 3.6 A). At 100 µmol photons m−2 s−1 the biomass

growth rate is further enhanced to 5 g m−2 d−1 , which represents an increase of
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Figure 3.6: Biomass growth of the immobilised S. voratum culture inoculated with a higher
biomass density in six different light conditions. Shown are mean ± SD for n = 3 and the
correlating linear regression. PB = Biomass growth rate from the linear fit in g m−2 d−1.

33



Results

20 % to 40 % in comparison to the light experiments (Fig. 3.5 A). Interestingly, the

light intensities of 100 to 800 µmol photons m−2 s−1 generate similar growth rates

independent from the applied illumination (Fig. 3.6 C - F), which are statistically not

distinguishable (ANCOVA, p = 0.175). There is also no statistical difference in the

maximal amount of biomass yield [g m−2] at the different light intensities, except for

the immobilised culture grown at 45 µmol photons m−2 s−1 (Fig. 3.8 A). This diverges

from the previously described findings (compare figure 3.1 and 3.3).

In summary, while biomass productivity PB above 100 µmol photons m−2 s−1 is not

affected by the light intensity, it increases overall with the higher inoculation density.

However, the maximal biomass productivity PB with the lowest input of light, is

recorded at a light intensity of 100 µmol photons m−2 s−1 (Fig. 3.6 B).

As shown in figure 3.7, the peridinin amount [g m−2] increases linearly over the

duration of the experiment, the recorded R2 fit of the productivity PP is never lower

than 0.98 in all the applied light radiations. Demonstrating, that with a thicker inocu-

lated biofilm the productivity of peridinin PP is linear from the start. It is notable,

that the rate of pigment production PP is not distinguishable in the light conditions

of 45 - 400 µmol photons m−2 s−1 (Fig. 3.7 A-E) and in contrast to the initial light
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Figure 3.7: Peridinin production of the immobilised S. voratum culture inoculated with a
higher biomass density in six different light conditions. Presented is the peridinin amount
per area (•) and the peridinin concentration per biomass dw (�). Shown are mean ± SD for
n = 3 and the correlating linear regression. PP = Peridinin productivity from the linear fit
in mg m−2 d−1.
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experiment (Exp. L1, section 3.1.1) does not decrease until 800 µmol photons m−2 s−1.

The productivities PP in both experiments at 100 µmol photons m−2 s−1 were com-

parable at 28.2 and 30.7 mg m−2 d−1 , respectively (Fig. 3.7 B and 3.2 C). However,

it is possible to double the production rate PP at 800 µmol photons m−2 s−1(Fig. 3.7

F and 3.2 G). With regard to the relative concentration of peridinin per biomass

[% of dw] it is initially increasing at the lowest light condition (Fig. 3.7 A), but is

then, as recorded at 100 µmol photons m−2 s−1, stationary (Fig. 3.7 B). In comparison

to the first light experiments (Fig. 3.2 C), the peridinin concentration [% of dw] at

100 µmol photons m−2 s−1 is reduced by 40 % (Fig. 3.4 D). At higher light intensities

the concentration of peridinin in the biofilm [% of dw] is slightly reduced in the time

course of the experiment (Fig. 3.7 C-F).
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Figure 3.8: Maximal amount of biomass and peridinin per area [g m−2] recorded in the
experiment probing higher inoculation. Presented are the results from the final day (d18) of
the experiment. Shown are mean ± SD for n = 3. As statistical analysis a one-way ANOVA
with Tukey’s multiple comparison test has been performed.

Overall, by applying light intensities of 100 - 800 µmol photons m−2 s−1 to the

S. voratum biofilm with the inoculation density of 10 g m−2, an equal amount of

biomass per area (d18) is recorded (Fig. 3.8 A). When analysing the maximal amount

of peridinin, no significant differences at the light intensities of 45 - 400 µmol pho-

tons m−2 s−1 are found (Figure 3.8 B). In summary, as in previous experiments

(Fig. 3.5 B), the maximal peridinin productivity PP is determined at 100 µmol pho-
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Figure 3.9: Documentation of the S. voratum biofilm inoculated with a density of 10 g m−2.
Presented are immobilised cultures grown at A, D 45 µmol photons m−2 s−1; B, E, G
100 µmol photons m−2 s−1 and 800 µmol photons m−2 s−1 C, F, H. The biofilms have been
harvested on day 5 A-C; day 7 G, H and day 10 D-F.

tons m−2 s−1, while the concentration of peridinin in the biomass [% of dw] is reduced.

Therefore the subsequent experiments have been set up with a density of 5 g m−2.

Presented in figure 3.9 is a documentation of the S. voratum biofilm within the time

course of the experiment. At day five the immobilised cultures have a density of

27.6, 32.3 and 42.3 g m−2 at 45, 100 and 800 µmol photons m−2 s−1, respectively.

After the first few days the paper substrate layer is still visible in some areas of the

inoculation area, especially in the thinnest at 45 µmol photons m−2 s−1 (Fig. 3.9 A).

Whereas the filters in low light (Fig. 3.9 A, B) seem to be dark brown, the ones

at 800 µmol photons m−2 s−1 appear lighter in colour (Fig. 3.9 C). This effect be-

comes more prominent with a longer duration of the experiment (Fig. 3.9 H, F).
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On day 10 the colouration of the biofilm at the lowest light has become very rich in

colour, they appear almost black as shown in figure 3.9 D. From the peridinin data,

given in figure 3.7, it is known that the darker colouration is not caused by a higher

absolute peridinin amount per area, but is due to a higher concentration of peridinin

per biomass [% of dw]. The biofilm at 45 µmol photons m−2 s−1 is very smooth and

uniform over the inoculated area (Fig. 3.9 A, D), while in the S. voratum biofilm at

100 and 800 µmol photons m−2 s−1 small accumulations of cells within the biofilm

can be seen, which increase in number over time (Fig. 3.9 E, F). In contrast to the

biofilm exposed to low light, the surface of the biofilm at the highest light intensity

(Fig. 3.9 C, F, H) has no shine.

3.3 CO2 Experiments (Exp. C)

Besides light, CO2 is one of the most important limiting factors for the photosynthesis.

Therefore, after investigating the relationship of light and culture productivity, the

effect of CO2 on the S. voratum biofilm was focused on. For the experiments two

different media have been analysedwith regard to the culture performance at ambient

air and with additional CO2.

3.3.1 f/2 Medium (Exp. CF)

In this experiment the S. voratum biofilms have been set up with ambient air and

2 % CO2 in parallel over three weeks. As culture medium artificial f/2 has been sup-

plied (Section 2.1.1). As shown in figure 3.10 A, B; at low light conditions, such as 100

and 300 µmol photons m−2 s−1, no significant differences in the growth kinetics PB of

ambient air and CO2 supplied biofilms have been detected (ANCOVA, p = 0.1857; 0.30).

At a light intensity of 600 µmol photons m−2 s−1 a significant increase of 23 % in

the growth rate PB from 3.1 to 4.5 g m−2 d−1 is noted for biofilms supplied with

2 % CO2 (Fig. 3.10 C, ANCOVA, p < 0.001). At 1000 µmol photons m−2 s−1 the

biomass grows with 2.6 g m−2 d−1 in ambient air and 3.0 g m−2 d−1 in CO2 rich
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Figure 3.10: Biomass growth of the S. voratum biofilm on f/2 medium in 2 % CO2 (�) and
ambient air (•) over the duration of 21 days. In the top of a graph growth rate from CO2 sup-
plementation is given, while in the bottom growth rates from ambient air is presented. Shown
are mean ± SD for n = 3. PB = Biomass growth rate from the linear fit in g m−2 d−1.

atmosphere (Fig. 3.10 D). Thus the supply of CO2 only alters the growth rate at a light

intensity of 600 µmol photons m−2 s−1. By the analysis of the pH in the medium a

decrease from 8.3 ± 0.29 to 6.4 ± 0.24 after an application of three days in the setups

with CO2 has been recorded. As a result the experiment has been repeated with the

buffered medium ASP 12.

3.3.2 ASP 12 Medium (Exp. CA)

In order to get more insight to whether a more complex and buffered medium is

beneficial for the production of peridinin in the S. voratum biofilm in the presence

of CO2, the experiment has been repeated, using the growth medium ASP 12 and a

larger range of light intensities (Section 2.1.1).

In the comparison of the biofilm growth in ambient air and additional CO2 the

linearity of growth remains, while the growth rates PB are altered (Fig. 3.11). CO2 ap-

plication in combination with the use of ASP 12 enhances the biomass productivity
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Figure 3.11: Biomass growth of S. voratum biofilm on ASP 12 medium at increasing light
intensities in ambient air (•) and 2 % CO2 (�). Shown are mean ± SD for n = 3. PB = Biomass
growth rate from the linear fit in g m−2 d−1. F Light curve with (�) and without (•) CO2.

at all the applied light intensities. At low light conditions the effect is only mi-

nor (Fig. 3.11 A, B), but significantly different (ANCOVA, p < 0.001). The higher

the irradiance, the stronger is the enhancing effect of CO2 on biomass growth. At

light conditions of 400 µmol photons m−2 s−1 the daily growth rate PB is 1.5-fold

increased at 600 µmol photons m−2 s−1. At the highest applied light intensity of

800 µmol photons m−2 s−1, the application of CO2 leads to an 2.5 fold increase in

biomass productivity. From the obtained light curve (Fig. 3.11 F), a clear change in

the optimum of the biomass productivity by the addition of CO2 is determined. The

growth rate PB at ambient air is maximal at 200 - 400 µmol photons m−2 s−1, while

the maxima is shifted towards 600 µmol photons m−2 s−1with the supplementation

of CO2. In ASP 12 the average pH was in the TL PSBRs with 2 % CO2 7.53 ± 0.40.

In figure 3.12 the absolute peridinin amount and concentration at different CO2 and

light conditions is presented. As it has been reported before (Section 3.1), the increase

in peridinin within the biofilm is progressing in a linear fashion. At the low light in-

tensities (Fig. 3.12 A, C) the additional CO2 lowers the production rate PP of peridinin

(Fig. 3.12 B, D). In case of 200 µmol photons m−2 s−1 even by 36% (Fig. 3.12 D). In con-

trast at the high applied light conditions (Fig. 3.12 E -H) the presence of 2%CO2 affects

an increase of peridinin production. The increase at 600 µmol photons m−2 s−1 is 20 %,

while it only reaches 4 % at 800 µmol photons m−2 s−1, respectively. Overall the start-
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Figure 3.12: Pigment production of S. voratum biofilms grown on ASP 12 medium at ambient
air and 2 % CO2 . Presented is the peridinin amount per area (•) and the peridinin concentra-
tion per biomass dw (�). Shown are mean± SD for n = 3 and the correlating linear regression.
PP = Peridinin productivity from the linear fit in g m−2 d−1.

ing value for the peridinin per biomass [% of dw] from the inoculation culture in

suspension is very high (0.82 %) and decreases therefore in all setups within the first

days of the experiment. After this initial drop the percentage of peridinin within the

biofilm increases at lower light intensities in ambient air up to 1.13 % and 0.9 % at

100 and 200 µmol photons m−2 s−1respectively (Fig. 3.12 A, C). While at higher light

or excess CO2 the values never surpass 0.7 % (Fig. 3.12 E - H).
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Figure 3.13: Results for the amount of peridinin per area and biomass recorded on the final
day of the CO2 experiment in ASP 12. (+) indicates the supplywith 2%CO2 . Mean± SD, n = 3
are presented. As statistical analysis a one-wayANOVAwith Tukey’smultiple comparison test
has been performed. The labelled groups and asterisks indicate the significance in comparison
to 100 µmol photons m−2 s−1.
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The maximal peridinin amount per area [g m−2] (Fig. 3.13 A) at the final day of the

CO2 experiment with ASP 12 medium shows, that identical amounts of peridinin

are recorded at 600 µmol photons m−2 s−1 light and the addition of CO2 as well

as 100 µmol photons m−2 s−1 without CO2 (Fig. 3.13 A). The peridinin amount at

600 µmol photons m−2 s−1 is statistically not differentiable (group labeling ab) with

the results obtained at 200 µmol photons m−2 s−1 with ambient air and 400 µmol pho-

tons m−2 s−1 with 2 % CO2 (Fig. 3.12 A). Although the absolute amount of peridinin

[g m−2 ] is the same, the concentration per biomass [% of dw] shows a different result.

As it is indicated in figure 3.13 B, the final concentration of peridinin per biomass [%

of dw] is significantly highest at 100 µmol photons m−2 s−1 and ambient air. Interest-

ingly, this value is 57 % higher than the data from 600 µmol photons m−2 s−1, which

presented similar production rates PP .

To get a better understanding of the immobilised growth of S. voratum , cross-section

of the biofilm at two time points of the experiment have been performed (Section 2.4).

In figure 3.14, a visualisation of the biofilm grown in different conditions, is de-

picted. The orientation of the biofilm is presented from top to bottom. In some

samples the remnants of the substrate layer is still visible at the bottom (Fig. 3.14 B).

In 600 µmol photons m−2 s−1 and CO2 the complete biofilm is tightly packed with

cells and only the uppermost layer seems lighter in colour (Fig. 3.14 A). The cultures

grown at 800 µmol photons m−2 s−1 and ambient air (Fig. 3.14 B) appear less dense

and show a bright top part of the biofilm. In comparison, the biofilm at 100 µmol pho-

tons m−2 s−1 is darker in colour and presents a differentiation of the biofilm into top,

middle and bottom layer (Fig. 3.14 C). Close to the surface cells are loosely connected

to each other ,while the underlying layer has a higher cell density. At the bottom of

the biofilm the cells are even more densely packed. Over time the separation of these

three layers is maintained, while only the lowest layer has gained in size (Fig. 3.14 D)

and is so dense that no light is passing through. In general the appearance of the

biofilms reflect the findings of the biomass and peridinin analyses (Fig. 3.11, 3.12).

