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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 ff-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.



Zusammenfassung

Bevdlkerungswachstum, hohere Erwartungen an ein langes und gesundes Leben und nicht zuletzt auch
der Klimawandel sind wichtige Treiber fiir die Entwicklung und Produktion von gesundheitsférdernden,
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 natiirlichen Pigmenten, die zur Férbung in Lebens- und Futtermitteln eingesetzt werden. Einige
Carotinoide, wie f-Carotin, haben durch ihre Provitamin-A-Aktivitdt auch gesundheitserhaltende
Wirkungen. Andere, wie Astaxanthin, sind aktuell noch Gegenstand wissenschaftlicher Untersuchungen
hinsichtlich ihrer antioxidativen Wirkungen auf den menschlichen Korper. Die biotechnologische
Produktion ermoglicht die nachhaltige Versorgung mit natiirlichen 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 unterstiitzen:

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 ermdglicht die Spaltung von Carotinoidestern, wie sie
in natiirlichen 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 ermdglichte, die Astaxanthinausbeute bei gleichzeitiger
Minimierung von Prozesskosten und Energieaufwand zu maximieren. Die Untersuchung hat
ergeben, dass potentiell Astaxanthin schidigende Prozesse einen weniger nachteiligen Effekt
auf die Ausbeute hatten als erwartet. Daraus ergeben sich weitere Mdoglichkeiten fiir
Entwicklungen klimafreundlicher Aufarbeitungsmethoden.

3. Das Screening einer Stammsammlung von Thraustochytriaceae liel erkennen, dass auch andere
Stimme potentiell fiir eine nachhaltige Produktion von Carotinoiden geeignet sind. Die
untersuchten Thraustochytriden lieBen eine grofe Variabilitdt in ihren Carotinoidprofilen
erkennen, die in Abhédngigkeit der Medienzusammensetzung weiter variierte. Durch
Parameteroptimierung konnten Wachstum und Metabolitausbeute gesteigert werden.

Die gewonnenen Erkenntnisse tragen dazu bei, biotechnologische Prozesse weiterzuentwickeln.
Zukiinftige Studien sollten neben der Produktionsoptimierung insbesondere die Wirksamkeit,
Wirkmechanismen und Anwendbarkeit von Carotinoiden beriicksichtigen. Das daraus gewonnene
umfassende Verstdndnis ist essentiell, um die notwendige Produktion durch optimierte Synthese und
Aufarbeitung zu verbessern, einen zielgerichteten und 6konomischen Einsatz zu ermdglichen und somit

dauerhaft zur Gesundheit der Bevolkerung und dem Klimaschutz beizutragen.



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. Their large delocalized m-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 £/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 a- and S-carotene. Hydroxylation mediated by different enzymes
produces xanthophylls, initially lutein and zeaxanthin, but these can cascade to form a variety of

carotenoids [48,49].



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 [S0—

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 f-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].



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 (f-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 p-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, a-carotene, lycopene, lutein, and zeaxanthin [87]. Carotenoids most frequently occurring in
human blood plasma of Europeans are lycopene and f-carotene, but also f-cryptoxanthin, lutein,
zeaxanthin, and a-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 f-carotene, a-carotene, and S-cryptoxanthin being
major vitamin A precursors [152—155]. p-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 f-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



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 f-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 f-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



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 f-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, f-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, f-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,



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].

9Z-astaxanthin

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 20™ 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 S-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, f-carotene, and some derivatives) is

produced synthetically on an industrial scale [252,253]. The chemical production to date is



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. f-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 S-carotene. Up to 4% of its cell dry weight is
composed of carotenoids, with mainly f-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 f-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, f-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 w-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 CO; 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 CO, (SC-CO,) 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 97 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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Abstract

Astaxanthin derived from natural sources occurs in the form of various esters and stereo-
mers, which complicates its quantitative and qualitative analysis. To simplify and standard-
ize astaxanthin measurement with high precision, an enzymolysis-based astaxanthin
quantification method was developed to hydrolyze astaxanthin esters and determine free
astaxanthin in all its diastereomeric forms. Astaxanthin standards and differently pro-
cessed Haematococcus pluvialis biomass were investigated. Linear correlation of stan-
dards of all-E-astaxanthin was observed in a measurement range between extract
concentrations of 1.0 pg/mL and 11.2 ug/mL with a coefficient of variation below 5%. The
diastereomers 927-, and 13Z-astaxanthin, and two di-Z-forms were detected. In contrast to
the measurement of standards, the observed measurement range was extended to 30 pg/
mL in extracts from H. pluvialis. The nature of the sample had to be taken into account for
measurement, as cell, respectively, sample composition altered the optimal concentration
for astaxanthin determination. The measurement precision of all-E-astaxanthin quantifica-
tion in dried H. pluvialis biomass (1.2—1.8 mg dried biomass per sample) was calculated
with a coefficient of variation of maximum 1.1%, whereas it was below 10% regarding the
diastereomers. Complete enzymolysis was performed with 1.0 to 2.0 units of cholesterol
esterase in the presence of various solvents with up to 2.0 mg biomass (dry weight). The
method was compared with other astaxanthin determination approaches in which astax-
anthin is converted to acetone in a further step before measurement. The developed
method resulted in a higher total astaxanthin recovery but lower selectivity of the diaste-
reomers. The reliability of photometric astaxanthin estimations was assessed by compar-
ing them with the developed chromatographic method. At later stages in the cell cycle of
H. pluvialis, all methods yielded similar results (down to 0.1% deviation), but photometry
lost precision at earlier stages (up to 31.5% deviation). To optimize sample storage, the
shelf life of astaxanthin-containing samples was investigated. Temperatures below -20°C,
excluding oxygen, and storing intact H. pluvialis cells instead of dried or disrupted biomass
reduced astaxanthin degradation.
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Introduction

