
 

 

 

Biotechnological Production 

 of Carotenoids by Aquatic Microorganisms 
 

 

 

 

 

 

 

 

Dissertation 
 

in fulfilment of the requirements for the degree of Dr. rer. nat. 

of the Faculty of Mathematics and Natural Sciences 

at Kiel University 

 

 

 

 

 

 

 

 

submitted by 

Inga Klara Koopmann 

 

Flensburg, 2023 
 

 

 



 

 

  



First examiner: Prof. Dr. Antje Labes 

Second examiner: Prof. Dr. Rüdiger Schulz

Date of the oral examination: 28.11.2023 





The present work was conducted at Flensburg University of Applied Sciences under the supervision of 

Prof. Dr. Antje Labes. 



 

 

 

 



 

Table of Contents 
Summary ................................................................................................................................................ 1 
 

Zusammenfassung ................................................................................................................................. 2 
 

General Introduction ............................................................................................................................ 3 

Carotenoids .......................................................................................................................................... 3 

Biosynthesis of Carotenoids ................................................................................................................ 4 

Carotenoids in Photosynthesis ............................................................................................................. 5 

Further Functions of Carotenoids ........................................................................................................ 5 

Functions of Carotenoids in Animals .................................................................................................. 6 

Health Related Effects of Carotenoids in Humans .............................................................................. 6 

Applications of Carotenoids ................................................................................................................ 7 

Production of Carotenoids ................................................................................................................... 8 

Qualification and Quantification of Carotenoids .............................................................................. 12 

Aim of this Thesis ............................................................................................................................. 13 
 

Chapter I  Development and Validation of Reliable Astaxanthin Quantification from Natural  
Sources ............................................................................................................................................. 16 

Chapter II  Optimization of Astaxanthin Recovery in the Downstream Process of Haematococcus   
pluvialis ............................................................................................................................................ 52 

Chapter III  Screening of a Thraustochytrid Strain Collection for Carotenoid and Squalene 
Production Characterized by Cluster Analysis, Comparison of 18S rRNA Gene Sequences,  
Growth Behavior, and Morphology ................................................................................................. 80 

 

Synthesis and General Discussion .................................................................................................... 123 

Quantification of Astaxanthin from Natural Sources ...................................................................... 124 

Optimization of Downstream Processing for Astaxanthin Production ........................................... 126 

Production of Carotenoids Using Novel Groups of Microorganisms ............................................. 128 
 

Perspectives ........................................................................................................................................ 130 
 

References .......................................................................................................................................... 133 
 

Appendix ............................................................................................................................................ 153 
 

Danksagung ........................................................................................................................................ 176 
 

Eidesstattliche Erklärung ................................................................................................................. 178 

 

 

 



Summary 

1 

Summary 
Population growth, higher expectations for a long and healthy life, and climate change are currently 

major drivers for the development and production of health-promoting, sustainable, and climate-friendly 

substances. A particular focus is on the food and pharmaceutical sectors, as these directly impact human 

health. This progress led to an increase in demand for additives improving the properties of food and 

feed. In this context, carotenoids play an important role. They comprise a group of natural pigments, 

which are used to color food and feed. Some carotenoids such as -carotene also have health-maintaining 

effects due to their provitamin A activity. Other carotenoids like astaxanthin are still the subject of 

scientific investigations with regard to their antioxidant effects on the human body. The biotechnological 

production enables a sustainable supply of natural carotenoids, but there is still room for improvements 

in manufacturing processes. 

The aim of this work was to support the further development of the biotechnological production of 

carotenoids by optimizing methods and processes and by searching for new, promising production 

organisms:  

1. The development of a method for the determination of astaxanthin from Haematococcus 

pluvialis helped to find a good compromise between simple and fast but also accurate 

measurement procedures. The method allowed the cleavage of carotenoid esters, which are the 

natural occurrence of many carotenoids. Different isomers could be individually detected.  

2. The application of the developed method in the optimization of the downstream process of 

astaxanthin from H. pluvialis aimed to maximize astaxanthin yield while minimizing process 

costs and energy consumption. The evaluation revealed that potentially astaxanthin-damaging 

process steps had a less detrimental effect on yield than expected. These findings offer further 

opportunities for developments in climate-friendly downstream processing.  

3. The screening of a Thraustochytriaceae strain collection indicated that some strains are 

potentially suitable for a sustainable production of carotenoids. The thraustochytrids studied 

revealed a wide variability in their carotenoid profiles, which varied further depending on the 

media composition. Parameter optimization increased growth and metabolite yield. 

The knowledge gained contributes to the further development of biotechnological processes. In this 

context, it is important that future studies take particular account of the therapeutic effect, mechanisms 

of action, and the applicability of carotenoids in addition to production optimization. The gained 

comprehensive understanding is essential to improve the necessary production through optimized 

synthesis and processing, to enable targeted and economical use, and thus to make a lasting contribution 

to public health and climate protection.
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Zusammenfassung 
Bevölkerungswachstum, höhere Erwartungen an ein langes und gesundes Leben und nicht zuletzt auch 

der Klimawandel sind wichtige Treiber für die Entwicklung und Produktion von gesundheitsfördernden, 

nachhaltigen und klimafreundlichen Substanzen. Ein besonderer Fokus liegt dabei auf den Bereichen 

der Nahrungsmittel und Pharmazeutika, da diese einen direkten Einfluss auf die menschliche Gesundheit 

haben. Dabei ist die Nachfrage nach Zusatzstoffen, die die Eigenschaften von Nahrungsmitteln 

verbessern, stark gestiegen. Hierbei spielen Carotinoide eine wichtige Rolle. Sie umfassen eine Gruppe 

von natürlichen Pigmenten, die zur Färbung in Lebens- und Futtermitteln eingesetzt werden. Einige 

Carotinoide, wie -Carotin, haben durch ihre Provitamin-A-Aktivität auch gesundheitserhaltende 

Wirkungen. Andere, wie Astaxanthin, sind aktuell noch Gegenstand wissenschaftlicher Untersuchungen 

hinsichtlich ihrer antioxidativen Wirkungen auf den menschlichen Körper. Die biotechnologische 

Produktion ermöglicht die nachhaltige Versorgung mit natürlichen Carotinoiden. Hier gibt es noch 

Spielraum hinsichtlich der Verbesserung der Herstellungsverfahren.  

Ziel dieser Arbeit war es, die Weiterentwicklung der biotechnologischen Produktion von Carotinoiden 

durch die Optimierung von Methoden, Prozessen und durch die Suche nach neuen, potentiellen 

Produktionsorganismen zu unterstützen:  

1. Durch die Entwicklung einer Methode zur Bestimmung von Astaxanthin aus Haematococcus 

pluvialis ist ein guter Kompromiss zwischen einem einfachen und schnellen, aber auch genauen 

Messverfahren gefunden worden. Diese ermöglicht die Spaltung von Carotinoidestern, wie sie 

in natürlichen Quellen vorkommen sowie die einzelne Erfassung von verschiedenen Isomeren.  

2. Die Anwendung der entwickelten Methode bei der Optimierung des Downstream Prozesses von 

Astaxanthin aus H. pluvialis ermöglichte, die Astaxanthinausbeute bei gleichzeitiger 

Minimierung von Prozesskosten und Energieaufwand zu maximieren. Die Untersuchung hat 

ergeben, dass potentiell Astaxanthin schädigende Prozesse einen weniger nachteiligen Effekt 

auf die Ausbeute hatten als erwartet. Daraus ergeben sich weitere Möglichkeiten für 

Entwicklungen klimafreundlicher Aufarbeitungsmethoden.  

3. Das Screening einer Stammsammlung von Thraustochytriaceae ließ erkennen, dass auch andere 

Stämme potentiell für eine nachhaltige Produktion von Carotinoiden geeignet sind. Die 

untersuchten Thraustochytriden ließen eine große Variabilität in ihren Carotinoidprofilen 

erkennen, die in Abhängigkeit der Medienzusammensetzung weiter variierte. Durch 

Parameteroptimierung konnten Wachstum und Metabolitausbeute gesteigert werden.  

Die gewonnenen Erkenntnisse tragen dazu bei, biotechnologische Prozesse weiterzuentwickeln. 