By comparing the two media it can be shown, that the biomass and peridinin pro-

ductivity is reduced under the application of CO2 in the f/2 medium (Fig. 3.15). As
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Figure 3.14: Biofilm cross-sections of S. voratum at different culture conditions and time points
in the Exp. CA. All sections are 90 µm thick. A 600 µmol photons m−2 s−1, 2 % CO2, day 9.
B 800 µmol photons m−2 s−1, ambient air, day 9. C 100 µmol photons m−2 s−1, ambient air
on day 9 and D day 19 . The scale bar referrers to 80 µm.

a summary for ASP 12 medium it can be stated, that high light intensities generate

higher biofilm growth rates with CO2 supply (Fig. 3.11) , whereas peridinin produc-

tion is unaltered or lowered by CO2, execpt for the light intensity of 600 µmol pho-

tons m−2 s−1 (Fig. 3.12). Here a identical peridinin production was recorded as at

100 µmol photons m−2 s−1 and ambient air (Fig. 3.12 A, F). Since the relative peridinin
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Figure 3.15: Biomass and peridinin production of the S. voratum biofilm in 2% CO2 in depen-
dence of the light intensity in f/2 and ASP 12. Exp.CF + CO2: Experiment with f/2, Exp. CA
+ CO2: Experiment with ASP 12. Mean ± SD, n = 3 are presented.
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concentration [% of dw] is by far highest in 100 µmol photons m−2 s−1 without sup-

plementary CO2 (Fig. 3.12 B), it is persistently selected as the optimal condition for

peridinin accumulations in the medium ASP 12.

3.4 Summary of light and CO2 data

In this section a comparison of all gathered results from the experiments regard-

ing light (Exp. L1, L2) (Section 3.1), inoculation density (Exp. D, section 3.2) and

CO2 (Exp. CF, Exp. CA, section 3.3) are given.

In figure 3.16 the biomass productivity per area and day PB is correlated to the

applied light intensity of all experiments. The direct comparison of all f/2 based

experiments (Fig. 3.16 A) highlights the reproducible growth behaviour of the used

system, with only slight variation. The growth rate PB peaks at a light intensity be-

tween 100 and 200 µmol photons m−2 s−1 and decreases with higher illumination.

For further comparisons Exp. L1 is used as reference for the experiments performed

in f/2. With the increase of the inoculation density (Fig. 3.16 B,Exp. D), the biomass

productivity is stagnating above 100 µmol photons m−2 s−1. Thus the higher inocula-

tion density favours the biomass growth. The comparison of growth rates in different

cultivation media (Fig. 3.16 C), indicates that the differences in medium does not

affect the biomass growth rate at light intensities up to 200 µmol photons m−2 s−1.

Thereafter, the biofilm in ASP 12 medium and ambient air gains the highest biomass

productivity at 400 µmol photons m−2 s−1 with 4.7 g m−2 d−1 and decreases sub-

sequently. When considering the biomass productivity with CO2 for both applied

media, an increase in growth is detectable and themaximum is found at 600 µmol pho-

tonsm−2 s−1 (Fig. 3.16 D). However, the effect on the productivity ismuchmore promi-

nent with the utilisation of ASP 12. The maximal growth rate is 7.8 g m−2 d−1 and

therefore 2.5 times higher than the average growth rate at low light without CO2.

To summarise, the best conditions for maximal biomass growth have been found at

600 µmol photons m−2 s−1 and 2 % CO2 in the medium ASP 12.
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Figure 3.16: Summary of the biomass productivities of S. voratum in the TL PSBR. The
growth rate is given in g m−2 d−1. Compared are A experiments conducted in f/2 and
ambient air; B Experiments on the S. voratum biofilm with different inoculation densities;
C Experiments conducted in ambient air with f/2 and ASP 12 medium; D Experiments
conductedwith 2% CO2 with f/2 andASP 12medium. The labelling refers to the experiments
on the S. voratum biofilm: Exp. L1 = first light experiment (Section 3.1.1), Exp. L2 = second
light experiment (Section 3.1.2), Exp. D = experiment on inoculation density of the biofilm
(Section 3.2), Exp. CF = ambient air reference from Exp. C with f/2 (Section 3.3.1), Exp. CA =
ambient air reference from Exp. C with ASP 12 (Section 3.3.2), Exp. CF + CO2: experiment
with 2 % CO2 and f/2, Exp. CA + CO2: experiment performed with 2 % CO2 and ASP 12.
Data present mean ± SD, n = 3.

In figure 3.17 an overview of the peridinin productivity PP from the last presented

results is given. When comparing the data from the experiments performed in f/2

(Fig. 3.17 A), the productivity curve consistently peaks at 100 µmol photons m−2 s−1.

For further comparisons the light experiment Exp. L1 is set as reference in figure 3.17.

The change in inoculation density does not alter the optimum for peridinin pro-

duction either, even so the productivity is enhanced at the light intensities of 300 -

800 µmol photons m−2 s−1 in comparison to the light experiment (Fig. 3.17 B). From

the medium experiments with ASP 12 and f/2 with ambient air, it can be concluded,

that the peridinin production rate is maximal at the light intensity of 100 µmol pho-
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Figure 3.17: Summary of the peridinin production with S. voratum in the TL PSBR. The
productivity is given in g m−2 d−1. Compared are A experiments conducted in f/2 and
ambient air; B Experiments on the S. voratum biofilm with different inoculation densities;
C Experiments conducted in ambient air with f/2 and ASP 12 medium; D Experiments
conductedwith 2% CO2 with f/2 andASP 12medium. The labelling refers to the experiments
on the S. voratum biofilm: Exp. L1 = first light experiment (Section 3.1.1), Exp. L2 = second
light experiment (Section 3.1.2), Exp. D = experiment on inoculation density of the biofilm
(Section 3.2), Exp. CF = ambient air reference from Exp. C with f/2 (Section 3.3.1), Exp. CA =
ambient air reference from Exp. C with ASP 12 (Section 3.3.2), Exp. CF + CO2: experiment
with 2 % CO2 and f/2, Exp. CA + CO2: experiment performed with 2 % CO2 and ASP 12.
Data present mean ± SD, n = 3.

tons m−2 s−1 as well. However, the supply of ASP 12 increases the peridinin pro-

duction rate by 25 % in comparison to the light experiment (Exp. L1, Fig. 3.17 C). In

the application of CO2 it becomes apparent, that the S. voratum biofilm has a lower

peridinin productivity in f/2 medium, although the curve trends in both media

are congruent. By applying ASP 12 and CO2 the highest peridinin production of

37.9 mg m−2 d−1 is recorded at 600 µmol photons m−2 s−1 (Fig. 3.17 C). Overall the

maximal peridinin productivity with regard to the light intensity seems to be in-

dependent from supplied medium or inoculation density, since the productivity is

persistently highest at the light intensity of 100 µmol photons m−2 s−1. The applica-

tion of 2 % CO2 changes the response of peridinin production rate to light intensity,

45



Results

leading to themaximal peridinin production at 600 µmol photonsm−2 s−1 under these

conditions (Fig. 3.17 D). However, the production rate cannot be increased further

and is identical with the set standard conditions at 100 µmol photons m−2 s−1 and

ambient air.

In summary the maximal peridinin production is achieved by the application of the

medium ASP 12 at a light intensity of 100 µmol photons m−2 s−1 in ambient air or

600 µmol photons m−2 s−1 and 2 % CO2. However, due to the lower peridinin concen-

tration per biomass, as presented in figure 3.12, the optimal production conditions

for peridinin are found at 100 µmol photons m−2 s−1 with ambient air and are 25 %

higher in ASP 12, than in the reference (Fig. 3.17 A, Exp L1).

3.5 Temperature experiments (Exp. T)

As temperature has direct impact on cell metabolism and growth of microalgae the

effect on the TL PSBR productivity has been considered as next factor. The experiment

is designed in a way, that the cells of S. voratum are initially immobilised and pre-

grown at low light (100 µmol photons m−2 s−1, ambient air and 20 °C), as well as

high light (600 µmol photons m−2 s−1, 2 % CO2 and 30 °C) for 12 days to insure an

uniform composition of the biofilm. After this time the immobilised S. voratum biofilm

have been exposed to various temperatures. As in the previous experiments, the

focus is set on the analysis of biomass and peridinin production (Fig. 3.18 to 3.21).

The cultured biofilms pre-grown at low light were transferred at day 12 to 32 and

25 °C with ambient air, respectively, while the biofilm pre-grown at high light were

transferred to 36 °C and 2 % CO2. Additionally the biofilms from both, 100 and

600 µmol photons m−2 s−1, were exposed to 16 and 4 °C. However, it has be noted,

that to remain within realistic natural parameters these cold temperatures were

exposed to lower light intensities and ambient air as well. The cultivation at 16 °C

is carried out with 50 µmol photons m−2 s−1 and 4 °C with 5 µmol photons m−2 s−1,

respectively. As a reminder of this stepwise procedure the samples are refereed to

600/50, 600/5, 100/50 and 100/5 µmol photons m−2 s−1, accordingly.
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Figure 3.18: Impact of temperature on the growth rate of the S. voratum biofilm pre-grown at
100 µmol photons m−2 s−1. After the transfer on day 12 the biofilms were exposed to 32 and
25 °C as well as 16 and 4 °C with ambient air. Shown are mean ± SD for n = 3 - 6 and the
correlating linear regression. PB = Biomass growth rate from the linear fit in g m−2 d−1.

In figure 3.18 the biomass data from all biofilms pre-grown at 100 µmol pho-

tons m−2 s−1 are given. As it can be seen, the highest biomass growth rate PB is

recorded at a 25 °C (Fig. 3.18 B). In comparison to 20 °C (Fig. 3.18 C) an 50 % increase

is gained. Further enhancing of the temperature leads to a decrease of growth rate com-

pared to the condition at 25 °C (Fig. 3.18 A). However, at 32 °C the growth rate of S. vo-

ratum is still 30 % higher than at 20 °C. With 100/50 µmol photons m−2 s−1 and 16 °C

the growth rate PB has been maintained, while at 100/5 µmol photons m−2 s−1 4 °C

a stationary phase is reached (Fig. 3.18 D, E).

In summary, at a light intensity of 100 µmol photons m−2 s−1 the biomass growth

rate of the S. voratum biofilm increases with temperature until 25 °C, where it peaks.

Since the highest biomass growth rates have been shown to be at a light intensity

of 600 µmol photons m−2 s−1 and additional CO2 (as reference see section 3.3), the

biofilm is additionally cultivated at this condition first and then exposed to differ-

ent temperatures. The corresponding results are given in figure 3.19. By raising

the temperature to 36 °C a decrease in biomass growth is observed (Fig. 3.19 A).

However, at the standard conditions of 30 °C (Fig. 3.19 B) the biofilm grows with

7.6 gm−2 d−1 (R2 = 0.99), which corresponded to the expected reference data (Fig. 3.11).
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Figure 3.19: Impact of temperature on the biomass growth rate of the S. voratum biofilm
pre-grown at 600 µmol photons m−2 s−1 and 2 % CO2. After the transfer on day 12 the
biofilms were exposed to 36 °C and 2 % CO2 as well as 16 and 4 °C with ambient air. Shown
are mean± SD for n = 3 and the correlating linear regression. PB = Biomass growth rate from
the linear fit in g m−2 d−1.

At lower light, temperature and ambient air the growth ceases (Fig. 3.19 C) and is

stationary at 4 °C (Fig. 3.19 D). Therefore the determined temperature optimum in

this experiment at 600 µmol photons m−2 s−1 is 30 °C.

In figure 3.20 the peridinin production over the time course of the experiment

at 100 µmol photons m−2 s−1 is given. The maximal peridinin amount per area,

0.95 g m−2 , and the highest productivity PP , 0.043 g m−2 d−1 , are obtained at a

light intensity of 100 µmol photons m−2 s−1 and 32 °C, (Fig. 3.20 A). In addition,

the productivities PP of the data from 25 and 32 °C are not significantly different

(Fig. 3.20 F) and on average 30 % higher than at 20 °C. Overall with the decrease of

the temperature and irradiance, the productivity PP is unaltered (Fig. 3.20 D, F).

The data for the pigment production in the biofilms of S. voratum initially grown

at 600 µmol photons m−2 s−1 and 2 % CO2 are illustrated in figure 3.21. As

shown in figure 3.21 B and C, only by the exposure to 30 and 16 °C a linear

increase in peridinin can be achieved. The highest productivity is recorded at

600/50 µmol photons m−2 s−1 and 16 °C with 0.037 g m−2 d−1 (R2 = 0.99) (Fig. 3.21 C).
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Figure 3.20: Impact of temperature on the peridinin production of the S. voratum biofilm
pre-grown at 100 µmol photons m−2 s−1. After the transfer on day 12 the biofilms were
exposed to 32 and 25 °C as well as 16 and 4 °C with ambient air. Presented is the peridinin
amount per area (•) and the peridinin concentration per biomass dw (�). Shown are mean
± SD for n = 3 and the correlating linear regression. PP = Peridinin productivity from the
linear fit in mg m−2 d−1. F Comparison of PP . As statistical analysis a one-way ANOVA with
Tukey’s multiple comparison test has been performed.
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Figure 3.21: Impact of temperature on peridinin production of the S. voratum biofilm pre-
grown at 600 µmol photons m−2 s−1 and 2 % CO2. After the transfer on day 12 the biofilms
were exposed to 36 °C and 2 % CO2 as well as 16 and 4 °C with ambient air. Presented is the
peridinin amount per area (•) and the peridinin concentration per biomass dw (�). Shown
are mean ± SD for n = 3 and the correlating linear regression. PP = Peridinin productivity
from the linear fit in mg m−2 d−1. E Comparison of PP . As statistical analysis a one-way
ANOVA with Tukey’s multiple comparison test has been performed.
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Figure 3.22: Biomass and peridinin productivity of an the S. voratum biofilm culture from
the temperature experiment. In one setup the biofilm has been pre-grown 100 µmol pho-
tons m−2 s−1, 20°C and ambient air, while the other is initially kept at 600 µmol pho-
tonsm−2 s−1, 30 °C and 2%CO2. After 12 days the cultures at 100 µmol photonsm−2 s−1 were
transferred to the shown conditions. On the x axis the applied light intensity and temperature
is presented. Shown are mean ± SD for n = 3. As statistical analysis a one-way ANOVA with
Tukey’s multiple comparison test was performed.