Astaxanthin (3,3 "-dihydroxy-B,p’-carotene-4,4"-dione) is a secondary ketocarotenoid. It has
a hydrocarbon backbone that comprises a central, delocalized m-electron system. f-ionone
rings terminate the hydrocarbon chain at both ends [1, 2]. The presence of one hydroxy- and
one oxo-group at each of these terminal rings further classifies it as xanthophyll. Its biosyn-
thesis has been observed mainly in microalgae [3-12] but also in a few protists [13-15], bac-
teria [16-20], archaea [21] as well as yeasts [22, 23], and very few plant species [24, 25].
Astaxanthin exhibits properties against photooxidative stress by scavenging free radicals
[26-31]. These antioxidative effects were also observed in mammalian cells in vitro and in
vivo [32-37] and led to its application as a nutritional supplement, food and feed additive,
and in cosmetics. Astaxanthin from natural sources has been authorized for human con-
sumption in many countries worldwide [38]. Few minor adverse effects of dosed astaxanthin
consumption were observed [38]. Allergic reactions to the consumption of H. pluvialis pro-
teins cannot be excluded, but their likelihood has been considered low in tested astaxanthin-
rich novel food ingredients by the European Food Safety Authority (EFSA) [39]. It can also
be produced synthetically, but its natural form has gained interest with respect to consumer
demands [40, 41]. A major source for the biotechnological production of astaxanthin is the
green alga Haematococcus pluvialis [11, 42]. It contains 1.9 to 7.0% astaxanthin of its dry
weight in certain life cycle stages and under stress conditions [43-48]. As in other producing
organisms, astaxanthin in H. pluvialis is derivatized at one or both hydroxyl groups with var-
ious fatty acids, mainly leading to the formation of monoesters (76-94%), besides diesters
(2-23%) and free astaxanthin (0.3-4%) [49-53]. The most common fatty acids occurring in
these combinations are C18:1 and C18:2, amongst many others [49-52]. The conjugated
double-bound system can theoretically form a variety of diastereomers [54]. The most abun-
dant form in H. pluvialis is the all-E configuration followed by the sterically unhindered 9Z-,
13Z- and 15Z-forms [55-59] as well as corresponding di-Z-forms [50, 58, 60]. Due to the two
stereogenic carbon atoms C-3 and C-3’, three or four enantiomers are possible when a sym-
metrical or asymmetrical Z-form is considered, respectively (35,3’S, 3R,3’R, 35,3 R/ 3R,3’S).
In H. pluvialis, the ratio of the astaxanthin enantiomers was reported to be 88:10:2 and 99:0:1
(35,3’S, 3R,3’R and 38,3’R) [57, 61, 62].

Determining total astaxanthin in biological samples is crucial on the analytical and pro-
duction scale. Most studies use estimating, photometric quantification methods instead of
precise determination of total astaxanthin including its isomers for the means of hyphenated
chromatography. Photometry enables simple and fast determination without the need for
sophisticated equipment [23, 43, 63-65]. The biological variability of astaxanthin with all its
different isomeric forms and esters [49, 51] complicates the exact quantification of astax-
anthin. Moreover, astaxanthin is sensitive to treatment with solvents [54, 66, 67]. Access to
sophisticated hyphenated chromatography protocols is limited. Here we demonstrate a fast,
robust, and reliable method to get reproducible and comparable results of an overall astax-
anthin content.