Zukünftige Studien sollten neben der Produktionsoptimierung insbesondere die Wirksamkeit, 

Wirkmechanismen und Anwendbarkeit von Carotinoiden berücksichtigen. Das daraus gewonnene 

umfassende Verständnis ist essentiell, um die notwendige Produktion durch optimierte Synthese und 

Aufarbeitung zu verbessern, einen zielgerichteten und ökonomischen Einsatz zu ermöglichen und somit 

dauerhaft zur Gesundheit der Bevölkerung und dem Klimaschutz beizutragen.
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General Introduction 
Carotenoids  

Carotenoids comprise a class of pigments widespread in nature. They are produced by a variety of 

organisms [1–3]: mainly plants [4] and (micro)algae [5–9], but also bacteria [3,10–13], archaea [14,15], 

fungi [16,17], and protists [18–22]. The majority of carotenoids is produced by plants, but they also 

occur exogenously in higher quantities in terrestrial animals, such as arthropods [23–25], birds [26], 

reptiles [27,28], amphibians [29,30], and in aquatic animals like fish and invertebrates [31], such as 

crustaceans [32], echinoderms [33,34], mussels, sea snails, and corals [35]. They all rely on carotenoid 

uptake by their diet but may be able to modify the ingested molecules by metabolic conversions. An 

exception are some arthropods like aphids, spider mites, and gall midges, which obtained carotenoid 

biosynthetic genes by lateral gene transfer from fungi [36–38]. Carotenoids are also present in mammals, 

but unlike the previously mentioned animals, most of them do not absorb and display carotenoids to any 

great extent, with very few exceptions [39]. 

 

Chemical Structure 

The structures of well above 500 carotenoids are known, and more are still being discovered [40,41]. 

Carotenoids belong to the tetra- or polyterpenes and are composed of isoprene subunits. The basic 

structure of carotenoids is a linear polyene chain with conjugated double bonds and various end groups 

(Figure 1). These are often cyclic structures at one or both ends. -electron 

system is responsible for many of their characteristic attributes, like their yellow to red color and the 

physio-chemical properties described below. Carotenoids can be structurally classified into xanthophylls 

and carotenes depending on whether oxygenated functional groups are or are not part of the molecular 

structure, respectively. These include hydroxy, epoxy, keto, formyl, and methoxy groups. They 

determine the polarity of the molecule and whether derivatives such as esters can be formed. Carotenoids 

occur in the form of various stereoisomers. Different diastereomers result from the E/Z-configurations 

of the conjugated double bonds within the polyene chain [42]. The all-E-configuration is the most 

abundant in nature, but sterically unhindered forms like 9-Z, 13-Z, 15-Z, and the corresponding di-Z-

isomers also occur [42–46]. Xanthophylls may also have different enantiomers depending on 

stereogenic carbon atoms in their structure. E.g., if two stereocenters are present in a carotenoid 

molecule, three to four enantiomers can be formed when a symmetric or asymmetric diastereomer is 

considered, respectively ([S,S], [R,R], [S,R]/[R,S]).  
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Figure 1: Different carotenoids abundant in plants and microorganisms. 

Biosynthesis of Carotenoids 

The synthesis of carotenoids is a rather complex process involving various enzymes and molecules. The 

general mechanism for their synthesis in plants is as follows: In the first step, isoprenoid precursors are 

formed via two different routes, either the mevalonate (MVA) pathway or the non-mevalonate pathway, 

also called the methylerythritol phosphate (MEP) pathway. The MVA pathway takes place in the 

cytoplasm. Its precursor is acetyl-CoA. The MEP pathway takes place in plant plastids, and its reactants 

are pyruvate and glyceraldehyde 3-phosphate (GAP). The MEP pathway is the main route for the 

synthesis of carotenoid precursors in plants [47]. The starting molecules are converted to isopentenyl 

diphosphate (IPP) in seven steps, whereas the MEP pathway can also directly form dimethylallyl 

diphosphate (DMAPP) in the last step. IPP and DMAPP can be converted into each other by 

IPP/DMAPP isomerase. These molecules are, in turn, the precursors for the synthesis of isoprenoids and 

carotenoids, as well as other molecular groups, such as chlorophylls, plastoquinones, and tocopherols 

[48].  

The second part of carotenoid synthesis begins with the condensation of three molecules of IPP and one 

molecule of DMAPP to form geranylgeranyl diphosphate (GGPP), two molecules of which are in turn 

converted by phytoene synthase to phytoene, the first carotene in the series. Phytoene is transformed 

into lycopene by desaturases. From here, cyclases form the ring structures in the previously linear 

carotenoids, leading to the formation of - and -carotene. Hydroxylation mediated by different enzymes 

produces xanthophylls, initially lutein and zeaxanthin, but these can cascade to form a variety of 

carotenoids [48,49].  
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Carotenoid synthesis is similar in a variety of different organisms, but in detail, the transformation steps, 

transcriptional regulators, enzymes, cascades, and the ability to produce specific carotenoids differ [50–

53].  

 

Carotenoids in Photosynthesis 

In photosynthetic organisms, carotenoids act as photoreceptors in the light-harvesting pigment-protein 

complexes and transfer absorbed light energy to the reaction centers, where the excitation energy is 

transformed and finally chemically bound [54,55]. By absorbing visible light in the blue-green spectrum 

(450-500 nm), carotenoids extend the total light absorption spectrum of these complexes beyond the 

capacity of chlorophylls and increase the light collection efficiency. Simultaneously, carotenoids protect 

the photosynthetic apparatus from photoinhibition and oxidative damage through different mechanisms. 

In short, carotenoids take over the excited state energy of a chlorophyll molecule by non-photochemical 

quenching and dissipate it by releasing heat energy [56,57]. This reaction is possible in singlet and triplet 

quenching of chlorophyll [58,59]. If an excited triplet state of a chlorophyll is not quenched, it is likely 

to react with other molecules. Hereby, and in other parts of the photosynthetic machinery, reactive 

oxygen species (ROS) can be generated [60]. Many carotenoids are capable of quenching ROS and 

reactive nitrogen species by chemical quenching [61–67], leading to the formation of carotenoid 

epoxides, endoperoxides, and different volatile derivatives [67–70]. In turn, some of these derivatives 

may act as signaling molecules and induce responses to oxidative stress [70].  

 

Further Functions of Carotenoids  

In plants, carotenoid derivatives play an important role in growth, stress response, and herbivore 

resistance. They can act as phytohormones and internal and external interspecific communication 

signals. Strigolactones and apocarotenoids, such as abscisic acid and -cyclocitral, have been well 

described [71–74]. Other apocarotenoids with similar functions have been recently discovered, like 

zaxinone [75,76], anchorene [77,78], and others [73,79–81], suggesting that this group will be further 

expanded. Along with other pigments, carotenoids are responsible for the coloration of petals [82–85] 

and fruits [86,87] of many plants. They attract pollinators [88–90] and seed dispersers [91] by coloration 

and odor, forming aromatic cleavage products, such as ionones and other apocarotenoids [85,92–94]. 

The potent quenching ability of carotenoids is not only used in photosynthetic organisms. Non-

photosynthetic organisms use them as a countermeasure against oxidative stress from external sources 

like UV radiation [12,95] and chemicals [96] and internal sources like respiratory bursts [97]. 

Carotenoids incorporated in membranes can prevent lipid peroxidation [98,99]. They help regulate 

membrane fluidity and order with different purposes and effects [100,101], e.g., membrane folding 

[102], oxygen exclusion [103], hydrophobicity regulation [104], temperature adaptation, cryoprotection, 

and thermostabilization [95,105,106].  
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Functions of Carotenoids in Animals 

Carotenoids are also important for signaling in animals and can change the appearance of species that 

ingest carotenoids. Birds use (modified) carotenoids as ornamentation in their plumage to signal fitness 

to increase sexual attractiveness [26,107,108] and as an agonistic signal for male dominance and fighting 

ability [109,110]. Carotenoid-based ornaments with a similar goal have been found in several fishes 

[111–114] and a reptile species [28]. In birds, carotenoids have been reported to play an important role 

in communication between parents and offspring by enhancing mouth pigmentation [115,116]. 

Signaling research has mainly focused on vertebrates, especially birds and fish [117]. Similar functions 

of carotenoids have also been observed in certain terrestrial arthropods, where carotenoids support 

camouflage [118,119] or are used as aposematic signals [120,121]. The situation is similar in marine 

invertebrates [31,122]. In crustaceans, carotenoid-protein complexes ( -crustacyanin) cause a 

bathochromic color shift and better crypsis in the marine environment [123,124]. 

In addition to these morphology-based purposes, carotenoids serve animals in various ways through 

their antioxidative properties. They have been shown to support immunoprotective functions 

[34,107,125–130] and to be important for reproduction [34,127,131,132]. They are deposited in eggs, 

possibly to inhibit peroxidative reactions, protect embryonic development [25,133–137], and support 

growth and survival [128,130,138,139]. However, divergent results in avian immune response [140,141] 

or fish survival [142] show that this complex issue needs further clarification to define the exact role of 

carotenoids. Some carotenoids, particularly -carotene, are essential for vision, cell and tissue 

development, and immune function in animals through their provitamin A activity (see below) 

[143,144]. Some carotenoids occur in the ocular structures of humans and are suspected to protect the 

eye from light and oxidative damage [145–147]. They are also found in the eyes of birds and tune the 

spectral sensitivity of photoreceptors [148].  