Thus, the transfer to low light and temperature increased the maximal amount of

peridinin [g m−2 ] by 40 % and doubled the productivity rate PP in comparison to

the biofilm grown continuous with 600 µmol photons m−2 s−1 and 30 °C (Fig. 3.21 E).

Overall the highest biomass growth rate (Fig. 3.22 A), is noted at 600 µmol pho-

tons m−2 s−1 2 % CO2 and 30 °C. At the irradiance of 100 µmol photons m−2 s−1 the

maximal biomass growth rate is gained at a temperature above 25 °C. In total the

light intensity and temperature show to affect the biomass growth rate. Likewise the

perdinin production is dependent on the applied temperature and increases with

lower light conditions. As a result the peridinin production rate at 100 µmol pho-

tons m−2 s−1 with 32 °C, 23 °C and 600/50 µmol photons m−2 s−1 with 16 °C cannot be

differentiated and are therefore marked as one group (a) (Fig. 3.22 B). Furthermore the

data obtained in this experiment indicate, that the peridinin production rate is identi-

cal at the control conditions (100, ambient air and 600 µmol photons m−2 s−1 with

2 % CO2), which is in accordance to the previous findings (Fig. 3.12).
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3.6 Two-Step Approach (Exp. TS)

A conclusion of the CO2 experiment (Section 3.3) has been that the highest biomass

growth rate does not correlate with the maximal pigment production. In addition it

has been found that the light intensity significantly affect peridinin productivity (see

Section, 3.1, 3.5). As a result a two-step experiment investigating the shift from growth

enhancing to peridinin promoting conditions has been conducted. To maximise the

biomass production in the first step and generate a thick biofilm prior to the second

peridinin production step, biofilms have been grown at 600 µmol photonsm−2 s−1 and

2 % CO2 (for references, see section 3.3, Fig. 3.16 D). In order to investigate the optimal

time interval for the shift between the growth phase (600 µmol photons m−2 s−1,

2 % CO2) and the peridinin production phase (100 µmol photons m−2 s−1 and am-

bient air), biofilms are pre-grown at 600 µmol photons m−2 s−1 and 2 % CO2 for

one, two, three and four weeks, respectively, prior to the shift to 100 µmol pho-

tons m−2 s−1. As control, biofilms have been grown in parallel at constant growth

enhancing (600 µmol photons m−2 s−1 and 2 % CO2) and peridinin promoting condi-

tions (100 µmol photons m−2 s−1 and ambient air), respectively.
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Figure 3.23: Growth of S. voratum biofilm in a two-step approach. The immobilised culture
is grown at 600 µmol photons m−2 s−1 and 2 % CO2 and then shifted to 100 µmol pho-
tons m−2 s−1. The time points are indicated by the dashed lines. Shown are mean ± SD for
n = 3 and the correlating linear regression. PB = Biomass growth rate from the linear fit
in g m−2 d−1.
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In general, elongation of the growth promoting phase has been found to enhance the

biomass production during the peridinin producing phase (Fig. 3.23). The biofilmkept

at 100 µmol photonsm−2 s−1 is growing linear with a productivity PB of 2.8 gm−2 d−1.

Over the whole experimental time course (40 d), the S. voratum biofilm illuminated

with 100 µmol photons m−2 s−1 (Fig. 3.23 B) grows linear to maximal 125.4 g m−2 with-

out reaching a stationary phase. The obtained growth rate is in accordance to previous

results (Fig. 3.16). When grown solely at growth enhancing conditions (Fig. 3.23 A),

the biofilm growth during the time course of the experiment (40d) is linear with max-

imal 304.8 g m−2 and does not reach a stationary phase. At the first time point of the

light transfer the biomass has been exposed to 15, 50 and 100 µmol photons m−2 s−1.

At 50 and 100 µmol photons m−2 s−1 the biofilm continues to increase linear as well

(R2 = 0.96, 0.98), but the growth rate is reduced by 50 % to 3.4 and 3.5 g m−2 d−1,

respectively, in comparison to high light conditions (Fig. 3.16 C). The slopes of the two

light intensities are not distinguishable (ANCOVA, p = 0.9878). Immobilised cultures

transferred to 15 µmol photons m−2 s−1 stop biomass accumulation, independent

from the duration of the growth enhancing period (Fig. 3.16 C, F). In the shift after

the second, third and forth week (Fig. 3.16 D, E, G, H) the biomass growth always

remains linear. The highest growth rate is gained at the switch in the fourth week

with 4.3 g m−2 d−1 (Fig. 3.16 H).

Under constant low light conditions the peridinin production PP grows linear with

27.3 mg m−2 d−1 (Fig. 3.24 A). The pigment concentration [% of dw] in the S. vo-

ratum biofilm is highest at 100 µmol photons m−2 s−1 at day 24 (1.16 %) and then

decreases. The peridinin amount [g m−2] in the biofilm cultivated at 600 µmol pho-

tons m−2 s−1 (Fig. 3.24 B) is maximal at day 32 and then is decreasing with time,

this is also shown for the relative peridinin concentration [% of dw]. In both control

conditions, constant growth promotion and pigment enhancement, the peridinin

production rate PP and amount per area [g m−2] is similar until day 32 (Fig. 3.24 A, B).

In the shift after one weeks (Fig. 3.24 C) the peridinin production remains linear and is

identical with the control. The highest peridinin productivity (PP = 51.4 mg m−2 d−1)

is recorded when the biofilm is shifted after a biomass growth phase of two weeks

(Fig. 3.24 D). In contrast at the switch after three weeks the peridinin accumulates
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Figure 3.24: Pigment production of S. voratum biofilms in the two-step approach. Develop-
ment of the peridinin per area (•) and peridinin per biomass (�) over the time course (40 days)
of the experiment. The dashed line indicates a shift from growth promoting conditions
(600 µmol photons m−2 s−1, 2 % CO2) to the peridinin productive phase (100 µmol pho-
tons m−2 s−1, ambient air). Shown are mean ± SD for n = 3 and the correlating linear
regression. PP = Peridinin productivity from the linear fit in mg m−2 d−1 .

slowly with 19.6 mg m−2 d−1 , but the fit is not linear (R2 = 0,74) (Fig. 3.24 E). When

considering the data which were gained by the shift in week four (Fig. 3.24 F, G, H)

the production rate PP matches the one from the control again. Shifting the biofilm

after four weeks at growth enhancing conditions to 100 µmol photons m−2 s−1 even

increases the productivity to 45.6 mg m−2 d−1 (R2 = 0.9042) (Fig. 3.24 H). The peri-

dinin per biomass [%] from the two-step approaches is increasing when the biofilm

is shifted in week one and four (Fig. 3.24 C, F, G, H). At the second and third time

point (Fig. 3.24 D, E) the percentage of pigment is stagnating.

As it is shown in figure 3.25 A , the control at 100 µmol photons m−2 s−1 reaches a

final peridinin amount of 0.93 g m−2 while the value in the biofilm at high light is

significantly reduced at this time point of the experiment. Shifting of the immobilised

S. voratum biofilm from growth promoting to peridinin producing conditions en-

hanced the pigment amount significantly in all approaches, compared to the 100 and

600 µmol photons m−2 s−1 control (Fig. 3.25 A). With the exception of the shift after

four weeks to 15 µmol photons m−2 s−1, the two-step approach generates a signifi-

cantly higher absolut peridinin amount per area on the final day of the experiment.

Overall the duration of the growth phase does not affect the final peridinin amount

and a 22.5 % increase in comparison to 100 µmol photons m−2 s−1 is achieved. Since
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Figure 3.25: A Final peridinin amount of day 40 in the two-step approach. As statistical
analysis a one-way ANOVA with Tukey’s multiple comparison test has been performed.
BAverage peridinin production over the time course of the experiment. Indicated by 100 µmol:
data from the control for the continuous peridinin production at 100 µmol photons m−2 s−1,
sw2 (100) and sw4 (100): biofilm with a growth promoting phase of two and four weeks.
Shown are mean ± SD for n = 3.

the highest peridinin productivity PP is observed after a growth promoting phase

of two and four weeks (Fig. 3.24 D, H) their average productivity of peridinin per

day is compared to the control conditions for peridinin enhancement (100 µmol pho-

tons m−2 s−1, ambient air, Fig. 3.25 B). The average peridinin production increases

until day 24 and is maximal in the S. voratum biofilmwith the growth enhancing phase

of two weeks (Fig. 3.25 B, sw2 (100)). Furthermore on day 24 of the experiment the

value of peridinin per area [g m−2 ] in the biofilmwith the growth phase of two weeks
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Figure 3.26: Combination of biomass and peridinin production in the S. voratum biofilm
grown constantly at 100 µmol photons m−2 s−1 and ambient air in comparison to the biofilm
with a two week growth promoting phase at 600 µmol photons m−2 s−1 and 2 % CO2. Shown
are mean ± SD for n = 3.
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(Fig. 3.26 B) is increased by over 40 % to 0.92 g m−2 in comparison to 0.65 g m−2 in

the biofilm grown constantly at 100 µmol photons m−2 s−1 (Fig. 3.26 A).

In summary the step-wise production of peridinin is maximal after growth promo-

tion of two weeks and enables a 57 % increase in the pigment productivity PP in

comparison to the control conditions at 100 µmol photons m−2 s−1.

Form the documentation of the biofilm over the time course of the experiment

(Fig. 3.27) it can be seen, that in peridinin promoting conditions (100 µmol pho-

tons m−2 s−1, ambient air) colouration of the biofilm increases strongly while the

uppermost cell layer remains loosely connected (Fig. 3.27 A-C). In comparison the

immobilised S. voratum culture at the growth enhancing conditions (600 µmol pho-

tons m−2 s−1, 2 % CO2), appears lighter in colour and the cells are densely packed

Figure 3.27: Cross-section of the S. voratum biofilm in the two-step apporach. A-C
100 µmol photons m−2 s−1, ambient air on day 9, 18 and 24. D-F 600 µmol photons m−2 s−1,
2 % CO2 on day 9, 18 and 24. G-I Two-Step Approach: Biofilm during the growth promoting
phase (600 µmol photons m−2 s−1, 2 % CO2) on day 9 and after the shift to 100 µmol pho-
tons m−2 s−1, ambient air on day 18H and 24 I Indicated by the white arrow are cell aggrega-
tions
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within the complete biofilm (Fig. 3.27 D-F). The shift of the immobilised culture

from growth to peridinin promoting conditions affects the morphology as well,

since the uppermost cell layer becoming less dense and colouration increases within

the duration of three weeks (Fig. 3.27 H). On day 24 dark spots within the biofilm

(Fig. 3.27 I, white arrow) can be detected, which are absent in either of the control

conditions (Fig. 3.27 C, F).

3.7 Media Experiment for up-scale systems (Exp. M)

Besides light, CO2 and temperature, nutrient supply strongly affects the growth

of microalgae and therefore six different media were analysed upon their impact

on the growth and peridinin production of the S. voratum biofilm (Fig. 3.28 and

Fig. 3.29). For this purpose the immobilised culture has been grown at the light

intensity of 100 µmol photons m−2 s−1 and ambient air at 23 °C for 21 days, in bench-

scale TL PSBRs. To mimic conditions of large scale operations, the media were not

sterilised. Since artificial f/2 and ASP 12 have been used in previous experiments

(Section 3.1 - 3.7), they functioned as controlmedia. Additionally to these standardised

media original f/2 and three seawater modifications were employed. These variations

consisted of seawater enriched solely on phosphate and nitrate (SW1), seawater with

enhanced concentrations of all macro and micro nutrients (SW2) and seawater treated

with commercial fertiliser (SW3). Composition of the media are given in section 2.1.1.

The growth rate of the immobilised cultures of S. voratummaintained in the control

media ASP 12 (Fig. 3.28 A) and artificial f/2 (Fig. 3.28 B) were in accordance to

previous experiments (Fig. 3.16 A, C, section 3.4). However, f/2 based on natural

seawater (Fig. 3.28 C) could enhance the productivity by 25 %. Despite an initial

lag phase, the use of seawater modifications (Fig. 3.28 D, E) enhanced the growth

of S. voratum by 67 to 73 % (SW1, SW2, respectively) compared to the control media.

However, biofilms grown on the fertilised SW3 stopped growth on day 13 and creased

in biomass from day 17 on (Fig. 3.28 F). With respect to the peridinin productivity PP

the control media (Fig. 3.29 A, B) obtain similar results at 100 µmol photons m−2 s−1 as
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Figure 3.28: Biomass production in the S. voratum biofilm in six different media. Applied
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given in 2.1.1. Shown are mean ± SD for n = 3 and the correlating linear regression. PB =
Biomass growth rate from the linear fit ing m−2 d−1.
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Figure 3.29: Peridinin production in the S. voratum biofilm in six different media. Applied
were A ASP 12 (A12), B artificial f/2 (artif.f/2), C original f/2 (orig. f/2), D SW(Seawater)1:
Seawater + nitrogen and phosphate levels as in ASP 12. E SW2: Seawater as NaCl source
with all ASP 12 stocks. F SW3: Seawater + fertiliser. The detailed composition of the media is
given in 2.1.1. Shown are mean ± SD for n = 3 and the correlating linear regression. PP =
Peridinin productivity from the linear fit in mg m−2 d−1 .
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previously recorded (Fig. 3.17 A, C). The highest production rate PP is recorded in

the SW2 with an increase of 15 % . For the other two modifications the pigment

accumulation decreases. SW3 overall presents the lowest peridinin amount [g m−2],

which even ceases to the end of the experiment (Fig. 3.29 F). In summary the utilisation

of the medium SW2 gains a 73 % increase in biomass production and a 25 % higher

peridinin productivity in comparison the the control media (Fig. 3.28 E and 3.29 E).

3.8 Up-scaling of the Twin-Layer PSBR

Besides enhancement of growth and peridinin production of S. voratum, further

development on the Twin-Layer PSBR has been conducted and an up-scaling of the

culture system was performed. For comparison of different setups, investigation of

S. voratum biofilm growthwas performed on a vertical Twin-Layer PSBR (Section 3.8.1)

and horizontal Twin-Layer PSBR (Section 3.8.2). Details on the technical composition

of the cultivation systems are given in section 2.3.

3.8.1 Performance of S. voratum in the vertical up-scale TL PSBR

After a prolonged lag phase of seven days, growth of the S. voratum biofilm on the

vertical up-scale TL PSBR was linear (Fig. 3.30 A) and thereby reproduced the growth

behaviour on bench-scale systems (Sections 3.1.1).

The growth rate of biomass is determined to be 1.96 g m−2 d−1, which is over

30 % lower than in the bench-scale TL experiments under comparable conditions

(Fig. 3.30 B). Besides the measurement of biofilm growth, the running Twin-Layer

PSBR was closely observed over the time course of the experiment to identify poten-

tial contaminations or system failures (Fig. 3.31 A - C). Detailed observation of the

S. voratum biofilm (Fig. 3.31 D) did not identify any contamination with other algae.

However, fungi have been identified on the backside of the vertical paper TL module

after four weeks, but no affect on the functionality of the reactor has been noted.

Similar to previous experiments (Section 3.2), the S. voratum biofilm growing on the
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Figure 3.30: Biofilm growth of S. voratum in the vertical up-scale TL PSBR. A Biomass growth
at 130 µmol photons m−2 s−1. B Comparison of biomass growth in vertical up-scale (•) with
bench-scale (◦) TL PSBR (Section 3.1.1, figure 3.1 D). Shown are mean ± SD for n = 3 and the
correlating linear regression. PB = Biomass growth rate from the linear fit in g m−2 d−1.

Figure 3.31: Documentation of a S. voratum biofilm grown on a vertical up-scale TL PSBR.
Biofilm of S. voratum A on the day of the inoculation, B on day 16 C and day 30. D Close up
to the biofilm surface on the final day of the experiment. Indicated by the black arrows are
detachments of the paper substrate layer.
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vertical up-scale TL PSBR develop a rough surface of hills and grooves (Fig. 3.31 D).

In summary, the vertical up-scale TL PSBR has been shown to maintain the qual-

itative properties from the bench-scale experiments. However, the growth rate is

significantly reduced.

3.8.2 Performance of S. voratum in the horizontal up-scale TL

PSBR

To further investigate the performance of the S. voratum in an up-scale Twin-Layer

system a second, simpler reactor design has been applied. For this purpose the

S. voratum biofilm has been cultivated in a horizontal up-scale TL PSBR (Section 2.3.2).

For comparability with previous experiments (Section 3.1 - 3.7) the initial horizontal

up-scale TL PSBR system consisted of glass fibre as source layer and paper as substrate

layer. Furthermore a TL setup with a fleece-based substrate layer was tested.

3.8.3 Paper as substrate layer in the horizontal TL PSBR

As the horizontal system consists of two cultivation areas (Section 2.3.2) the growth

of the S. voratum biofilm on the "left" and the "right" side were analysed separately

(Fig. 3.32). The biomass growth on both areas was linear on average (Fig. 3.32 A, C),

but the S. voratum biofilm on the left area grew very inhomogeneously. On the bottom

andmiddle part on the left side of the system, the S. voratum biofilm grow slower than

on the top part (Fig. 3.32 C). While the growth rate PB of the S. voratum biofilm of the

right side of the horizontal system was 2.9 ± 0.6 g m−2 d−1 , which is similar to the

growth of bench-scale TL systemswith 3.1 gm−2 d−1 (Fig. 3.32 B), the inhomogeneous

growth on the left side only reaches 2.0 g m−2 d−1 on average (Fig. 3.32 C). Even so

the TL system is based on paper no fungal contamination has been recorded.

The peridinin production of the S. voratum biofilm on the horizontal up-scale TL

PSBR was generally affected by the localisation within the growth area of the system

(Fig. 3.33 A, B). While on both sides of the paper-based horizontal TL PSBR different

peridinin productivities, 3.96 mgm−2 d−1 on the left and 5.27 mgm−2 d−1 on the right
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side, have been recorded (Fig. 3.33 A,B), the peridinin concentration [% of dw] of both

S. voratum biofilms were similar. However, the peridinin concentration decreases to

the end of the experiment on both sides of the TL PSBR (Fig. 3.33 C, D).

The comparison of the total horizontal up-scale PSBR (left and right side combined)

with the bench-scale TL PSBR shows a decrease in peridinin production by 80 % in

the horizontal up-scale TL system (Fig. 3.34 A). Additionally, a decrease in peridinin

concentration is not observed in bench-scale TL PSBR (Fig. 3.34 B). In summary,

biomass growth rates of S. voratum on a paper-based horizontal up-scale TL PSBR

were comparable with those achieved on bench-scale systems, while the peridinin

production of bench-scale systems could not be reached.
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Figure 3.32: Growth of S. voratum in a paper-based horizontal up-scale TL PSBR. Presented
are the biomass growth A on the right and C left side of the paper-based TL PSBR. The
comparison to a bench-scale TL PSBR to the B right andD left side is given as well. Shown
are mean± SD for n = 3 and the correlating linear regression. PB = Biomass growth rate from
the linear fit ing m−2 d−1.
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Figure 3.33: Peridinin production of S. voratum in a paper-based horizontal up-scale TL PSBR.
Presented are peridinin amount per area (closed symbols) on the A left and B right side of
the paper-based horizontal TL PSBR as well as the peridinin concentration per biomass (open
symbols) on the C left andD right side of reactor. Shown are mean ± SD for n = 3 and the
correlating linear regression. PP = Peridinin productivity from the linear fit in mg m−2 d−1 .
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Figure 3.34: Peridinin productivity of S. voratum grown on a paper-based horizontal up-scale
TL PSBR in comparison to the bench-scale TL PSBR. A Peridinin amount (•) and peridinin
concentration (�) in the paper-based horizontal up-scale TL PSBR. B Comparison of bench
and up-scale paper-based TL PSBR. The data present five replicates for the horizontal TL
PSBR and three replicates for the bench-scale experiments. PP = pigment productivity from
the linear fit in mg m−2 d−1.
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3.8.4 Fleece as substrate layer in the horizontal TL PSBR

First to gain comparable results to the bench-scale TL PSBRs the next horizontal

up-scale TL PSBR has been constructed by the combination of the fleece material with

the glass fibre as source layer. Secondly the fleece is kept as substrate layer, while a

coarse grid functions as source layer in order to simply the setup.
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Figure 3.35: Biomass growth of S. voratum in a fleece-based horizontal up-scale TL PSBR in
comparison to the bench-scale TL PSBR. A, C Presented is the comparison of the two fleece
TL systems to the bench-scale TL PSBR (Section 3.1.1, figure 3.1 D). Shown are mean ± SD
for n = 3 and the correlating linear regression. PB = Biomass growth rate from the linear fit
in g m−2 d−1. For this three replicates each were analysed. In addition harvested sample
locations with respect to the biomass are presented for the TL PSBR with B grid or D glass
fibre as source layer.

The application of fleece in a horizontal up-scale TL PSBR with conventional com-

position (glass fibre as source layer) enabled growth of a S. voratum biofilm with

3.298 ± 0.38 g m−2 d−1 (Fig. 3.35 D), while omitting the conventional source layer

(fleece on the grid) generated a growth rate of 3.710 ± 0.40 g m−2 d−1 (Fig. 3.35 B).

However, both recorded growth rates do not differ significantly (ANCOVA, p = 0.2774).

63



Results

A direct comparison of the growth in the immobilised culture of S. voratum on fleece

as substrate with the paper-based bench-scale TL PSBR (Fig. 3.35 A, C) do not show a

significant difference (ANCOVA, p = 0.0974). Over the time course no fungal or protist

contaminations have been recorded. Therefore the cultivation of the dinoflagellate

S. voratum in the horizontal up-scale TL PSBR with respect to biomass growth is

comparable to bench-scale TL PSBR (Section 3.1.1, figure 3.1 D).

The peridinin production of the S. voratum biofilm, utilising fleece as substrate layer

in a conventional horizontal TL PSBR was about 22.74 mg m−2 d−1 (Fig. 3.36 D),

while in the fleece system omitting the source layer a peridinin production of

24.7 mg m−2 d−1 was reached (Fig. 3.36 B). Therefore both systems do not differ

significantly in terms of peridinin production (ANCOVA, p = 0.1033) and are not

distinguishable from peridinin production rates reached on bench-scale TL PSBR

at the same conditions (100 µmol photons m−2 s−1, ambient air) (Fig. 3.36 A and C;

ANCOVA, p = 0.641).

From the documentation of the fleece-based horizontal up-scale TL PSBRs it can be

seen, that upon the inoculation an evenly distributed biofilm in both setups could

be established (Fig. 3.37 A). In the first week of the experiment the biofilm grew

denser and darker (Fig. 3.37 A, B) and until the end of the experiment the surface re-

mained smooth and showed very little accumulation spots of biomass (Fig. 3.37 C, D).

Even though minor detachments of the substrate layer towards the end of the experi-

ment have been observed, the biofilm growth is not affected (Fig. 3.37 C). Observations

of the S. voratum biofilm gave the impressions, that the horizontal system which is

omitting the conventional source layer generates a wetter biofilm, that is easier to

scrape of the substrate layer (Fig. 3.37 D). This finding was supported as sampling and

harvesting of the conventional horizontal systemwas hindered by the tight connection

of biofilm and fleece.
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Figure 3.36: Peridinin production in an fleece-based horizontal up-scale TL PSBR. Presented
is the peridinin amount per area (•) and peridinin per biomass (�) in the TL PSBR A grid or C
glass fibre as source layer. Shown aremean± SD for n = 3 and the correlating linear regression.
PP = pigment productivity from the linear fit in mg m−2 d−1. In addition harvested sample
locations with respect to the peridinin amount are presented for the TL PSBR with B grid or
D glass fibre as source layer.
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Figure 3.37: Documentation of the S. voratum biofilm on the horizontal up-scale TL PSBR.
Depicted are the horizontal PSBRs with the TL combining fleece with grid (left) and glass
fibre (right). Presented is the biofilm on A the inoculation day, B day 4 and C day 11. D Final
harvesting of the S. voratum biofilm on day 16 in the TL PSBR composed of fleece and grid.
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3.9 Comparison of the investigated up-scale TL PSBRs

While the vertical system could proof, that large cultivation of S. voratum in a paper-

based vertical up-scale Twin-Layer PSBR is possible, the biomass growth rates ob-

served in this system are about 35 % lower than in comparable bench-scale systems.

The change from vertical to horizontal TL PSBR enhanced the growth rate of S. vo-

ratum to these of bench-scale systems (Fig. 3.35 A, C). With regard to the growth of

the S. voratum biofilm the fleece-based horizontal TL PSBR gave the most profound

correlation to the control data (Section 3.1.1, figure 3.1 D). The biomass productiv-

ity PB in both horizontal fleece-based up-scale PSBRs is statistically not different

from the bench-scale experiment (ANCOVA, p = 0.097). The highest growth rate of

3.7 g m−2 d−1 is recorded in the fleece-based horizontal TL PSBR (Tab. 3.1), which is

composed of fleece as substrate layer and an underlying grid as source layer.

Table 3.1: Comparison of biomass PB and peridinin PP production rates of the
S. voratum biofilms grown on different up-scale TL PSBR systems

Twin-layer PSBR Material PB [g m−2 d−1] PP [mg m−2 d−1] Figure

Bench-scale Paper 3.1 ± 0.18 30.7 ± 3.0 3.1 D
Vertical Paper 2.0 ± 0.04 n.a. 3.30 A
Horizontal Paper * 2.9 ± 0.55 5.9 ± 1.3 3.32 B
Horizontal Fleece 3.3 ± 0.38 24.7 ± 2.1 3.35 A
Horizontal Fleece ° 3.7 ± 0.40 22.7 ± 1.3 3.35 C

* = right reactor side (Section 3.8.3) ° = Grid as substrate layer (Section 3.8.4)
Data obtained at 100 ± 15 µmol photons m−2 s−1 and 25 ± 3 °C, in an outdoor green house.

In the comparison of peridinin productivities, the difference between paper and

fleece-based horizontal up-scale TL PSBRs is very prominent. While the values of

the fleece-based TL system are almost not distinguishable from the bench-scale TL

PSBR, the peridinin production rate in the paper-based horizontal TL PSBR is three

times lower. Due to the lower pigment productivity in the paper-based horizontal TL

PSBR, the horizontal fleece-based reactor is the only up-scale Twin-Layer cultivation

system in which the bench-scale results could be verified.
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In summary, using a horizontal up-scale Twin-Layer PSBR utilising fleece as sub-

strate layer it was possible to reproduce growth and peridinin production rates of

3.1 g m−2 and 30.7 mg m−2 d−1 determined under laboratory bench-scale conditions.

3.10 Photometric analysis of peridinin

An aim of the thesis has been to establish and analyse a photometrical analysis for

the determination of the peridinin content. The photometric methodology is based

on spectral reconstruction, which is described in more details in section 2.6. As it is

indicated in figure 3.38 the correlation of the two methods is linear. The determined

fit (R2) of the linear regression equals 0.95 and is therefore significant. From the slope

of the curve it can be concluded, that the peridinin concentration in the photometric

analysis is consistently shifted by 20 %.
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Figure 3.38: Correlation of re-
sults from the pigment anal-
ysis by HPLC and by pho-
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Therefore it can be stated that a photometric, high throughput method with a overes-

timation of 20 % has been established.
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4 Discussion

4.1 Application of dinoflagellates in biotechnology

The most prominent examples for the biotechnological application of microalgae are

the halotolerantDunaliella salina and the alkali-tolerant Arthrospira (Spirulina) platensis.

Whereas these extremophiles can be grown in simple open pond systems, mass

cultivation of microalgae like Chlorella sorokiniana [Kumar and Das, 2012; Concas et al.,

2016] and Haematococcus pluvialis often relies on highly controlled closed suspension

photobioreactors [Lopez et al., 2006; Lee et al., 2015]. Until today the utilisation of

dinoflagellates in biotechnology is scarce due to the lack of suitable up-scale culturing

systems and the fragility of the cultures [Shah et al., 2014; Sullivan et al., 2003].