 

Health Related Effects of Carotenoids in Humans 

About 20 carotenoids are the basis for derivatives in fruits and vegetables [149]. Most abundant are -

carotene, -carotene, lycopene, lutein, and zeaxanthin [87]. Carotenoids most frequently occurring in 

human blood plasma of Europeans are lycopene and -carotene, but also -cryptoxanthin, lutein, 

zeaxanthin, and -carotene were observed. Their content varied according to region, gender, and 

lifestyle [150,151]. 

Probably the best-studied function of carotenoids in the human body, and the only one considered 

essential to date, is their provitamin A activity, with -carotene, -carotene, and -cryptoxanthin being 

major vitamin A precursors [152–155]. -Carotene is considered the most important of the 

aforementioned vitamin A precursor carotenoids [156]. Vitamin A is essential for vision, immune 

system function, development, and growth [157–159]. It has been shown that intake of -carotene 

increases serum vitamin A levels [160] and improves ocular cytology and vision in individuals with 

vitamin A deficiency [158,161]. It is abundant in foods and the only carotenoid that can form two retinal 
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molecules by symmetric oxidative cleavage [152,162]. It was supposed to have the highest retinol 

activity [163], although the conversion ratios vary depending on the food source [164]. Higher 

bioavailability of -cryptoxanthin might reinforce its importance as a vitamin A precursor [165–167].  

Lutein and zeaxanthin are pigments of the human macula [146]. Carotenoids have been associated with 

the amelioration of ocular diseases. Supplementation with lutein and zeaxanthin has been linked to the 

prevention of age-related cataract and the increase of macular pigment optical density, but the results 

obtained varied, and no definite conclusions can be drawn [168–171]. Similarly, positive effects of 

astaxanthin on cataract were observed in chicken embryos and rats [172,173].  

In recent studies, a positive influence of blood carotenoid levels and carotenoid intake on the risk of 

breast [174] and prostate cancer [175,176] was observed. The significance of the positive effect of 

carotenoids on lung cancer risk varied [177,178]. Some studies also showed an inverse correlation 

between -carotene intake and lung cancer risk in smokers, suggesting that the causative reactions may 

need further elucidation [179–181].  

There is evidence that fucoxanthin supplementation may help reduce body and liver fat in obese 

individuals, and it shows antidiabetic effects [182–185]. These have been observed in humans and mice, 

but adverse findings indicate that the underlying mechanism is still unclear [186,187]. 

In general, carotenoids contribute to the maintenance of human health through their antioxidant and 

anti-inflammatory effects and support of immune functions [188,189]. Astaxanthin has especially 

become the focus of research. In the context of its antioxidant function, astaxanthin has been reported 

to exert neuroprotective properties, improve cognitive deficits [190–193], and positively affect 

depressive behavior [194,195] in mice and rats. 

Overall, carotenoids have potential for pharmaceutical applications in addition to their well-studied 

functions, but there is a need for further clinical trials with a higher number of participants. 

 

Applications of Carotenoids 

Carotenoids are mainly applied in feed and food, dietary supplements, pharmaceuticals, and cosmetics 

[196]. The European Union (EU) and the United States Food and Drug Administration (US FDA) have 

approved some carotenoids and apocarotenoids as colorants for food, feed and cosmetics [197–200]. 

Some of them have also been authorized by the EU as novel food ingredients [201], have been granted 

“generally recognized as safe” (GRAS) status by the US FDA [202], or have been positively evaluated 

by the European Food and Safety Authority (EFSA) for food and feed, e.g., astaxanthin [203–205] (GRN 

No. 580), lycopene (GRN No. 185), zeaxanthin [206] (GRN No. 639), and lutein [207]. 

In addition to their use as colorants in food and feed, some carotenoids are gaining popularity due to 

their putative health benefits. The potent antioxidant effects of carotenoids were also observed in 

mammalian cells in vitro and in vivo [208–212]. Together with the aforementioned beneficial effects on 

various health conditions, this activity led to the application of carotenoids as nutritional supplements 

and in cosmetics. An increasing number of clinical trials has been performed on the effects of 
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carotenoids [213]. Although not approved as pharmaceuticals, they can be added to them. An example 

is lutein in the context of eye health. Carotenoids can also be sold as nutraceuticals, such as astaxanthin 

or -carotene, which is used in connection with its provitamin A activity. Although health claims are 

not allowed, customers are already aware of the supposed positive effects. Astaxanthin especially is 

often marketed as “the strongest antioxidant”, with studies by Nishida et al. [214] and Shimidzu et al. 

[65] referenced. However, some other studies vary [62,63] and none were conducted in vivo. 

Astaxanthin from natural sources is approved for human consumption in many countries worldwide, 

with few adverse effects reported [215] and a low likelihood of allergic reactions to the total product 

[204]. Its synthetic counterpart has been reported to be inferior [216] and is only approved for feed 

supplementation [217]. Carotenoids like lycopene, -carotene, and astaxanthin are also used in 

cosmetics. In addition to their dying properties, described positive effects on wrinkle reduction, skin 

moisture content [218,219], and irradiation damage [220] make them attractive supplements. However, 

oral administration has been regarded as more effective than topical [218]. They also play a role in 

technological developments being investigated for their use in solar panels [221]. 

Due to their coloring properties and their expected beneficial influence on fitness, reproduction, and 

survival, carotenoids are used in feeds. In particular, astaxanthin is used in aquaculture, where it has 

been reported to improve fish color, growth, and immunity and sometimes to affect mortality [222–226]. 

Similar effects on growth, coloration, and survival were also observed in other marine animals [227–

230]. Likewise, carotenoids are incorporated in poultry feed, where they lead to enhanced coloration of 

egg yolk [231,232] and carcass [233]. Study results have been reported on other positive influences, 

such as weight gain of eggs and chicken, immunity, or reduction of oxidative stress [234–236], but they 

diverge [237,238], probably because of multiple influencing factors [235]. Few adverse effects have 

been reported in case of overdose [239]. 

The carotenoid market was valued at USD 1.3 bio in 2018 and is expected to reach USD 1.7 bio by 

2025. Although the market continues to be dominated by synthetic carotenoids, carotenoids from natural 

sources are forecasted to grow in value. Within the carotenoids, -carotene dominates, but the share of 

astaxanthin is predicted to increase due to its use in feed and nutraceuticals [196]. Especially in the latter 

case, legislation and growing consumer awareness of healthy, sustainable, organic, fossil-free, and 

environmentally friendly products have led to a higher demand for traceable biotechnological 

production.  

 

Production of Carotenoids 

In order to use carotenoids in the applications mentioned above, they must be provided either as pure 

substances, which is mainly done by chemical synthesis, or extracts from organisms that produce 

carotenoids in sufficient quantities. Chemical processes result in mixtures of carotenoid enantiomers. 

Some of such mixtures, like in the case of astaxanthin, are not approved for direct human consumption. 

Carotenoids from natural sources do not occur individually but are mixtures of several carotenoids, 
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which occur in different stereoisomeric forms (Figure 2). For example, astaxanthin produced from 

chemical synthesis is a racemic mixture of the enantiomers (~1:2:1 of  3S,3’S, 3R,3’S, and 3R,3’R). 

Reported ratios of astaxanthin synthesized by Haematococcus lacustris, often and here referred to as H. 

pluvialis [240], were 87.6:10.1:2.3 and 99:1:0. Phaffia rhodozyma contained a mixture of 0:1.5:98.5 of 

3S,3’S, 3R,3’S, and 3R,3’R [241,242]. Different bioavailabilities and antioxidant activities have been 

demonstrated for different diastereomers of astaxanthin [243,244]. Carotenoids from natural systems 

are often also linked to other molecules such as fatty acids. This connection results in the formation of 

esters (see below), which may exhibit differences in micellarization and bioaccessibility [245–248]. 

Figure 2: Exemplary selection of various diastereomers, enantiomers, and esters of naturally produced 

astaxanthin. 

Chemical Synthesis 

The chemical synthesis of carotenoids is a well-established process. Since the early 20th century, various 

methods have been developed for the chemical synthesis of vitamin A and carotenoids. The Wittig 

reaction has been a central step in carotenoid synthesis. Isophorones or vitamin A and its building block 

-ionone can be used as starting materials [249–253]. Isophorones and -ionone can be synthesized from 

acetone and citral. Today, DSM and BASF are among the main producers of carotenoids since F. 

Hoffmann-La Roche sold its vitamin A and carotenoid production to DSM in 2002. The majority of 

commercial carotenoids (astaxanthin, canthaxanthin, lycopene, -carotene, and some derivatives) is 

produced synthetically on an industrial scale [252,253]. The chemical production to date is 
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comparatively inexpensive and has a low environmental impact in terms of greenhouse gasses [254]. 