However, dinoflagellates are, after the diatoms the second largest group in the marine

phytoplankton [Field, 1998; Graham et al., 2009] and present a source for unique

secondary metabolites as well as pigments. Therefore dinoflagellates have a great

potential for a biotechnological application (Section 1.3).

To overcome the limitations of suspension-based systems the dinoflagellate culture

in this thesis is cultivated as a biofilm in the Twin-Layer PSBR. By immobilising

the dinoflagellate Symbiodinium voratum, in the TL system, the culture was shown

to withstand exposure to osmotic stress, high light as well as high temperature,

features that in general are rarely described in marine dinoflagellates. Recently also

the cultivation of the symbiotic dinoflagellate Symbiodinium microadriaticum in the TL

PSBR has been described [Kreuz, 2016], which is known to be very stress sensitive

[Xiang et al., 2013; Iglesias-Prieto et al., 1992; Awai et al., 2012]. Furthermore from an

elaborate screening of 90 microalgae strains it was determined that on average 80 %

of all applied species were able to be cultivated in the Twin-Layer system [Nowack
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et al., 2005]. Thus, the Twin-Layer system represents a very promising alternative for

the mass cultivation of dinoflagellates in general.

4.2 Performance of S. voratum in the bench-scale Twin-

Layer PSBR

4.2.1 Reproducibility of the TL experiments

Due to its biotechnological potential and the ability to grow on the Twin-Layer as an

immobilised biofilm [Benstein et al., 2014], S. voratum has been selected in this thesis

for a detailed optimisation of biomass and peridinin production.

As external factors have a strong impact on dinoflagellate physiology and growth

[Fuentes-Grünewald et al., 2013], the reproducibility of the experiments was investi-

gated by two independent light experiments. While the maxima of the obtained light

curves with regard to biomass productivity differ between 100 and 200 µmol pho-

tons m−2 s−1 (Section 3.1, figure 3.5 A), the overall trend of the curve and the peridinin

productivities are identical (Fig. 3.5 B). The difference in the growth rate maxima

might be related to variations in the suspension pre-culture and in growth conditions

due to the location of the experiment. The used outside green house lack temperature

controllability at high light intensities, which causes fluctuations of ± 8 °C. However,

under more controllable conditions, like in the 5th floor green house of the Biocenter

of the University of Cologne, a better reproducibility of the experiments is given. This

is highlighted by comparing the results at 600 µmol photons m−2 s−1 with additional

2 % CO2 in the CO2 experiment (section 3.3, figure 3.11 A) and the two-step approach

(section 3.6, figure 3.23 A). Here the obtained biomass growth rates PB are identical

(7.8 g m−2 d−1) and the peridinin productivities PP of 31.5 and 29.9 mg m−2 d−1,

respectively, are statistically not distinguishable (ANCOVA, p = 0.2697).
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4.2.2 Investigation of the lag phase in biomass and peridinin pro-

duction of the S. voratum biofilm

The growth of S. voratum on bench-scale TL PSBRs often starts with a lag phase of

three days after inoculation (Fig.3.1 D- H). This growth behaviour on Twin-Layer

systems is in consensus with [Benstein et al., 2014; Solbach, 2016]. To investigate

whether the lag phase in the beginning of Twin-Layer cultivation is caused by photo-

inhibition within the immobilised culture of S. voratum, the impact of the inoculation

density upon this lag phasewas observed (Section 3.2). In fact, the enhancement of the

inoculation density and, therefore, the starting biomass does decrease the lag phase

in biomass and peridinin productivity of the bench-scale TL PSBRs (Fig. 3.6, 3.7).

Most likely the recorded lag phase at the start of the experiments is also temperature

dependent, since no lag phase in the second light experiment (Exp. L2) with the higher

environmental temperature has been observed (Exp. L2, section 3.1.2, figure 3.3).

Overall the lag phase is most likely associated to a light and temperature stress

during the adaptation of S. voratum upon the transition from liquid to immobilised

culture and the differentiation of the cells within the biofilm. This is supported by the

fact, that in microalgae like Halochlorella rubescens or Haematococcus pluvialis, which

are known to be more robust to external conditions than dinoflagellates [Fuentes-

Grünewald et al., 2013], the lag phase in the TL PSBR is not observed [Schultze et al.,

2015; Kiperstok, 2016].

4.2.3 Effect of biofilm physiology on biomass and peridinin pro-

duction in the S. voratum biofilm

For all cultivation conditions measured in the bench-scale experiments the increase

in biomass is linear. Thus, not the whole biofilm is growing at a constant rate, since

otherwise an exponential increase of biomass would be recorded. This has been

associated to the differentiation of the biofilm into two zones of different photosyn-

thetic activity [Kiperstok, 2016; Li et al., 2015]. Depending on the penetration of light

into the biofilm the presence of a layer with high photosynthetic activity, here called
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"growth layer", and an underlying "dark layer" of low photosynthetic activity, has

been described [Kiperstok, 2016].

With the application of a higher inoculation density the biomass productivity of the

TL PSBR (Exp. D) was enhanced in ambient air to 5 g m−2 d−1 at all light intensities

of 100 - 800 µmol photons m−2 s−1 (Fig. 3.6). These findings cannot be explained by

just the differentiation of the biofilm into dark and growth layer, since the deeper

light penetration into the biofilm would increase the growth layer and thereby the

biomass growth rate. The obtained result by the higher inoculation density can be

explained by photo-inhibition in the top layer of the S. voratum biofilm. Therefore

a model is proposed (Fig. 4.1), in which the S. voratum biofilm is differentiated into

three layers. These are formed in dependence to the light penetration into the biofilm.

In the top layer, called "stress layer", and in the bottom layer, called "dark layer",

the growth is reduced by non-optimal light conditions. According to the model the

application of higher light intensities lead only to an increase of the stress layer and

leave the growth layer at constant level (Fig. 4.1 B). This might be the explanation

why the growth rate does not further increase at higher light intensities. At an

irradiance of 45 µmol photons m−2 s−1 a lower growth rate is observed (Fig. 3.6 A),

which indicates the absence of light stress and the reduction of the growth layer

(Fig. 4.1 C). In the experiments performed with a lower inoculation density growth

rates are permanently lower and do not reach the same level, even when the biofilm

becomes much thicker (Fig. 3.1). This shows, that the light and stress conditions at the

inoculation of the experiment are having a strong, irreversible effect on the biofilm.

Interestingly, the peridinin productivity (Fig. 3.7) and the final peridinin amount

[g m−2 ] of the S. voratum biofilms with higher inoculation density on the TL PSBR

was found to be not significantly different at light conditions from 45 to 400 µmol pho-

tons m−2 s−1 (Fig. 3.8 B). Therefore the process is, up to 400 µmol photons m−2 s−1,

not altered by input of light, which allows the conclusion, that there is also a constant

production layer of peridinin as proposed for the biomass growth. However, the

threshold of the light intensity generating a partitioning in the biofilm according to

the model, are expected to be lower for peridinin productivity. This can be concluded
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Figure 4.1: Schematic drawing of the proposed physiology in a S. voratum biofilm. Presented
are a thicker inoculated biofilm at intermediate A and high B light intensity, as well as a thin
inoculated biofilm at low C and high D light intensity.

from the fact, that very low light intensities are sufficient for peridinin accumulation

but not for biomass growth. Especially with regard to peridinin being part of the

antenna complex for light harvesting. The productivity of peridinin in the S. vora-

tum biofilm cultivated at 800 µmol photons m−2 s−1 (18.8 mg m−2 d−1 ; Fig. 3.7 F)

doubled in comparison to cultivation with lower inoculation density at the same

light condition (8.8mg m−2 d−1 ; Fig. 3.2 G). Considering this, the speculation of a

permanent effect of the light stress at the inoculation can also be supported for the

peridinin production.

To further investigate and characterise the biomass and peridinin productivity in S. vo-

ratummicrosensor measurements with regard to light penetration and photosynthetic

activity have to be performed.
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4.3 Optimisation of the S. voratumbiofilm in the bench-

scale Twin-Layer PSBR

4.3.1 Effect of light

The optimization of the biomass and peridinin productionwas started by investigating

the effect of light on the immobilised culture of S. voratum in bench-scale PSBRs. With

regard to S. voratum the biomass productivity has been shown to be light dependent

with a maximum at low light around 100 - 200 µmol photons m−2 s−1 (Fig. 3.5). This

is in agreement with the findings of [Richardson et al., 1983], which is thought to be

a habitat adaptation to shaded, low light environments [Geider et al., 1987].

Due to this low light adaptation in dinoflagellates an increase in the light harvesting

pigment peridinin with a lower photon input has been described [Jovine and Triplett,

1992; Khalesi and Lamers, 2010]. As expected, themaximal peridinin productivity and

the highest peridinin amount per area [gm−2] in both conducted light experiment have

been determined at low light conditions (Fig. 3.5 B). The highest recorded peridinin

concentration (1.8 % of dw) is recorded at a light intensity of 15 µmol photons m−2 s−1.

At this low irradiance only a thin biofilm ofmaximal 28.5 gm−2 is formed in which the

cells in the biofilm have to produce a large number of antenna complexes to perform

photosynthesis.

Since the peridinin productivity in both light experiments was maximal at the light

intensity of 100 µmol photons m−2 s−1 and ambient air, these conditions have been

determined to be optimal for a efficient production of peridinin.

4.3.2 Effect of light in combination with CO2

The limitation of CO2 on the biomass productivity has been shown in the exposure

of the S. voratum biofilm to 2 % CO2 in comparison to ambient air (Section 3.3). In the

utilisation of f/2 medium and 2 % CO2 the biomass growth of S. voratumwas only

significantly increased at the light intensity of 600 µmol photons m−2 s−1 (Fig. 3.10 C).
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The significant change of the pH from 8.3 to 6.4 upon CO2 application highlights, that

the unbuffered f/2 is not ideal for cultivation in combination of enhanced CO2 con-

centrations. However, it was previously applied, since it is in contrast to ASP 12 a low

cost medium. The combination of CO2 and ASP 12 medium increased the biomass

productivities at all irradiances and the pH of setups with CO2 was around 7.5. The

acidification of the medium has a strong effect on S. voratum, since it is a marine

organism, naturally adapted to a stable pH [Graham et al., 2009].

Additionally, the maximal biomass growth rate observed in the light experiments is

shifted towards 600 µmol photons m−2 s−1 when supplied with 2 % CO2 (Fig.3.16 D).

Indicating, that the photosynthesis of S. voratum is CO2 limited under ambient air.

While the biomass growth rate is more than doubled the peridinin production is not

promoted by the combination of light and CO2 (Fig. 3.12 A, F). In the biofilm sections

(Fig. 3.14 A), the reduced peridinin content of the biofilm at high light is indicated.

The presence of CO2 even reduces the peridinin amount per area which might be due

to the slight pH change in ASP 12 medium.

Also the physiology of the biofilm changes. While at ambient air the biofilm possesses

a top layer of loose cells at high and low light (Fig. 3.14 B, C), with the supply of

2 % CO2 the top layer of biofilm is reduced and the cells are more densely packed

(Fig. 3.14 A). This effect is stronger visible over a long cultivation period (Fig. 3.27 F).

Since it has been observed, that these biofilms are not shiny, an explanation might be

that the immobilised cells reduce the production of mucilage at increased CO2 concen-

trations. The reason for the absence of mucilage can be correlated to the pH decrease

to 7.5 or the difference in carbon availability. To improve the usability of S. voratum as

natural resource for polysaccharides, the underlying process of mucilage production

might be interesting for the utilisation in cosmetic products and the characterisation

of immobilised cultivation of the microalgae in general.

Overall the peridinin accumulation at 100 µmol photons m−2 s−1 at ambient air and

600 µmol photons m−2 s−1 with 2 % CO2 is identical, while the biofilm at low light

has less biomass with a higher peridinin concentration [% of dw]. Thus, the quality

of biomass in terms of peridinin concentration is higher when generated at a lower
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light intensity. Since not only the absolute peridinin amount per area is relevant, but

also the relative peridinin concentration, the low light conditions are favourable for

the production of peridinin.

4.3.3 Effect of temperature

As temperature has direct impact on cell metabolism and growth of microalgae the

effect on S. voratum in the TL PSBR was analysed. S. voratum has been reported to be

cold water adapted and optimal growth of the strain S. voratum rt-383 was determined

at 15 - 20°C [Jeong et al., 2014a]. However, this could not be verified in the immobilised

cultivation of S. voratum. The temperature optimum for the biofilm cultivated at

100 µmol photons m−2 s−1 and ambient air is at 25 °C (Fig. 3.18, Tab. 4.1), which might

be correlated to the fact that the temperature optimum increases with the amount

of applied light. The reduction of the growth rate above 28 °C in S. voratum is in

accordance to literature findings [McBride et al., 2009]. This effect has been associated

to an impairment of photosynthesis at high temperature [Iglesias-Prieto et al., 1992].

Table 4.1: Summary on the effect of temperature on biomass production PB of S. vo-
ratum biofilms grown at 100 µmol photons m−2 s−1 in bench-scale TL PSBR

Exp. T [°C] Medium PB [g m−2 d−1] R2

T 20.0 A12 2.5 0.94
L1 20.5 f/2 3.1 0.96
TS 21.5 A12 2.8 0.94
CA 22.4 A12 3.3 0.99
CF 23.0 f/2 3.3 0.98
L2 24.8 f/2 4.3 0.98
T 25 A12 4.9 0.94
T 32 A12 4.4 0.94

The difference of the temperature optimum could also be due to the different cultiva-

tion systems, since the cultivation as a biofilm enables the cells to adapt to conditions,

like high light exposure, which are benefical for the growth in suspension cultures.

However, it might also be a strain specific effect, since other Symbiodinium species,

among them tropical species of S. voratum, have been shown to have even higher
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optimal growth temperatures [McBride et al., 2009; Rogers and Davis, 2006]. Despite

having the highest biomass growth rate in the S. voratum biofilm at 25 °C, further

increase of the temperature to 32 °C enhances the maximal peridinin amount per area

[g m−2] by 13 % in comparison (Fig. 3.20 A, B). Similar results have been reported

for S. voratum were the highest chlorophyll a content is obtained at a temperature of

30 °C [McBride et al., 2009]. It was speculated that this shows a heat-adaptation of

the photosynthetic apparatus [McBride et al., 2009].

Overall the biomass productivity is strongly dependent on the applied temperature

(Tab. 4.1) andmaximal productivity in biomassPB is obtained at 25 °C, whilemaximal

peridinin concentration PP is recorded at 32 °C.

Due to the design of the temperature experiment the biofilms were pre-grown at

two light intensities, 100 and 600 µmol photons m−2 s−1, and after a growth pe-

riod of 12 days shifted in two setups to identical light and temperature condition

(Exp. T., section 3.5). The biofilm pre-grown at 600 µmol photons m−2 s−1 with

2 % CO2 (Fig. 4.2 A, open circles), contains a 20 % higher biomass amount per area

[g m−2 ] after the shift (d 14-32) in comparison to the biofilm cultured at lower light

(Fig. 4.2 A, closed circles). While this higher biomass amount is due to the previous

growth promoting conditions at 600 µmol photons m−2 s−1, the biomass productivity

after the shift is identical within the two biofilms. Thus it can be concluded, that the
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Figure 4.2: Biomass growth and peridinin accumulation in the S. voratum biofilm at 16 °C and
50 µmol photons m−2 s−1. Presented are the data from the biofilms pre-grown for 12 days at
either 100 µmol photons m−2 s−1 and ambient air (•) and 600 µmol photons m−2 s−1 with
2 % CO2 (◦). Mean ± SD, n=3 and linear regression is presented. PB = biomass productivity
in [g m−2 d−1], PP = peridinin productivity in [mg m−2 d−1]
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immobilized microalgae react with regard to biomass growth in a matter of days to

exposed conditions independent from the previous physiology of the biofilm.

Also the obtained peridinin amount per area from the biofilm pre-grown at different

light intensities are identical after the shift to 16 °C until day 20 (Fig. 4.2 B). It is further

visible that after 27 days the biofilm previously grown at high light is increasing in

peridinin per area [g m−2] again (Fig. 4.2 B, open circles). This could indicate a long

term adaptation of this thicker biofilm to the reduced light conditions. As a result

the peridinin productivities show little variation (Fig. 4.2). S. voratum biofilms shifted

from 100 and 600 µmol photons m−2 s−1 to 4 °C and 5 µmol photons m−2 s−1 show

the same behaviour in biomass accumulation (Fig. 3.18 E, 3.19 D).

4.3.4 Combination of biomass and peridinin productivity in a two-

step approach

As the growth of S. voratum is maximized at high light conditions while the peridinin

production increases under low light, the feasibility of a two-step approach shifting

from biomass growth to peridinin production was investigated. In the shift from

the growth to the peridinin enhancing phase a fast adaptation of the biofilm and a

strong decrease of the biomass growth rate is recorded (Fig. 3.23). From the obtained

biofilm cross sections the differentiation of the cells with respect to the peridinin

concentration is apparent (Fig. 3.27). While the constant growth phase (600 µmol pho-

tons m−2 s−1, 2 % CO2 ) reduces the peridinin content (Fig. 3.24 B, 3.27 F) and appears

light brown due to high input of photons and photo-inhibition, the dark colouration

of the biofilm at 100 µmol photons m−2 s−1 indicates the increase of the peridinin

concentration. By performing the shift from growth to peridinin phase the obtained

biofilm possesses small dark spots within the cell layers, which might be an indication

for the adaptation process (Fig. 3.27 I, white arrow). From the peridinin productivities

the most promising conditions for an maximal pigment production are a growth pro-

moting phase of two or four weeks before shifting to peridinin productive conditions

(Fig. 3.24 D, H). Taking the amount of energy, time and consumables into account,

the growth period of two weeks followed by two weeks of peridinin productive
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conditions is most efficient. However, an investigation of the long term peridinin

accumulation in the biofilm with a growth period of four weeks is necessary to draw

more conclusions.

By the application of a two-step approach with a growth phase of two weeks a maxi-

mal peridinin productivity of 51.4 mg m−2 d−1 was gained, which is the highest value

recorded in this thesis. The most efficient process for the peridinin production is to

harvest the biomass after a duration of 24 days, since at this time point the highest

increase of peridinin has been gained with the lowest input of time and resources

(Fig. 3.25 B). A similar behaviour has been described for the microalgae Haematococ-

cus pluvialis, in which nutrient stress has been shown to trigger the production of

the carotenoid astaxanthin after a previous growth phase at full strength medium

[Kiperstok, 2016]. In contrast to S. voratum and peridinin the maximal biomass and

pigment production in the Haematococcus pluvialis can be generated simultaneously at

high light [Kiperstok, 2016], since astaxanthin is a photo protective pigment [Hagen

et al., 1993].

4.3.5 Media application in up-scale cultivation systems

As culture media strongly affect the growth of microalgae six different media have

been investigated upon their biomass and peridinin productivity (section 3.7). In

general the cultivation of marine microalgae are operated with standard media like

f/2 [Wang et al., 2015; Spector, 1984], since this medium has a simple composition and

is therefore very cost efficient. In contrast ASP 12 is a cultivation medium optimized

for the cultivation of marine microalgae with focus on reproducibility and long time

usage, as consequence the principle components of this medium are cost intensive.

Since S. voratum is a marine organism the application of seawater is an easy and cost

efficient way to maintain the microalgae in a larger cultivation scale. The highest

growth rate of S. voratum in the media experiment was obtained in the media based

on natural seawater (Fig. 3.28 C, D, E). In the application of fertiliser-based seawater

medium SW3 (Fig. 3.28 F) growth ceases after two weeks. The nitrogen source of

the media is solely urea, which promoted bacteria growth stronger than the algae
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biomass production and does not seem to be suitable for S. voratum. At the end of

the experiment the biomass was covered by a white top layer. The highest peridinin

productivity of 45.7 mg m−2 d−1 was recorded in the most complex medium con-

taining natural seawater and all ASP 12 stocks. The increase could be caused by the

higher amount of trace metals in the marine medium, which have been shown to be

beneficial for dinoflagellate growth [Spector, 1984; Anderson, 1978].

Since it has been recorded that ammonium can enhance the growth of dinoflagellates

[Fuchinoue et al., 2012; Varkitzi et al., 2010; Fiore et al., 2010], the effect of the different

nitrogen sources on the productivity of biomass and peridinin in S. voratum should

be further investigated.

4.4 Conclusions from the optimisation of S. voratum in

the bench-scale Twin-Layer PSBR

The optimisation of growth in the S. voratum biofilm was initially performed by

the investigation of light and CO2. Thereby an optimal biomass productivity of

7.8 g m−2 d−1 at a light intensity of 600 µmol photons m−2 s−1 and 2 % CO2 with the

application of ASP 12 medium was determined. The optimisation of the bench-scale

TL system for S. voratum could be further performed with regard to the composition

of the Twin-Layer. While it has been determined, that the utilisation of different

materials does not have an influence on the biomass growth at a light intensities

of 200 µmol photons m−2 s−1 and 2 % CO2 [Solbach, 2016]. Findings by [Benstein

et al., 2014] indicate a further enhancement of biomass production by application of

the high quality material polycarbonate. By the growth on a bench-scale TL system

with polycarbonate as substrate layer a biomass productivity of 11 g m−2 d−1 at

400 µmol photons m−2 s−1 and 2 % CO2 was determined. It becomes apparent that

at higher light intensities with the application of CO2 the performance of the paper

substrate layer is not optimal. An explanation could be, that the thicker formed biofilm

requires a higher diffusion of nutrients and CO2 input through the substrate layer to

the biofilm. Since paper is cellulose based and does not guarantee a certain pore size,
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it is mostly not optimal for the application of high light and CO2. By extrapolating

the results from [Benstein et al., 2014] in the polycarbonate Twin-Layer the maximal

growth rate of S. voratum would be 12.1g m−2 d−1 at 600 µmol photons m−2 s−1.

In comparison to the fast growing green algae Haematococcus pluvialis the maximal

biomass productivity of S. voratum is 36 % lower in the TL PSBR [Kiperstok, 2016].

However, in this thesis a highermaximal biomass yield of 304.8 gm−2 in S. voratum has

been recorded (Fig. 3.23 B). With regard to the known challenges in the cultivation of

dinoflagellates due to their fragility and growth limitation [Beuzenberg et al., 2011],

the growth of S. voratum on the Twin-Layer PSBR was comparable with currently

commercially grown algae. Additionally, maximal productivity was reached at high

light conditions, in contrast to the previous recorded low light adaptation of the free

living Symbiodinium and dinoflagellates in general [Richardson et al., 1983; Fuchinoue

et al., 2012].

From the investigation of light and CO2 it was concluded, that the low light and

ambient air were favourable for the peridinin concentration and production. The

application of the two standard media f/2 and ASP 12 at these low light conditions

generate pigment productivities of 27.5 ± 3.6 g m−2 d−1 (Exp. L1 - CF; Tab. 4.2) and

29.9 ± 7.1 g m−2 d−1 (Exp. CA, TS, T; Tab. 4.2), which are not significantly different.

In the further optimisation process in S. voratum an increase in peridinin production

by temperature, medium complexity and a stepwise cultivation approach have been

recorded (Tab. 4.2).

The maximal peridinin productivity recorded in this thesis was 51.4 mg m−2 d−1 ,

which was achieved by the application of the two-step approach. This represent

a 115 % increase in comparison to previously recorded data in a complete paper-

based TL PSBR [Benstein et al., 2014] and an 86 % increase in comparison to the data

recorded for 100 µmol photons m−2 s−1, ambient air and f/2 in this thesis (Tab. 4.2).

For future investigations a potent approach would be the combination of peridinin

promoting factors, like high temperatures, medium based on natural seawater and

the two-step approach.
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Table 4.2: Summary on peridinin productivity of S. voratum PP [g m−2 d−1] in the
bench-scale TL PSBR

Exp. PP [g m−2 d−1] SD R2 PI1 [g m−2 ] Light T [°C] Medium

L2 0.0237 0.0039 0.95 0.057 100 24.8 f/2
T 0.0238 0.0029 0.94 0.069 100 20.0 A12
D 0.0282 0.0005 0.99 0.065 100 21.3 f/2
TS 0.0280 0.0023 0.96 0.012 100 21.5 A12
L1 0.0307 0.0030 0.98 0.023 100 20.5 f/2
CA 0.0377 0.0029 0.95 0.084 100 22.4 A12
T 0.0401 0.0030 0.98 0.069 100 25 A12
T 0.0424 0.0083 0.90 0.069 100 32 A12
TS 0.0456 0.0161 0.90 0.012 Sh4 23 A12
M 0.0457 0.0018 0.98 0.029 100 23.4 SW2
TS 0.0514 0.0063 0.97 0.012 Sh2 22.5 A12

PI1 = Peridinin amount of the inoculum; Sh2 = Biofilm shifted after two weeks at 600 mol to
100 µmol photons m−2 s−1; Sh4 = shift after four weeks at 600 mol to 100 mol

With respect to the peridinin concentration [%] it seems that the optimization of the

cultivation conditions of S. voratum can further be improved, since other dinoflag-

ellates have been reported to obtain a total carotenoid content of 0.7 - 3.3 % of dry

matter [Johansen et al., 1974]. In this regard, a promising approach for the increase of

the peridinin content are light conditions around 15 - 25 µmol photons m−2 s−1 which

have been recorded to gain the highest peridinin content of 1.7-1.8 % [of dw] ([Ben-

stein et al., 2014], Fig. 3.4 A). Furthermore the pigment concentration within the

biofilm might be limited to a certain value by a light intensity, since the peridinin

concentration at 100 µmol photons m−2 s−1 is maximal around 1.2 % [of dw] and

decreases after this threshold (Fig. 3.12 A; 3.24 A; 3.29 A, C).

4.5 Up-scaling of the S. voratum cultivation in the Twin-

Layer PSBR

As the mass production of microalgae is not feasible in bench-scale TL systems,

more industry compatible up-scale systems have been investigated regarding their
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capability to cultivate S. voratum and subsequently peridinin production. In the

application of the up-scale TL PSBR it was shown that the dinoflagellate S. voratum is

able to grow on vertical and horizontal systems (Section 3.8.1, 3.8.2). Due to its easy

handling and biomass as well as peridinin production rates as high as in the bench-

scale TL experiments, the horizontal up-scale fleece-based TL PSBR proved to be the

current optimum for the cultivation of S. voratum (Tab. 3.1). This reproducibility of

laboratory scale experiments has rarely been reported for a dinoflagellate culture in

general and is described for the first time in a immobilised cultivation system.

This might be due to the fact, that all previous described cultivation systems have

been relying on suspension. In which the up-scaling of dinoflagellate cultures in

liquid cultivation systems has not been reported to exceed a volume of 15 L [Camacho

et al., 2011]. For the production of very sensitive dinoflagellates the application of

suspension cultures requires high input of effort, energy and time. For example in

order to gain 1.5 mg of the biomedical interesting product, gymnocin-A, over 1000 L

of suspension culture had to be grown in 2 L flasks [Satake et al., 2002]. The challenge

in up-scaling a cultivation system in suspension is that in a shift from Erlenmeyer

flasks to open ponds and suspension PBR, a multitude of factors are altered. The

setup of the system changes with respect to light penetration, due to the depth of the

pond, and to shear forces, associated to the stirring and aeration of the large algae

culture. In addition the temperature control in an open pond has been proven to be

difficult, since such a large water body is an inert mass [Slegers et al., 2013].

Due to the two dimensional enlargement of the Twin-Layer in an up-scale, no alter-

ations in gas exchange or light penetration of the biofilm are performed. This feature

is highlighted by the shown reproduction of the bench-scale experiments with the

horizontal up-scale TL PSBR. The remaining challenge of the Twin-Layer up-scaling

is to ensure the small scale conditions, e.g. sufficient media supply in the source layer,

which has been shown to be controllable by choosing the correct material.
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4.5.1 Comparison of the applied materials in the up-scale cultiva-

tion of S. voratum on Twin-Layer PSBR systems

Even tough the up-scaling of the Twin-Layer technology has been successful in the

cultivation of S. voratum, the application of different materials has a great effect on

culture performance of S. voratum with regard to biomass and peridinin productivity.