However, not all carotenoids can be produced efficiently or at all this way, so some carotenoids like 

lutein are produced naturally to date. Still, chemical processes for lutein synthesis have been developed 

[255], which may open up the possibility for other chemically synthesized carotenoids. 

 

Biological and Biotechnological Production Organisms 

As described above, many organisms are capable of producing and accumulating carotenoids. Those 

that deposit higher quantities of them are likely to be used for the production of carotenoid extracts. The 

most obvious possibility is to use plants. -Carotene is often still extracted from carrots (Daucus carota) 

[256]. Marigold (Tagetes erecta) [257] and sometimes also kale (Brassica spp.) [258] are used for the 

extraction of lutein and zeaxanthin. Lycopene can be extracted from tomatoes and tomato waste 

[259,260]. Fucoxanthin is produced using brown seaweed (Undaria pinnatifida) [182,261].  

Microalgae have been established as a further source of carotenoids. The green microalga Dunaliella 

salina has been used for some time for the production of -carotene. Up to 4% of its cell dry weight is 

composed of carotenoids, with mainly -carotene and minor proportions of lutein [262]. Astaxanthin is 

produced using H. pluvialis, which can contain between 0.6 and 7.0% astaxanthin of its cell dry weight 

under stress conditions [263–267]. And these are likely to be only the first microalgae used for 

commercial carotenoid production, as also others are already known for their carotenoid synthesis [268], 

like fucoxanthin from the diatom Phaeodactylum tricornutum [269] or lutein and astaxanthin from 

Chromochloris zofingiensis [270]. 

An industrial source of -carotene and lycopene is the yeast Blakeslea trispora [271,272]. A promising 

production organism for astaxanthin might be Xanthophyllomyes dendrorhous [273] when optimized. It 

was recently investigated for its use in feed additives [274].  

A potentially interesting group of organisms, the thraustochytrids, is capable of synthesizing various 

carotenoids, particularly astaxanthin, -carotene, canthaxanthin, echinenone, and phoenicoxanthin [18–

20,22,275–280]. They are a family of unicellular microorganisms that is ubiquitous in the marine 

ecosystem and play an important role in the microbial loop as nutrient recyclers and partners in various 

relationships with algae and other marine organisms [281,282]. Thraustochytrids are non-photosynthetic 

organisms and, like yeasts, have the advantage over microalgae production in that they can be grown 

heterotrophically. Another potential for a low-cost and resource-efficient production of carotenoids from 

these organisms is their ability to grow on waste streams from food and other industries [283–286]. 

Some strains produce high amounts of -3-fatty acids like docosahexaenoic acid (DHA) [22,283–

285,287–289] and are already used for their synthesis on an industrial scale [21]. Their oil has GRAS 

status (e.g., GRN No 860, 777, 1008) and is approved as novel food in the EU [290,291].  

It is also possible to insert genes for carotenoid production into already established strains by genetic 

modification, as it has been done in Saccharomyces cerevisiae [292], Escherichia coli [293], and some 

other strains [294]. 
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Biological and Biotechnological Production Processes 

Biotechnological processes used to produce carotenoids can vary greatly depending on the production 

organism. For plants, classical agricultural processes are applied. Developments toward new aquaponic 

processes [295] are conceivable. For microalgae, cultivation must supply light for photosynthetic 

processes in most cases. This is one of the major challenges in microalgae cultivation, as reactors need 

to provide a high surface area for light transmission. These surfaces are usually achieved by open ponds 

or tubular and flat-panel systems made of glass or plastic [296–299]. All these systems have certain 

advantages and disadvantages and may be more or less suitable for certain microalgae. The main 

advantages are the possible use of atmospheric CO2 and sunlight for growth. General disadvantages of 

large-scale phototrophic microalgal cultivation include the difficulty of establishing sufficient gas-liquid 

mass transfer, adequate mixing [299,300] and temperature regulation [301,302], low cell densities [303], 

light transfer, biofilm formation, and high cleaning requirements [304], as well as high capital and 

operational costs [305]. There is also a comparatively higher risk of contamination than using 

conventional fermenters because even many “closed” systems cannot be operated in a completely closed 

manner [299]. To induce carotenoid synthesis, microalgae cultivation must include a stress phase after 

the growth phase. E.g., H. pluvialis and D. salina accumulate carotenoids only under stress conditions, 

such as high light irradiation, high salinity, or nutrient (nitrogen) deficiency [306–309]. Therefore, two-

stage processes are often used [263–265].  

For certain microalgae, heterotrophic processes can also be applied. Still, growth may benefit from a 

phototrophic phase in addition to cultivation under dark heterotroph conditions, as reported for C. 

zofingiensis [310]. 

The production of heterotrophic organisms like yeasts or thraustochytrids offers the advantage of using 

well-established fermentation systems. Heterotrophic cultivation can lead to higher cell densities [311–

313], which could help to overcome lower carotenoid yields achieved in phototrophic cultivation of 

microalgae. Another advantage is that waste streams from food and other industries can be used for 

cultivation, further reducing the environmental impact and allowing more efficient recycling.  

 

Downstream Processing  

In addition to cultivation, downstream processing is a major component of carotenoid production from 

microalgae and other microorganisms. Microalgae processing especially requires a cascade of steps to 

harvest the product, which is often costly, labor intensive, and time consuming [314–317]. Care must 

be taken to avoid destroying or losing high-value compounds like carotenoids. The process of extracting 

astaxanthin from H. pluvialis is a good example. In general, the biomass must first be harvested and 

dehydrated to reduce the volume for further processing. Then, disruption is necessary to break the rigid 

cell wall of the alga, which would otherwise limit extractability [318–320]. Cell disruption might not be 

necessary for all organisms since, e.g., thraustochytrids and some microalgae such as D. salina have 

unusual cell walls [321–323]. Nevertheless, these also exhibit equivalent structures that may hamper 
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extraction. Disruption can be performed by mechanical methods like (bead) milling or high-pressure 

homogenization [317,324–326], classical chemical solvent based extraction [320,327–329], or physical 

and biological treatments with ultrasound, microwaves, or enzymes [330–332]. Mechanical disruption 

is a popular method because it is easy to scale up, produces little waste, has good efficiency, and is 

comparably inexpensive. Caution is required because once the cells are broken, the carotenoids are 

exposed to the environment and are more prone to oxidation. In a subsequent step, the broken biomass 

is usually dried to increase shelf life and prepare for extraction. Drying can be accomplished by freeze-

drying, spray-drying, or belt-drying [317,333–335]. Drying generally is a very energy consuming step. 

Due to the large surface area and high temperatures often required for an efficient process, there is a risk 

of carotenoid degradation [333,334]. Finally, the extraction of astaxanthin can be performed with 

different solvents. Here, supercritical CO2 (SC-CO2) allows a gentle and selective extraction without the 

use of toxic or harmful solvents [336–339].  

 

Qualification and Quantification of Carotenoids  

In ecological studies, carotenoids are often measured only indirectly by determining the color of the 

research object using photographs and color comparison or by non-invasive spectrophotometric methods 

[340]. Such approaches can only estimate carotenoid content because not all components of coloration 

are well correlated with carotenoid content [340], and complex mixtures of carotenoids are difficult to 

distinguish [341]. Similarly, carotenoid measurements in microorganisms are often performed using 

estimative photometric quantification methods, which measure the absorbance of extracts at different 

wavelengths [16,263,342]. Photometry does not require sophisticated equipment and is fast and simple. 

Although the characteristic absorption spectra of carotenoids are useful for their identification, a detailed 

and reliable quantification of different carotenoids is often hindered by similar or overlapping absorption 

spectra. Furthermore, carotenoids produced by biological systems do not necessarily occur only in their 

free all-E-form. E.g., in H. pluvialis, predominantly all-E-astaxanthin is present, along with reported 

occurrences of 9Z and 13Z-isomers [343–348]. 15Z-astaxanthin and di-Z-isomers have been observed 

in isomerized astaxanthin solutions [44,45]. They have similar absorption spectra and maxima but 

different absorption coefficients [44,45,244], making quantification by photometric methods inaccurate. 

Determination of carotenoids by chromatographic methods is possible but also requires some 

precaution. Natural carotenoids are often esterified with a variety of different fatty acids. Using H. 

pluvialis as an example, it has been shown that 76-94% of astaxanthin occurred in the form of 

monoesters and 2-23% in the form of diesters. Among others, oleic acid (C18:1) and linoleic acid 

(C18:2) are the most abundantly linked fatty acids [343,349–351]. The esters have different retention 

times on chromatographic systems and must either be determined and quantified individually or the 

carotenoids must be deesterified prior to chromatographic analysis. This might be an issue not only in 

microorganisms but also in plants [352]. 
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With the focus on the health-promoting characteristics of carotenoids and in the context of differences 

in bioavailability and antioxidant properties, and the possible variation of these traits in diastereomers 

[243,244,353–355], enantiomers, esters, and natural extract compositions [216], detailed and correct 

quantification of carotenoid mixtures extracted from biological systems is crucial. 