While the biggest advantage of paper is the lowproduction cost, drawbacks in the large

scale application were detected. Unfortunately, the paper substrate layer tends to de-

tach and form an uneven surface, as reported here and by [Benstein et al., 2014]. In the

affected areas themedium supply can no longer bemaintained and the corresponding

spots dry out, along with the affected biofilm (Section 3.8.1, Fig. 3.31 B, black arrow).

Furthermore, fungal growth on the backside of the vertical module was detected. It

has to be noted, that the affected backside was not inoculated with algae and there-

fore a prone source for contamination. In a TL system with a uniform and complete

inoculated growth area these type of contaminations can be avoided. With regard to

the attachment of the paper more research on the Twin-Layer composition is needed

to improve the TL PSBR performance. Therefore the vertical up-scale TL reactor has

been shown to be less productive than in bench-scale at the same light intensity. An

additional reason might be the high temperature (max. 38 °C) in the green house

during the experiment. Also in the paper-based horizontal up-scale TL PSBR the

performance was not optimal, since the top samples match to the control bench-scale

experiments, while the middle and bottom grew not as well (Fig. 3.32). This correlates

to the technical setup of the Twin-Layer system, which supplies the medium from

the top of the module and can therefore be a cause for insufficient growth conditions

at the lower part. In comparison to the bench-scale experiments, a 4-fold decrease

in peridinin productivity was determined. This effect is most likely caused by the

non optimal cultivation conditions and a high initial irradiation of the system in the

outdoor greenhouse.

An improvement over the usage of paper was the utilisation of fleece, which was

shown to be less prone to detachments and dessication (Fig. 3.37). Until the end of the
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experiment the surface of the S. voratum biofilm remained smooth and even though

minor detachments of the substrate layer (Fig. 3.37 C) were observed, the overlying

biofilm was not affected. Due to the hydrophilic nature of the used fleece material,

further improvements were achieved, using fleece material without the traditional

glass fibre source layer. S. voratum grown on the horizontal TL PSBR composed of

fleece and grid appeared to be more moist and was easier to harvest (Fig. 3.37 D). In

the TL PSBR with the glass fibre the biofilm is tightly bound to the fleece and had to

be removed by wetting the spatula prior to the scrapping off. A further advantage of

the fleece-based TL system is the low risk of contamination which is a prerequisite

for a stable biomass production. The major drawback of the fleece-based TL PSBR is

the harvesting of the biofilm, since the fibres on the fleece surface tend to stick to the

removed biomass, which hinders a mechanical harvesting process. However, for the

peridinin extraction of the biomass samples the fleece material did not interfere with

the extraction procedure. With regard to the growth of the dinoflagellate biofilm

the fleece-based up-scale TL PSBR gave the most profound correlation to the control

bench-scale data. Furthermore the deviation of the sample location is negligible

which is an indicator for a evenly supplied biofilm. The growth of the system even

slightly enhances in comparison to the bench-scale experiments, which underlines its

commercial potential for effective mass cultivation.

4.5.2 Market potential of peridinin

Since it is known that dinoflagellates either possess peridinin or fucoxanthin as

main carotenoid and it has been proposed that the pigments share the same origin

in the synthesis pathway [Haxo et al., 1976; Yoon et al., 2002; Maeda et al., 2005;

Abdel-Raouf et al., 2012; Lee et al., 2013], fucoxanthin was considered for a further

comparison. With regard to fucoxanthin it can be illustrated, that the popularity

and demand of a carotenoid is strongly bound to its production and availability.

The carotenoid fucoxanthin has been found to have anti-carcinogenic, anti-obesity,

and anti-inflammatory properties and is traditionally isolated from macroalgae, like

Sargassum fulvellum and Undaria pinnatifida [D’Orazio et al., 2012; Mise et al., 2011;
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Maeda et al., 2005]. Thus it was easy to obtain and fucoxanthin became available

for the market. Currently fucoxanthin is applied as food additive or dietary product

[Abidov et al., 2010; Peng et al., 2011; Rengarajan et al., 2013]. With the higher demand

for fucoxanthin the research for alternative sources increased, since it is not possible

to control and maximise the production via macroalgae. In addition the extraction of

fucoxanthin from these rigidmacroalgae is challenging anddue to the low fucoxanthin

content not optimal [Kanda et al., 2014].

Therefore the production of fucoxanthin is currently investigated in microalgae cul-

tures. The focus is put on diatoms, which contain naturally 2.24 to 21.67 mg g [dw] −1

fucoxanthin [Foo et al., 2015; Xia et al., 2013]. This is up to 20 times higher than

in macroalgae [Jaswir et al., 2012; Gómez-Loredo et al., 2015]. The fucoxanthin

productivity of the cultivation systems is around 5.5 - 7.96 mg L−1 d−1 [Guo et al.,

2016; Xia et al., 2013]. The gained peridinin content of 10 mg g [dw] −1 (Fig. 3.24)

in the two-step approach in S. voratum is similar to the average fucoxanthin con-

tent (11 mg g [dw] −1) of diatoms [Gómez-Loredo et al., 2015; Kim et al., 2012; Xia

et al., 2013]. In Chaetoceros calcitrans 7.13 ± 0.01 mg g [dw] −1 [Foo et al., 2015] were

recorded and 15.7 mg g [dw] −1 was determined in Phaeodactylum tricornutum [Kim

et al., 2012]. However, no production rate for these species were recorded. P. tricor-

nutum grown in a TL PSBR at 70 µmol photons m−2 s−1 generated a productivity of

1.8 g m−2 d−1 [Naumann et al., 2013], which is 40 % lower than the biomass growth

rate recorded at 70 µmol photons m−2 s−1 (2.6 - 3.3 gm−2 d−1) for S. voratum (Fig. 3.1 C,

3.3 C). In an immobilised "attached cultivation bioreactor" applying Trentepohlia arbo-

rum a carotenoid productivity of 67.7 mg m−2 d−1 was recorded [Cheng et al., 2015],

considering that it is a total of all carotenoids it is similar to the maximal productivity

of 51.4 mg m−2 d−1 obtained for peridinin in this thesis (Fig. 3.24 D). With respect

to the functionality of the two pigments, peridinin has even been described to have

stronger anti-oxidant and anti-inflammatory properties than fucoxanthin [Onodera

et al., 2014].

As it was observed in the application of fucoxanthin, the market size of peridinin,

as anti-oxidant, anti-cancerous and anti-inflammatory agent or for S. voratum, in
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aquaculture, is very likely to grow immensely with the availability of the product.

With successful biotechnological application of other microalgae like the astaxan-

thin producing Haematococcus pluvialis, it has been possible to generate a market of

400 million US $ in 2014 which is still growing [BBC Research, 2015].

4.5.3 Biotechnological application of S. voratum

For S. voratum two potential biotechnological applications are very promising.

First scenario is the production of smaller amounts of biomass for the extraction

of high value products, while the second scenario is focused on the mass cultivation

of biomass for applications in aquaculture and food supplements.

Next to peridinin, S. voratum has been described to contain a variety of products with

application in medicine (i.e. symbioimine), cosmetics (i.e. mycosporine-like amino

acids) and biomedical research (i.e perdinin-chlorophyll a-protein complexes (PCPs)).

For the biotechnological production of these components the aim of this scenario

would be to produce biomass from which the desirable products can be extracted

and purified. To ensure a stable system performance a high quality material has to be

applied. If the fleece material is further improved with respect to the surface structure

it would be well suited. With regard to the production of peridinin a feasible biomass

growth with maximal peridinin concentration [% of dw] would be optimal. Form

the optimization process the growth at 100 µmol photons m−2 s−1, ambient air and

25 °C or the application of two-step approach with a two week growth phase, at

600 µmol photons m−2 s−1 and 2 % CO2 and subsequently peridinin enhancement of

two weeks should be applied.

Most suitable for the cultivation at low light would be a vertical TL PSBR, which

has a high surface productivity in relation to the needed footprint area due to the

small distance of the vertical "sheet-like" modules [Schultze et al., 2015]. For the

application of the two-step approach the vertical system is also well suited, since the

required shift from high to low light can easily be obtained by altering the distance

of the vertical modules. In general the TL PSBR should be completely monitored
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with regard to temperature, light intensity and humidity in order to ensure the high

quality of the products.

For the second scenario S. voratum would be applied in aquaculture or as a food sup-

plement. Since the focuswould lie on a fast production of biomass on a larger scale,the

growth promoting conditions of 600 µmol photons m−2 s−1, and 2 % CO2 should be

applied. It would be advisable to grow the biofilm on the horizontal TL-PSBR due

to the simplified technical design and the high light diffusion of the system. With

respect to the material paper represents a very cost-efficent material, but further

investigation in the Twin-Layer composition is needed to ensure uniform culture

conditions and to minimize the detachment of the substrate layer.

Most promising for the commercial application of S. voratum is farming of bivalves,

since dinoflagellates have been described to meet the nutritional requirements of the

mussels [Budge et al., 2001], and are a potential food source for oysters [Hata and

Hata, 1982]. Also possible is the application of dinoflagellates in larvae feed for fish

hatcheries [Rodriguez and Hirayama, 1997]. If a higher peridinin concentration [% of

dw] of the biomass is wanted the two-step cultivationwith twoweeks of growth phase

and two weeks for peridinin enhancement should be performed. To further enhance

the quality of the S. voratum biomass the optimization of the fatty acid production

has to be studied closer.

4.6 Spectral reconstruction as photospectrometric

method for peridinin analysis

The advantage of a photometer basedmethod is that it is less time and cost consuming

and allows high throughput applications. In order to test the established method of

spectral reconstruction spectra of 100 samples were analysed photospectrometrically

and for comparison their perdidin concentration was determined by HPLC. In total

an overestimation of 20% has been determined from the correlation of the obtained

results (Fig. 3.38). The detected deviation of the linear fit is probably due to a system-

atic error, since it is consistently present in the majority of the 100 applied samples. A
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possible reason could be that the spectra diadinoxanthin and dinoxanthin, which are

present in minor amounts within dinoflagellates [Johansen et al., 1974], have not been

taken into account. Due to the low concentration of the pigments in the dinoflagellate

S. voratum a sufficient isolation via TLC has not been successful. As improvement for

the method the separation of diadinoxanthin and dinoxanthin should be performed

by an accordingly equipped HPLC.
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5 Conclusions and Outlook

In the present study the advantages of the immobilised cultivation of dinoflagellates

on the TL PSBR have been demonstrated. While the highest biomass productivity of

S. voratumwas determined at high light and additional CO2, peridinin productionwas

highest at low light and ambient air. Even during long term cultivation of S. voratum on

bench- and up-scale TL systems no saturation of growth and therefore very high

biomass yields were obtained. To better understand the performance of S. voratum in

the TL system a detailed study of light penetration and photosynthetic activity in the

immobilised culture by microsensor measurements have to be performed.

From the optimisation of the peridinin productivity in the biofilm of S. voratum the

most favourable conditions were low light, high temperature, no additional CO2 and

a complex medium. However, the maximal production rate was obtained in the

application of a two-step cultivation process which combined the enhancement of

biomass and peridinin accumulation. A further optimisation of peridinin production

should focus on the combination of the found peridinin promoting factors. Overall

more basic research on the synthesis pathways of peridinin in dinoflagellates is

essential to identify and enhance this cellular process.

Next to optimisation with regard to light, CO2, temperature and medium the biomass

and peridinin production was found to be interchangeable to up-scale TL systems.

This reproducibility of laboratory scale experiments has rarely been reported for a

dinoflagellate culture in general and is described for the first time in a immobilised

cultivation system. The highest production rates of biomass and peridinin were

achieved by the application of a horizontal fleece-based TL PSBR. For an elaborated

analysis on the feasibility of the biomass and peridinin production in S. voratum with

regard to energy and cost input the performance of a large scale pilot reactor at

natural light conditions has to be investigated. To enable the commercial cultivation
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of S. voratum in aquaculture an analysis of the fatty acid composition and production

on the TL PSBR is crucial.

In this thesis also a photospectrometric method for a fast and reliable analysis of

peridinin was established. By a further improvement of the spectrum acquisition the

method could be applied for the simultaneous determination of all pigments present

in S. voratum. Thereby more profound conclusions on the biofilm physiology and

adaptation of immobilised cells within the dinoflagellate culture could be made.
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6 Appendix

Python Script for the spectral reconstruction method

import csv

import pylab

import os

import sc ipy . optimize

# d e f i n i t i o n s o f f u n c t i o n s

def readfile_num ( filename , cols , head , foo t ) :

# head g i v e s t h e number o f h e a d l i n e s and f o o t number o f f o o t l i n e s

z i e l d a t e i =open ( f i lename , ’ rb ’ )

reader = csv . reader ( z i e l d a t e i , de l im i t e r="\ t " )

rows = [ row for row in reader ]

rows = f i l t e r ( lambda x : len ( x ) == cols , rows )

numericrows =[ ]

for i in range ( head , len ( rows )−foo t ) :

numericrows . append ( rows [ i ] )

Data = [ [ f l o a t ( row[ co l ] ) for row in numericrows ] for co l in range (

co l s ) ]

z i e l d a t e i . c l o se ( )

return Data

def read_header ( fi lename , cols , head ) :

z i e l d a t e i =open ( f i lename , ’ rb ’ )

reader = csv . reader ( z i e l d a t e i , de l im i t e r="\ t " )
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rows = [ row for row in reader ]

header = [ ]

for i in range ( head ) :

header += [ rows [ i ] ]

Data = [ [ s t r ( row[ co l ] ) for row in header ] for co l in range ( co l s ) ]

z i e l d a t e i . c l o se ( )

return Data

# d e f i n i t i o n o f s i z e and c o l o r o f f i g u r e s

phi = (1+ pylab . sq r t ( 5 ) ) /2

padrat io = 1 .03

f i g s i z e _ fu l l _doub l e = [32/2 . 54 , 16/phi /2.54∗ padrat io ]

a x r e c t _ f u l l _ l e f t = [ 0 . 1 , 0 . 2 2 , 0 . 375 , 0 .75/ padrat io ]

a x r e c t _ f u l l _ r i g h t = [ 0 . 6 , 0 . 2 2 , 0 . 3 75 , 0 .75/ padrat io ]

rainbow=[ ’ black ’ , ’ red ’ , ’ green ’ , ’ red ’ , ’ orange ’ ]

# h e r e s t a r t s t h e a c t u a l s c r i p t

# impor t o f d a t a

path_ to ta l spec= "> In s e r t ␣path␣name␣here<"

f i l ename_ to ta l spec = "> In s e r t ␣ f i l e ␣name␣here<" #Name o f t h e f i l e

c o n t a i n i n g t h e t o t a l Spectrum t h a t shou ld be an l y s e d

t o t a l spe c = readfile_num ( pa th_ to ta l spec+f i l ename_to ta l spec , 101 , 7 ,

0 ) # l o a d s t h e f i l e , l a s t numbers a r e : number o f columns , number

o f h e a d e r l i n e s , number o f f o o t e r l i n e s

to ta l spec_head = read_header ( pa th_ to ta l spec+f i l ename_to ta l spec ,

101 , 7 )

Row_HPLC_result=1

Row_real_name=5

path_s inglespec="> In s e r t ␣path␣name␣here<"
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f i l ename_s ing lespec = "> In s e r t ␣ f i l e ␣name␣here<" #Name o f t h e f i l e

c o n t a i n i n g t h e s i n g l e s p e c t r a t h a t a r e used f o r f i t t i n g t h e

t o t a l spec t rum

singlespec_temp = readfile_num ( path_s inglespec+f i lename_s inglespec ,

5 , 2 , 0 ) # l o a d s t h e f i l e , l a s t numbers a r e : number o f columns ,

number o f h e a d e r l i n e s , number o f f o o t e r l i n e s

s inglespec_head = read_header ( path_s inglespec+f i lename_s inglespec ,

5 , 2 )

s ing le_400=singlespec_temp [ 0 ] . index ( 400 )

Beschreibung=f i l ename_ to ta l spec [ :−4]+ "> In s e r t ␣ desc r ip t i on ␣here<"

Outputfolder="> In s e r t ␣path␣name␣here<"+Beschreibung+"\␣ "

i f not os . path . e x i s t s ( Outputfolder ) :

os . makedirs ( Outputfolder )

s ing lespec=singlespec_temp

Col_s = [1 , 2 , 4 ] #Column o f t h e s i n g l e s p e c t r a , t h a t s h ou ld be used

f o r f i t t i n g t h e t o t a l spec t rum ( In column 0 a r e t h e wave l eng th )

Pos_per=2 #Gives t h e p o s i t i o n o f P e r i d i n i n in Co l_s

Col_chl_a=3 #Column o f Chl . a

#a qu i c k c h e c k whe the r t h e wav e l eng th s o f t h e f i l e s a r e t h e same

i f t o t a l spe c [ 0 ] ! = s ing le spec [ 0 ] :

import sys

sys . e x i t ( " Error , ␣Wavelength␣of ␣ " + f i l ename_ to ta l spec + " ␣and␣ " +

f i l ename_s ing lespec+ " ␣ are ␣not␣ the ␣same" )

Absorption_data =[ " Sample " , "Name" , " Di lu t ion ␣ f a c t o r " ]

Absorption_index =[ ]

for i in Col_s :

Absorption_data=Absorption_data +[ s inglespec_head [ i ] [ 0 ] + " _ "+

singlespec_head [ i ] [ 1 ] ]
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Absorption_index=Absorption_index +[ s ing le spec [ 0 ] . index ( in t (

s inglespec_head [ i ] [ 1 ] ) ) ]

Absorption_data=Absorption_data +[ " Per idin in_content_Photo " , "

Peridinin_content_HPLC " ]

Absorption_data = [ Absorption_data ]

Per_con_Photo =[ ]

Per_con_Hplc = [ ]

#De f in ing f i t and e r r o r f u n c t i o n f o r t h e f i t t i n g o f a l l s p e c t r a

a p a r t from Chl . a

def f i t f u n c ( x , p ) :

ind=s ing lespec [ 0 ] . index ( x )

y=s ing lespec [ Col_chl_a ] [ ind ]∗ p_ f i t 2 [ 0 ]

for i in range ( len ( Col_s ) ) :

y += s ing lespec [ Col_s [ i ] ] [ ind ]∗p [ i ]

return y

def f eh l e r func (p , xx , yy ) :

f eh l e r = [ y − f i t f u n c ( x , p ) for x , y in zip ( xx , yy ) ]

# f e h l e r = f e h l e r + ( p [3]−0) ∗1000000

for i in range ( len (p ) ) :

i f p[ i ] <0 :

f eh l e r = f eh l e r + (0−p[ i ] ) ∗1000000

return f eh l e r

#De f in ing f i t and e r r o r f u n c t i o n f o r f i t t i n g on ly Chl . a

def f i t f un c 2 ( x , p ) :

ind=s ing lespec [ 0 ] . index ( x )

y=s ing lespec [ Col_chl_a ] [ ind ]∗p [ 0 ]

return y

def f eh l e r func2 (p , xx , yy ) :
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f eh l e r = [ y − f i t f un c 2 ( x , p ) for x , y in zip ( xx , yy ) ]

return f eh l e r

#Here s t a r t t h e l o o p t o c a l c u l a t e t h e b e s t f i t f o r e v e r y spec t rum

for j in range ( 1 , len ( t o t a l spe c ) , 1 ) :

Col_t= j #Column o f t h e t o t a l spec t rum ( In column 0 a r e t h e

wave l eng th )

f i t x 2 = to t a l spe c [ 0 ] [ t o t a l spe c [ 0 ] . index ( 660 ) : t o t a l spe c [ 0 ] . index ( 675 ) ]

#De f in ing t h e f i t t e d r eg ime o f Chl . a from 660−675

f i t y 2 = to t a l spe c [ Col_t ] [ t o t a l spe c [ 0 ] . index ( 660 ) : t o t a l spe c [ 0 ] . index

( 675 ) ]

p0_2 =[1 ]

# t h e f i t t i n g o f Chl . a :

p_f i t 2 , cov2 , info2 , mesg2 , i e r = sc ipy . optimize . l e a s t s q (

feh ler func2 , p0_2 , args = ( f i t x 2 , f i t y 2 ) , fu l l _ou tput =1)

f i t x = t o t a l sp e c [ 0 ] [ t o t a l sp e c [ 0 ] . index ( 400 ) : t o t a l spe c [ 0 ] . index ( 550 ) ] #

De f in ing t h e f i t t e d r eg ime o f a l l o t h e r p igments from 400−550

f i t y = t o t a l sp e c [ Col_t ] [ t o t a l sp e c [ 0 ] . index ( 400 ) : t o t a l spe c [ 0 ] . index

( 550 ) ]

p0 =[ ] # p0 c o n t a i n s t h e s t a r t v a l u e s f o r t h e f i t t i n g

for i in range ( len ( Col_s ) ) :

p0=p0+[1 ] # t h i s s e t s t h e s t a r t v a l u e f o r a l l s p e c t r a

t o 1

# t h e f i t t i n g o f a l l o t h e r s p e c t r a :

p_ f i t , cov , info , mesg , i e r = sc ipy . optimize . l e a s t s q ( feh ler func , p0

, args = ( f i t x , f i t y ) , fu l l _ou tput =1)

d i l u t i on_ f a c t o r= f l o a t ( to ta l spec_head [ Col_t ] [ 2 ] ) +1

Absorption_temp=[ tota lspec_head [ Col_t ] [ 0 ] , to ta l spec_head [ Col_t ] [

Row_real_name ] , to ta l spec_head [ Col_t ] [ 2 ] ]
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for l in range ( len ( Col_s ) ) :

Absorption_temp= Absorption_temp + [ d i l u t i on_ f a c t o r ∗ p _ f i t [ l ] ∗

s ing lespec [ Col_s [ l ] ] [ Absorption_index [ l ] ] ]

Absorption_temp= Absorption_temp + [ d i l u t i on_ f a c t o r ∗ p _ f i t [ l ] ∗

s ing lespec [ Col_s [ Pos_per ] ] [ Absorption_index [ Pos_per ] ] ∗1E6

/(1360∗100) ]

Absorption_temp= Absorption_temp + [ tota l spec_head [ Col_t ] [

Row_HPLC_result ] ]

Per_con_Photo=Per_con_Photo +[ d i l u t i on_ f a c t o r ∗ p _ f i t [ l ] ∗ s ing lespec [

Col_s [ Pos_per ] ] [ Absorption_index [ Pos_per ] ] ∗1E6/(1360∗100) ]

Per_con_Hplc=Per_con_Hplc +[ to ta l spec_head [ Col_t ] [ Row_HPLC_result ] ]

Absorption_data = Absorption_data +[Absorption_temp ]

y _ f i t = [ f i t f u n c ( x , p _ f i t ) for x in t o t a l spe c [ 0 ] ] # c r e a t e s t h e

f i t t e d spec t rum us ing t h e f i t p a r am e t e r p _ f i t and t h e s i n g l e

s p e c t r a

Output f i l e=Outputfolder+ tota l spec_head [ Col_t ] [ 0 ] + ’ . pdf ’ #name o f

Oupu t f i l e

# c r e a t i n g t h e f i r s t f i g u r e with t h e s i n g l e s p e c t r a

f i g = pylab . f i gure ( f i g s i z e = f i g s i z e _ fu l l _doub l e )

ax = f i g . add_axes ( a x r e c t _ f u l l _ l e f t )

ax . s e t _ x l ab e l ( r "Wavelength␣/␣nm" )

ax . s e t _y l abe l ( r " Absorbance " )

ax . se t_axisbe low ( True )

s i ng l e r e su l t sp e c=s ing le spec

for j in range ( len ( s ing le spec [ 0 ] ) ) :

s i ng l e r e su l t sp e c [ Col_chl_a ] [ j ]= s ing le spec [ Col_chl_a ] [ j ] ∗ p _ f i t 2 [ 0 ]

for i in range ( len ( Col_s ) ) :

s i ng l e r e su l t sp e c [ Col_s [ i ] ] [ j ]= s ing le spec [ Col_s [ i ] ] [ j ] ∗ p _ f i t [ i ]

for i in Col_s :
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ax . p lo t ( s ing le spec [ 0 ] , s i ng l e r e su l t sp e c [ i ] , l i n e s t y l e ="−" , lw=2 ,

marker=" " , co lo r= rainbow [ i%len ( rainbow ) ] , markersize = 2 , l a b e l=

singlespec_head [ i ] [ 0 ] )

ax . p lo t ( s ing le spec [ 0 ] , s i ng l e r e su l t sp e c [ Col_chl_a ] , l i n e s t y l e ="−" ,

lw=2 ,marker=" " , c= (23/255 , 156/255 , 125/255) , markersize = 2 ,

l a b e l= singlespec_head [ Col_chl_a ] [ 0 ] )

ax . se t_yl im ( 0 , )

# c r e a t i n g t h e s e c ond f i g u r e with t h e f u l l spec t rum and t h e r e s u l t

o f t h e f i t

ax2 = f i g . add_axes ( a x r e c t _ f u l l _ r i g h t )

ax2 . p lo t ( t o t a l sp e c [ 0 ] , t o t a l sp e c [ Col_t ] , l i n e s t y l e ="−" , lw=2 ,marker

=" " , co lo r= ’ green ’ , markersize = 2 , l a b e l= tota l spec_head [ Col_t

] [ 0 ] )

ax2 . p lo t ( t o t a l sp e c [ 0 ] , y _ f i t , l i n e s t y l e ="−" , lw=2 ,marker=" " , co lo r=

’ red ’ , markersize = 2 , l a b e l= ’ F i t ’ )

ax2 . s e t _ x l a b e l ( r "Wavelength␣/␣nm" )

ax2 . s e t _y l abe l ( r " Absorbance " )

ax2 . se t_axisbe low ( True )

ax2 . se t_yl im ( 0 , )

ax . legend ( loc= ’ upper␣ r i gh t ’ ) # , b o r d e r a x e s p a d =0 . , numpoints = 1 )

ax2 . legend ( loc= ’ upper␣ r i gh t ’ ) # , b o r d e r a x e s p a d =0 . , numpoints = )

# s av ing and showing t h e f i g u r e s

pylab . save f ig ( Output f i l e )

os . s t a r t f i l e ( Output f i l e )

# Saving t h e d a t a

Output f i l e=Outputfolder + Beschreibung + ’ . t x t ’

opened= open ( ( Output f i l e ) , ’wb ’ )

r e su l t sw r i t e r = csv . wr i t e r ( opened , de l im i t e r= ’\ t ’ , quotechar= ’| ’ ,

quoting=csv .QUOTE_MINIMAL)

for ind in range ( len ( Absorption_data ) ) :
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r e su l t sw r i t e r . writerow ( Absorption_data [ ind ] )

opened . c l o se ( )

os . s t a r t f i l e ( Output f i l e )

Output f i l e=Outputfolder + Beschreibung + ’ . pdf ’

f i g s i z e _ f u l l = [16/2 . 54 , 16/phi /2 .54 ]

a x r e c t _ f u l l = [ 0 . 1 5 , 0 . 1 5 , 0 . 7 , 0 . 7 ]

f i g = pylab . f i gure ( f i g s i z e = f i g s i z e _ f u l l )

ax = f i g . add_axes ( a x r e c t _ f u l l )

ax . p lo t ( Per_con_Hplc , Per_con_Photo , l i n e s t y l e =" " , lw=2 ,marker="o " ,

co lo r= ’ orange ’ , markersize = 4 , l a b e l= " Per id in in ␣ concent ra t ion

" )

ax . s e t _ x l ab e l ( r " Per id in in ␣measured␣with␣HPLC" )

ax . s e t _y l abe l ( r " Per id in in ␣measured␣ Photometr i ca l ly " )

ax . se t_axisbe low ( True )

pylab . save f ig ( Output f i l e )

os . s t a r t f i l e ( Output f i l e )
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