 

Aim of this Thesis 

Carotenoids are ubiquitous molecules with a multitude of applications. Their sustainable and 

environmentally friendly production is a major goal to ensure a robust supply of healthy supplements or 

even pharmaceuticals, should they be approved. The biotechnological production of carotenoids is a 

comparatively young discipline and not yet competitive in terms of energy efficiency, but it offers some 

advantages over chemical synthesis, such as the theoretical elimination of fossil raw materials and the 

direct production of natural isomeric mixtures of carotenoids. To optimize biotechnological production, 

several approaches can be addressed. One of them is minimizing energy consumption, which can be 

achieved by using solar energy for lighting and drying, developing more efficient photobioreactors, and 

powering processes with renewable energy. Another approach might be to use heterotrophic production 

organisms and reduce the amount of energy and fossil raw materials used to produce fertilizers by using 

waste streams from the food industry to supply nutrients.  

 

The aim of this work was to support the development of biotechnological production processes of 

carotenoids by different means and at different locations along the process chain. The two main aspects 

were the downstream processing of the astaxanthin production from a microalgae species and the 

screening and evaluation of potentially new carotenoid-producing organisms. To assess and compare 

processing methods and ascertain their efficacy, a precise, robust, and reliable measurement of 

parameters and results is crucial. The measurement of carotenoids plays a pivotal role in this context. 

Accurate qualification and quantification of carotenoids allow the evaluation and optimization of 

process parameters. Different cultivation, processing, and storage methods can be compared, and shelf 

life can be predicted. Even assertions about the bioaccessibility, bioavailability, and activity of the final 

product are conceivable if data on the individual compounds are available. Ideally, such determination 

methods should be comparably simple, fast, and robust, so that they can be carried out by the 

manufacturers themselves and enable rapid development and optimization of production processes. 

Therefore, a method for the extraction, deesterification, and chromatographic measurement of 

astaxanthin esters or their free form from differently processed biomass of H. pluvialis was developed 

(Chapter 1). 

One approach to improve the efficacy of biotechnological carotenoid production is to analyze its 

processes. Downstream processing is an important but energy-consuming [314–317] and delicate part. 

Carotenoids degrade by reaction with oxygen [356,357], which generally needs to be addressed by 

processing methods that are fast and in a dark, cool, and oxygen-free environment. The process costs, 
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energy expenditure, and astaxanthin yield can be compared to find the sweet spot for production. There 

are various ways to improve processes. Different devices and operational methods can be compared and 

optimized. The effects that different processes within a process cascade have on each other should also 

be considered in order to make a holistic statement. Therefore, various downstream process steps of 

astaxanthin production from H. pluvialis were optimized by measuring astaxanthin yield, labor input, 

and costs. In each process step, different process methods, such as different disruption and drying 

techniques, were compared. Finally, differently coupled cascades of the investigated processes were 

evaluated to find their optimal combination in terms of overall efficiency (Chapter 2). 

As described, there is a plethora of carotenoid-producing organisms, but few of them have been studied 

for their potential to be used in biotechnological processes. Worse, often neither the portfolio of 

carotenoids that can be synthesized by these organisms nor their optimal growth conditions or triggers 

for the induction of carotenoid synthesis are known. This limits the ability to evaluate and compare them 

with already established organisms. Thraustochytrids, which are already recognized for their ability to 

produce carotenoids, were examined to gain a more precise understanding of this little-researched group 

of marine microorganisms [18,19,22,277,278]. A strain collection of members of the 

Thraustochytriaceae was classified using 18S rRNA gene sequencing. Their growth behavior and 

carotenoid synthesis were optimized using experimental design, growth models, and cluster analysis 

(Chapter 3).
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Chapter I  
Development and Validation of Reliable Astaxanthin Quantification from Natural Sources 
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Chapter II  
Optimization of Astaxanthin Recovery in the Downstream Process of Haematococcus pluvialis 
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Chapter III  
Screening of a Thraustochytrid Strain Collection for Carotenoid and Squalene Production 
Characterized by Cluster Analysis, Comparison of 18S rRNA Gene Sequences, Growth 
Behavior, and Morphology 
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Synthesis and General Discussion 
The steady and fast growth of society and the associated technological developments have led to various 

conveniences but also challenges. Global life expectancy increased tremendously over the last century, 

from an estimate of around 30 years in the middle of the 19th century [358] to 66.8 years in 2000 and 

73.3 years in 2019 [359]. Associated with this is the desire to lead a healthy and active lifestyle, 

preferably into old age. Therein lies one of many challenges. Health depends on a variety of factors, but 

nutrition is very important. A healthy and balanced diet can help the body maintain vital functions, resist 

harmful environmental influences, and avoid the intake of detrimental substances. Carotenoids have 

been shown to be non-toxic colorants and are applied in various foods, such as sweets, meat, beverages, 

and dairy products. Likewise, they are also used in animal feed, e.g., to enhance the color of eggs and 

fish. These products appeal to consumers without the drawbacks of potentially problematic chemicals. 

Such dyes are especially important when consumers have become accustomed to particular product 

colors and are willing to pay higher prices if these colors meet their expectations. A prominent example 

is the striking red color of salmon [360], which is lost in fish from aquaculture if it is not added to the 

fish’s diet. Therefore, as the population grows, so does the demand for harmless colorants such as 

carotenoids. 

Some carotenoids, especially -carotene, are known for their provitamin A activity. Although vitamin 

A deficiency has generally declined and largely disappeared in Western society, it is still a problem in 

some poorer African and Asian regions [361]. Higher carotenoid consumption might be a step toward 

overcoming related diseases [158,161]. In addition, many carotenoids have gained a reputation for 

having a positive effect on human health, based on recent optimistic scientific studies but without 

clinical proof. For many people, self-responsible and healthy behavior includes dietary supplements. As 

a result, the demand for dietary supplements, foods, and cosmetics enriched with carotenoids has 

increased. 

This demand for carotenoids can be met in different ways, either by chemical synthesis or 

biotechnological production. Both ways are valid and have advantages and disadvantages, but three 

major aspects need to be considered. First, in the context of bulk colorants, synthetic chemistry is 

currently indispensable for providing the large quantities of carotenoids needed for all already 

established applications. In addition, synthetic carotenoids might become a possible alternative for other 

dyes that are still under discussion because of possible negative effects on humans [362,363], e.g., azo 

dyes like tartrazine [364] and Allura Red [365]. The white dye titan dioxide, formerly widely regarded 

as harmless, has recently been withdrawn from the market due to safety concerns [366]. These issues 

underscore the need for non-toxic and non-controversial dyes. Second, consumers increasingly demand 

sustainable, natural, environmentally friendly, and fossil-free products in the context of nutraceuticals, 

food supplements, cosmetics, or products in general, where the carotenoid moiety contributes 

considerably to the sales argument. For direct human consumption, often only naturally produced 

carotenoids are approved by law. In this context, biotechnological production is an important part of the 
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supply, especially for certain carotenoids. Third, given the ongoing climatic change and in order to 

reduce carbon dioxide emissions and achieve sustainability goals, processes must be evaluated along 

these lines. Biotechnological production is a fairly young discipline and needs to develop rapidly to use 

resources as efficiently as possible. It offers new solution possibilities, such as the direct use of solar 

energy, carbon dioxide, and waste streams, for the production of microorganisms and carotenoids in 

circular economy approaches, as side streams might be used along the value chain. 

 

There are different possibilities to fuel these developments, and this work aims to contribute by filling 

gaps and providing new insights at different stages of the biotechnological production of carotenoids. 

Typically, this can be done by approaching the production at the strain or process level, where the 

process level itself is a very broad term for a variety of possible steps, which need to be coordinated and 

are often interdependent. The strain level is also quite complex. Only a fraction of the microbial diversity 

is used for biotechnological processes. Recent projections suggest that up to a trillion different species 

of microorganisms live on earth [367]. The estimate of the proportion of bacteria and archaea that can 

be cultivated is the subject of ongoing discussion [368,369], but most likely, it is very small. Numbers 

for unicellular eukaryotes are probably similar. The discovery of new production organisms and 

knowledge of their metabolic potential can be crucial to making great leaps toward high yields. 

The present work aims to address both of these issues. First, already established downstream processes 

should be improved to achieve higher carotenoid yield and lower energy consumption. Second, the focus 

should be extended to use new production organisms whose specific properties could favor production. 

It should also shed light on the conditions that induce carotenoid synthesis in these organisms. Both 

approaches required accurate and robust determination of carotenoids to draw clear and confident 

conclusions about the optimal process and cultivation parameters. Therefore, the development of such 

analytic methods was the first step to improve biotechnological carotenoid production. 

 

Quantification of Astaxanthin from Natural Sources 

In chapter 1, a method for measuring biotechnologically produced carotenoids was developed and 

adapted, using astaxanthin from H. pluvialis as an example. As described, natural astaxanthin differs 

from its chemical counterpart by the spatial isomers and their linkage with fatty acids. It was shown that 

enzymatic deesterification is a valuable tool to obtain free astaxanthin from its esters. Attention must be 

paid to the source material and the amount used in the process since the yield is limited by the enzymatic 

capacity and depends on the quality of the starting material in the subsequent extraction. This may need 

to be considered when adapting this method to measure carotenoids produced by other microorganisms 

or plants. The enzymatic cleavage process was very robust, allowing direct treatment of ethanolic 

extracts such as those obtained from supercritical CO2 (SC-CO2) extraction. The observation of 

remarkable changes in the distribution of diastereomers in different samples and sample types showed 

that isomer proportions cannot be generalized. Still, difficulties remain to estimate how the method and 
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its many steps affected the original isomer composition of the sample. Studies have shown that 

isomerization of astaxanthin and other carotenoids is common in different solvents and with temperature 

or light treatment [42,370–373]. The measurements performed in this study with different solvents gave 

similar results. This problem is not inherent to this particular developed process but is a general obstacle 

in invasive measurements. Developments towards non-invasive methods, such as Raman microscopy 

and spectroscopy, which are already capable of measuring some carotenoids in living cells [9] and 

distinguishing between diastereomers [45], may in the future be able to detect the composition of more 

carotenoids and their isomers in living cells. In particular, in the context of the different bioavailability 

and antioxidant activity of Z-isomers [243,244,353–355], a precise knowledge of their distribution might 

be useful. 

Nevertheless, the question remains as to the applicability and usefulness of sophisticated methods in 

production processes. The developed method was compared with photometric astaxanthin determination 

in order to answer how accurate very simple but inexpensive photometric approaches are and whether 

they are sufficient to determine the astaxanthin content, e.g., to find an optimal harvest time. It was 

found that photometric astaxanthin determination can show differences depending on the astaxanthin 

proportion or culture age. Such an approach may be sufficient for stressed cells (astaxanthin >2% w/w) 

and monitoring processes. More sophisticated and accurate methods like the one developed here should 

be applied for process developments or optimizations. Astaxanthin is the most abundant carotenoid in 

highly stressed H. pluvialis cells. In organisms containing diverse and evenly distributed carotenoids, a 

simple photometric measurement might be even more biased. Here, it may be helpful to use methods 

such as Gauss Peak Spectra [374,375] to support the evaluation of photometric measurements. In this 

context, it is also important to consider that processes might be adapted not only to a maximum 

carotenoid content but also to a specific diastereomer composition. Here, simple photometric approaches 

are unlikely to achieve sufficient accuracy. 

Another aspect is the proportion of different enantiomers, which cannot be evaluated by the developed 

method. However, it is possible to measure enantiomers using (U)HPLC approaches with chiral columns 

[376]. The enantiomeric mixture of carotenoids derived from natural sources is generally regarded to be 

safer for consumption than the mixture obtained by chemical synthesis. It is questionable what the 

relative importance of this will be for application, but there is still a knowledge gap about possible 

different effects, efficacy levels, and bioavailability of different enantiomers. This gap needs to be 

addressed for several reasons: Currently, many synthetic carotenoids are not approved for direct human 

consumption, partly because of their different enantiomer ratios. If there were no differences in the 

effects, this could open up the market for direct consumption and reduce the need for the hitherto energy-

intensive biotechnological production processes. If there was a difference, especially if some carotenoid 

structures should be clinically proven to have health-promoting effects, the choice of the best process, 

whether chemical or biotechnological synthesis, and the selection of the right production strain would 

become even more relevant, as these may have tremendous differences in their enantiomer profile of 
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otherwise similar carotenoids. The associated second question is about the possibility and necessity of 

the biological host systems of the consumer to transform carotenoids [146]. Clarifying these questions 

is important regarding ongoing and future (clinical) trials in terms of study design and future feasibility 

of producing the carotenoids of interest. It might be even more important considering that some 

carotenoids offer a greater diversity of enantiomers than astaxanthin due to a higher number of 

stereogenic carbon atoms. This problem also applies to diastereomers.  

The developed method was also applied to measure the shelf life of differently pretreated and stored 

astaxanthin-containing samples. Not surprisingly, the reduction of light, temperature, and oxygen 

atmosphere generally had a positive effect on astaxanthin stability, as also reported in other studies 

[333,334,377]. Interestingly, the ‘natural packaging’ of intact H. pluvialis cells also provided some 

protection against degradation. This information might be useful to producers who can store harvested 

algal material for some time but should carry out rapid processing once the biomass has been disrupted.  

 

Optimization of Downstream Processing for Astaxanthin Production 

The method developed in chapter 1 was applied in chapter 2 to evaluate astaxanthin recovery throughout 

different process steps of the downstream processing of H. pluvialis. The objective was to find optimal 

processes and process combinations to maximize astaxanthin yield and to find the most economical 

process considering further monetary parameters like energy costs and labor. Different processes were 

applied and compared, i.e., bead milling, high-pressure-homogenization, and no disruption were 

performed to analyze the influence of cell disruption on astaxanthin content. Spray-drying, freeze-

drying, and vacuum-drying were used to compare drying approaches. All possible combinations of these 

processes were tested. The samples obtained were extracted with SC-CO2 to investigate the influence of 

the pretreatment on extractability. The best result was achieved by coupling high-pressure-

homogenization with freeze-drying. Though, high-pressure-homogenization-spray-drying, bead 

milling-freeze-drying, and bead milling-spray-drying yielded only slightly less astaxanthin and did not 

differ significantly among themselves. Only the absence of disruption and including vacuum-drying in 

the processing had stronger negative effects on the astaxanthin yield. Considering the economic aspects, 

bead milling in combination with spray-drying proved to be the optimal combination.  

Another important finding was that temperature and oxygen had only little adverse effects on astaxanthin 

content. Spray-drying of broken cells especially provides a large surface area for oxidation. However, it 

appears that cooling by evaporation and the short exposure prevent degradation. This was demonstrated 

at laboratory and pilot scale. This finding opens further possibilities for drying. Oven-drying [378] or 

belt-drying [379] might also be alternatives if carried out using thin layers and short drying times. Sun-

drying, as performed for the production of Arthrospira platensis, should be used with caution because 

solar radiation has a detrimental influence on pigments. The use of heat generated by solar radiation, as 

with solar-drying [380], might overcome this problem. However, it is still inferior to methods such as 

freeze-drying to recover certain carotenoids [381]. Further developments of the known techniques, such 
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as refractive window drying [382], or the application of new technologies, such as Concentrating Solar 

Power (CSP) [383], might open new possibilities for fast and energy-extensive drying. Conventional 

drying is very energy demanding. Direct use of solar energy or heat could minimize carbon footprints 

[380] but increases weather dependence. Changing the order of processing steps, i.e., drying before 

disruption, is possible but may not be necessary to protect astaxanthin, as shown. It was demonstrated 

that disruption itself was necessary for good extractability using SC-CO2. There are several techniques 

for cell disruption. Mechanical disruption such as grinding has become widely used on a larger scale 

[317,384]. SC-CO2 extraction also required a specific sample texture to function efficiently. The dense 

and rigid biomass obtained from vacuum-drying could not be extracted very well. At larger scale and 

higher throughput, powders like those obtained from spray-drying tend to clock filters and impair 

extraction as well. Finding an optimal sample texture and pre-processing must also be evaluated in the 

context of SC-CO2 extraction, increasing the challenge for the downstream process.  

SC-CO2 extraction was a process step that influenced the isomeric composition of astaxanthin. The exact 

reason for this was not evaluated, so it cannot be said whether the isomerization was caused by some 

part of the process, the CO2 or the co-solvent ethanol. The isomerization resulted in higher proportions 

of most Z-isomers, which might be favorable in terms of the possible higher bioavailability and 

antioxidant activity [243,244,353–355]. However, in the course of further clarification of the 

mechanisms of action of astaxanthin isomers, this influence should be kept in mind and the reasons 

should be elucidated.  

SC-CO2 has been described as an environmentally friendly, nontoxic, and ‘green’ solvent, which can be 

applied in many processes [385]. Nevertheless, SC-CO2 extraction requires sophisticated equipment and 

much energy [386]. Therefore, the question arises whether there is a possibility to rigorously shorten the 

downstream processing, e.g., by extracting astaxanthin directly from H. pluvialis using natural, 

sustainable oils [387]. This might have other disadvantages, like low concentrations and the need for 

axenic microalgal cultures to ensure product safety. Regardless, it would simplify the downstream 

process immensely, and the oil could be applied directly to certain food and feed products. An even 

simpler approach is to eliminate the extraction part of the downstream processing. However, this would 

be only possible under certain conditions. The most important aspect is product safety, which had to be 

determined and which is accompanied by regulatory approval. As far as astaxanthin is concerned, so far 

only extracts from H. pluvialis have been approved for human consumption [201], and matrix effects of 

cell biomass had to be considered. Some other green microalgae like Arthrospira platensis and Chlorella 

spp. are approved for human consumption as whole cells in the EU because they are not considered 

novel foods [388,389] and in the USA (GRN No. 986, 519, 417). Another aspect is applicability. If the 

final product is intended to be incorporated into certain formulations such as creams, an oily extract 

might still be required. Finally, the whole downstream process could also be extended. Thinking of 

integrated multiple uses in the context of a biorefinery approach [21,315,390], other valuable 

metabolites might be co-extracted, and the remaining proteins, carbohydrates, or the leftover cell 
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biomass could be used to produce other products or to fortify food and feed. This would probably 

prolong downstream processing but might increase its efficiency and economic feasibility. 

 

Production of Carotenoids Using Novel Groups of Microorganisms 

To date, of the more than 500 known carotenoids, only a handful are produced for large-scale 

applications. Due to safety concerns and the inability to chemically and biotechnologically synthesize 

some of the more complicated chemical structures, no more carotenoids have been applied. Other 

problematic aspects that particularly affect the biotechnological production are the low efficiency and 

yield of the production strains and the disadvantages of phototrophic production. The possibility of 

overcoming these and finding ways to produce different carotenoids might be provided by the discovery 

of new production organisms.  

In chapter 3, an attempt was made to find such organisms by screening a strain collection of 

Thraustochytriaceae and analyzing their molecular identity and phylogenetic relationship. The 

collection was evaluated for its potential to produce already established but also novel or unusual 

carotenoids. The ability to synthesize certain carotenoids was matched with molecular phylogeny to 

identify species and genera with high carotenoid production potential. It was tested whether the 

production of the triterpene squalene correlated with the production of carotenoids and could increase 

the value of a putative extract or product. It was evaluated if the yield of these substances could be 

improved by creating models for growth behavior and terpene production as a function of medium 

composition.  

Most of the strains studied were capable of producing carotenoids, and all synthesized squalene. Cluster 

analysis of the carotenoid composition showed that certain species had high similarities in their 

carotenoid profiles but that the composition of other species also varied greatly. This was only partially 

reflected in the molecular phylogeny. Astaxanthin, -carotene, and canthaxanthin had the highest 

proportions. Simply stated, the composition and amount of carotenoids depended on species and strain 

and were influenced by medium composition and solidity. Higher carotenoid concentrations were 

obtained on agar-containing solid media rather than in liquid cultures, while the opposite was true for 

squalene. The different genera responded differently to the variation of media components, but most 

strains analyzed grew best on a medium with high glucose and yeast extract concentration. The highest 

carotenoid concentration was generally obtained with a comparably higher carbon-to-nitrogen (C/N) 

ratio and squalene with a lower C/N ratio. In terms of yields, some species and strains produced higher 

total biomass and higher carotenoid concentration compared to others, resulting in overall high 

carotenoid yields.  

The results are difficult to compare with those of already established production strains because yield 

calculations for upscaling the cultivation on agar are difficult to estimate. Nevertheless, further 

development is certainly needed to establish competitiveness. This might be achieved in several ways. 

One of them could be further screening of the Thraustochytriaceae. This and other research have shown 
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that production capacity can vary widely among genera, species and strains. In particular, the genus 

Aurantiochytrium has a high potential for carotenoid production [279,391]. Another approach for higher 

carotenoid productivity is the optimization of medium and growth parameters. The concentrations of 

carbon and nitrogen sources were shown to have a major impact on growth and metabolite formation. 

As observed in other strains, further optimization could be achieved by elevating the nutrient 

concentrations or changing other potentially influencing parameters, such as light, oxygen, and 

temperature [276,392–395]. The complex life cycle of the Thraustochytriaceae might have an impact 

on carotenoid synthesis but is not well studied. Altering the composition of the medium or other external 

parameters is a quick approach to change metabolite profiles and promote gene expression. However, a 

deeper understanding of metabolic pathways might enable tailored process adaptation and genetic 

engineering to improve strains beyond their natural capacity to synthesize carotenoids and other valuable 

metabolites. Genome and transcriptome evaluation is a valuable tool that has been scarce but is 

increasingly used in thraustochytrids. Analysis was performed with emphasis on fatty acid production 

[396–403], carotenoids [401,403,404], and other characteristics [323]. Studies revealed a few peculiar 

features. The formation of isopentenyl diphosphate (IPP) was dependent solely on the mevalonate 

pathway [401,403]. Fusion of three enzymes was responsible for the formation of -carotene from 

geranylgeranyl diphosphate (GGPP), which in most other carotenoid-producing organisms is regulated 

by individual enzymes [403–405]. A genetic engineering approach to enhance GGPP production 

increased the synthesis of carotenoids (mainly -carotene) and fatty acids but decreased squalene levels 

[403]. Another study increased carotenoid but decreased fatty acid production [406]. Further research 

on the formation of xanthophylls may allow control of the synthesis of certain carotenoids such as 

astaxanthin. However, not only understanding the carotenoid biosynthetic pathways but also the 

interaction with the synthesis of other metabolites, such as squalene and fatty acids, is important because 

they share common precursors. The modification of individual genes likely influences the regulation of 

others as well [406], and also external parameters change gene expression [407]. The regulatory 

mechanisms of gene expression must be understood to enable different optimization strategies at the 

metabolic and process levels. This comprehension is essential to maximize yield and modify carotenoid 

composition. Again, it is particularly important when considering biorefinery approaches [408] and 

balancing the co-production of valuable metabolites. Finally, it is also necessary to take into account the 

approval process for potential products synthesized by genetically modified organisms, as they are 

subject to strict regulations in numerous countries worldwide.  

Thraustochytrids, along with microalgae and other production strains, might become a part of a 

diversified strategy for carotenoid production. The choice of the production systems and organisms will 

likely depend on a variety of factors including target carotenoids, location, and availability of space and 

resources. The influencing factors need to be carefully weighed and process flows further optimized to 

enable an efficient biotechnological production of carotenoids.
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Perspectives 
Given climate change, population growth, and the accompanying increase in demand for energy and a 

plethora of goods and services, we need to completely rethink processes, methods, and strategies for 

meeting people’s needs. For the synthesis of certain molecules, biotechnological production processes 

currently represent an important alternative to chemical production processes. They may be operated 

largely fossil-free and offer the advantage of harnessing the potential of microorganisms to synthesize 

sophisticated molecules, which may not be producible by chemical means. For some applications, 

biotechnological processes are already used for the bulk production of chemicals. Prominent examples 

are citric acid and enzymes from Aspergillus niger [409] or vitamin B and enzymes from B. subtilis 

[410]. Nevertheless, biotechnology is a comparatively young discipline and cannot compete with 

chemical processes in all areas. The production of carotenoids may be one of them where a strong 

development is necessary to catch up with well-established chemical processes. So far, biotechnological 

production has been economical mainly for carotenoids applied in special, high-priced products. 

However, there is a broad spectrum of possible progress in biotechnological processes. One approach is 

to develop new and more efficient production organisms, both by discovering new strains and by 

improving the potential of already established ones. Increased productivity can be achieved through 

metabolic engineering and a better understanding of carotenoid production pathways, their induction 

and regulation by adjusting external parameters. Additionally, the optimization of upstream and 

downstream processes and the development of new techniques offer much scope for maximizing yields 

and minimizing process energy and costs.  

Another aspect is the question of the superiority of biotechnological or chemical production of 

carotenoids with regard to their subsequent application. Paradoxically, this question covers a wide 

spectrum, ranging from clarification of the general harmlessness of some carotenoids to their positive 

effects on health. Specifically, it needs to be clarified whether there are indeed adverse health effects as 

reported for -carotene [179–181] and if such effects are different when carotenoids are chemically or 

naturally produced as assumed for astaxanthin. Another aspect is the lack of comparability of the health 

effects of different carotenoids. Comparative studies for a broad spectrum of carotenoids, especially 

those already in use, might help to enable coherent legislation and application of the various substances. 

A positive side effect might be a better understanding of the mechanism of action based on structural 

differences. Structural differences are particularly important in carotenoids with chiral centers such as 

astaxanthin. There is a need to investigate the differences in the effects of enantiomers on human and 

animal health. A similar elucidation might be useful for zeaxanthin and lutein with its even higher 

number of possible enantiomers, provided that the chemical synthesis is further developed. Additionally, 

the role of matrix effects in the bioaccessibility of carotenoids needs to be examined. It must be known 

whether the matrix has inherent effects on human health and, if so, which components contribute. 

Clinical efficacy is at the other end of the spectrum. It has yet to be proven, but it would dramatically 

change the entire market if it occurred. All this would help to clarify whether synthetic carotenoids are 
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truly inferior to their naturally produced counterparts and which carotenoids are best suited for specific 

applications in terms of their production organism, biotechnological or chemical production, and 

downstream processing.  

The improvement of production processes and the speed at which relationships and mechanisms are 

understood are likely to be fueled by the development of artificial intelligence (AI). There are still some 

hurdles to overcome and issues to be addressed, such as the quality of input data, underlying analytical 

approaches for data assessment, and ethical implications [411]. However, AI and Big Data were already 

expected to have the strongest influence on the biopharmaceutical industry among the newly emerging 

technologies in 2023 [412]. The potential of AI to compute and analyze large datasets, perform 

predictive modeling, metabolite screening, and data visualization are just a few examples of where it is 

likely to contribute to developments in biotechnology [413] and many other research areas. It has already 

been shown to drive innovation and support in diagnosis of genetic disease [414] and virus identification 

[415] through genome interpretation. Applications for drug discovery, evaluation, synthesis, and process 

development are at least conceivable or have already been tested [416,417]. This potential could further 

assist in finding the most suitable producer strains, refining process conditions, and determining the 

optimal composition of carotenoids for a range of applications. With the rapid advancement of AI, many 

more implementations are sure to follow and constantly improve. 

The final question to be addressed concerns the necessity and boundaries of the system. With the 

increase in world population and the demand for wealth and growth, we have created an economy that 

does not calculate the social and environmental costs. A recent strategy is to strive for for green growth. 

The endeavors to produce many molecules, carotenoids included, in a sustainable and environmentally 

friendly manner should also be seen in this light. Current developments are a step toward achieving 

climate and environmental goals. Nevertheless, given the urgency of the situation, the question remains 

whether these advancements go far enough. We need a fast clarification of the suspected health effects 

of carotenoids, both positive and negative. As knowledge of carotenoids increases, more effective advice 

could be given on a balanced diet rich in products that naturally contain carotenoids, which might largely 

eliminate the need for supplements. Such a varied diet, reduced and responsible consumption of 

processed foods, a knowledgeable and targeted application of supplemental carotenoids, and the 

development of sustainable processes for their production will then support a healthy lifestyle for 

humankind. 
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Appendix
Chapter 1: Development and Validation of Reliable Astaxanthin Quantification from Natural 
Sources
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Chapter 2: Optimization of Astaxanthin Recovery in the Downstream Process of Haematococcus 
pluvialis

Table S1: Overview of process parameters and results of the conducted experimetns for model 
regression and evaluation in spray-drying.
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a) n = Number of measurements 
b) Ax/H.p. = Proportion of astaxanthin in relation to total H. pluvialis biomass (% w/w) 
c) SD = Standard deviation 
d) Sig = Indicates significant differences ( =0.05) between the sample and its predeseccor. All milled 

and high-pressure homogenized samples are compared to the undisrupted samples. * means 
significant difference and e indicates no significant difference. Samples highlighted in the 
same color were compared. Equal letter indicate no significant difference and unequal letters 
indicate significant differences. 

e) Prop. = Proportion of astaxanthin isomers in relation to total astaxanthin (% w/w) 
f) BM = Bead-milling 
g) SD = Spray-drying 
h) FD = Freeze-drying 
i) VD = Vacuum-drying 
j) SC-CO2 = Supercritical CO2 extraction 
k) HPH = High-pressure homogenization 
l) ND = No disruption 
 
 
 
Table S3: Estimated model coefficients, p-values and optimized parameters regarding maximal 

astaxanthin yield in spray-drying. Significant p-  
 

 
Linear model Quadractic model Quadractic model + 

interactions 
  coefficient p-value coefficient p-value coefficient p-value 
a  (Intercept) 1.8038  -0.1508  0.9095  
b1  (Spraya) -0.001 0.0011 0.0046 0.2196 0.004 0.5303 
b2 (Feedb) 0.0096 0.0848 -0.0123 0.6699 0.0797 0.749 
b3 (Tempc) -0.0017 0.1054 0.0065 0.6521 -0.0094 0.8376 
b11 (Spray²)   0 0.1453 0 0.3004 
b22 (Feed²)   0.0011 0.4536 0.0021 0.5842 
b33 (Temp²)   0 0.6002 0 0.8778 
b12 (Spray*Feed)     0 0.8265 
b13 (Spray*Temp)     0 0.747 
b23 (Feed*Temp)     -0.0005 0.6942 
R² 0.7151 0.8122 0.8244 
R² adjusted 0.6201 0.6244 0.2975 
Optimized parameters       
Feed 15 15 15 
Spray 400 400 400 
Temp 120 136.88 120 

aSpray = Spray gas flow (NL/h) 
bFeed = Product feed rate (%) 
cTemp = Inlet Temperature (°C)  
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Chapter 3: Screening of a Thraustochytrid Strain Collection for Carotenoid and Squalene Production 
Characterized by Cluster Analysis, Comparison of 18S rRNA Gene Sequences, Growth Behavior, and 
Morphology
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Figure S1. Carotenoid composition of the analyzed strains grown on media with a high salinity (30 g/L). 

Mean values of the individual experiments from each strain whose contribution to the total carotenoids 

exceeded 3% are displayed individually (Table S7). Diastereomers of astaxanthin are summarized as 

“Z-astaxanthin”.

Figure S2. Carotenoid composition of Thraustochytrium striatum N5997 on various DoE media. Only 

carotenoids whose contribution to the total carotenoids exceeded 3% are displayed individually (Table 

S8). Diastereomers of astaxanthin are summarized as “Z-astaxanthin”.
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Figure S3. Morphology of various strains observed in medium 3 after cultivation in microtiter plates.

U. profunda N5905 (A), N5658a (B), U. visurgensis 6000b (C), Sakar7 (D), N5594d (E), N5589c (F),

T. aggregatum 4992b (G), N4930a (H), S. aggregatum 561bx (I), N2820a (J), 5999 (K), T. striatum 

5997 (L), O. minutum N5995 (M), 5996 (N), T. kinnei N1694d (O), 1476c (P), Thraustochytriidae sp.

N5670c (Q), N4994d (R), T. aureum N6006d (S), N6007e (T), and 5985 (U). Scale bars show 20 m.
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Figure S4. Morphology of various strains observed in medium 6 after cultivation in microtiter plates.

U. profunda N5905 (A), N5658a (B), U. visurgensis 6000b (C), Sakar7 (D), N5594d (E), N5589c (F),

T. aggregatum 4992b (G), N4930a (H), S. aggregatum 561bx (I), N2820a (J), 5999 (K), T. striatum

5997 (L), O. minutum N5995 (M), 5996 (N), T. kinnei N1694d (O), 1476c (P), Thraustochytriidae sp.

N5670c (Q), N4994d (R), T. aureum N6006d (S), N6007e (T), and 5985 (U).
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Figure S5. Morphology of various strains observed in medium 12 after cultivation in microtiter plates.

U. profunda N5905 (A), N5658a (B), U. visurgensis 6000b (C), Sakar7 (D), N5594d (E), N5589c (F),

T. aggregatum 4992b (G), N4930a (H), S. aggregatum 561bx (I), N2820a (J), 5999 (K), T. striatum

5997 (L), O. minutum N5995 (M), 5996 (N), T. kinnei N1694d (O), 1476c (P), Thraustochytriidae sp.

N5670c (Q), N4994d (R), T. aureum N6006d (S), N6007e (T), and 5985 (U).
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Figure S6. Morphology of various strains observed in medium 14 after cultivation in microtiter plates.

U. profunda N5905 (A), N5658a (B), U. visurgensis 6000b (C), Sakar7 (D), N5594d (E), N5589c (F),

T. aggregatum 4992b (G), N4930a (H), S. aggregatum 561bx (I), N2820a (J), 5999 (K), T. striatum

5997 (L), O. minutum N5995 (M), 5996 (N), T. kinnei N1694d (O), 1476c (P), Thraustochytriidae sp.

N5670c (Q), N4994d (R), T. aureum N6006d (S), N6007e (T), and 5985 (U).
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