Many available methods to determine the astaxanthin content in H. pluvialis have been
described. The most sophisticated ones extract, identify, and quantify a variety of esters and
isomers with liquid chromatographic and spectrophotometric/mass spectrometric methods
ods that differentiate the varying esters require much time for separation. Correct evalua-
tion is elaborate because absorption spectra of carotenoids are similar. Moreover, correct
quantification is difficult due to the different absorption coefficients of the geometric
isomers.
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A faster and more general approach is to extract all carotenoids and determine astaxanthin
photometrically by estimating its proportion of total carotenoids [23, 43, 63]. The methods
optionally include or destroy residual chlorophylls with a chemical treatment before measure-
nm) than the absorbance maximum of astaxanthin for quantification to avoid overlapping
absorption by chlorophylls and other carotenoids [48, 59, 77]. These photometric methods are
cost-extensive, though the estimation may lead to unpredictable deviations, and the chloro-
phyll destruction may also impact the carotenoids. The geometrical isomers of astaxanthin
[79], which impedes their individual quantification. To refine those photometric methods,
astaxanthin can be fractionated by chromatographic methods (thin layer or column chroma-
tography) beforehand and the corresponding fractions can be measured photometrically,
applying the respective absorption coefficients [80-82]. However, the correct merging of the
many esters and isomers is still difficult, leading to inaccuracy and deviation.

An option is to saponify the esters and isolate and quantify the resulting free astaxanthin
with a shorter chromatographic method. Here, different methods for deesterification have
been applied. Alkaline treatments with NaOH [55, 70, 83-88] or KOH [86, 89] are possible but
can cause changes in the structural conformation and/or degradation of carotenoids [77, 85,
95] or whole-cell catalysts [96].

The enzymolysis of astaxanthin is a promising compromise to quantify astaxanthin pre-
cisely while minimizing time consumption. Based on the enzymolysis of carotenoid esters,
developed by Jacobs et al. [91], methods for quantification of astaxanthin were adapted by
depth evaluation of the process boundaries, detection limits, accuracy, and applicability of
various astaxanthin-containing natural sources has not yet been performed. Therefore, a
method for robust and reliable determination of astaxanthin from H. pluvialis was developed
and validated, which was still faster than methods determining the various esters of astax-
anthin. The five step-method comprises the preparation of biological samples and astax-
anthin extraction, enzymolysis, liquid-liquid extraction of astaxanthin, processing of the
resulting extract, and measurement with ultra-high performance liquid chromatography
(UHPLC) and UV/VIS spectrometry. Particular emphasis was set to relevant factors:
Enzyme and biomass amount, shelf life, incubation time, quantification limits, linearity, pre-
cision, systematic errors, robustness, and isomerization effects were tested. The final method
was compared to photometric astaxanthin determination approaches. We aimed to develop
amethod that is applicable at all different stages of astaxanthin production and works with
different formulations of astaxanthin. Therefore, it was tested with commercially available
H. pluvialis and astaxanthin samples.

Materials and methods
Chemicals and reagents

Analytical grade acetone (SupraSolv), petroleum ether, and acetonitrile (hypergrade) were
obtained from Merck (Darmstadt, Germany). Ethanol and Tris(hydroxymethyl)aminomethan
(TRIS) (> 99.9%) were provided by Carl Roth (Karlsruhe, Germany) and formic acid (99%
ULC/MS) by Biosolve (Valkenswaard, Netherlands). Hydrochloric acid for pH value adjust-
ment was purchased from Merck (Darmstadt, Germany). Cholesterol esterase from Pseudomo-
nas sp. for enzymolysis was obtained from MP Biomedicals (Eschwege, Germany). All-E-
astaxanthin standard in its free form (SML0982, > 97%, 3S,3’S, from Blakeslea trispora) was
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provided by Sigma-Aldrich (Taufkirchen, Germany) and astaxanthin monopalmitate (1017,
3RS,3’RS) by CaroteNature (Miinsingen, Swiss).

H. pluvialis biomass and astaxanthin containing extracts

Various commercially available sources of Haematococcus pluvialis biomass containing
astaxanthin were used: Dried and disrupted cysts were obtained from Golden Peanut (Gar-
stedt, Germany). Sea & Sun Technology GmbH (Trappenkamp, Germany) provided con-
centrated H. pluvialis aplanospores from seven different batches in nutrient depleted media.
Sea & Sun Technology also provided oleoresins of H. pluvialis obtained from supercritical
CO, (SC-CO,) extraction either pure or diluted in ethanol. Cultivation and harvest parame-
ters are not available on those samples, but for two batches of concentrated, fresh biomass
obtained from Sea & Sun Technology. Those were taken from day 22 to 28 of a light and
nutrient-induced stress phase. All had been cultivated in BG11 medium (Culture Collection
of Algae at the University of Géttingen): 17.6 mM NaNO3, 0.18 mM K,HPO, x 3H,0, 0.3
mM MgSO, x 7H,0, 0.25 mM CaCl, x 2H,0, 0.031 mM citric acid, 0.023 mM ferric ammo-
nium citrate, 0.003 mM Na,EDTA x H,O, 0.19 mM NaCOQOj3 and 1 mL/L trace metal solution
made of 1.0 mM H3BO3, 1.0 mM MnSO, x H,0, 1.00 mM ZnSO,4 x 7H,0, 0.01 mM
(NH4)6M070,4 x 4H,0 and 0.1 mM CuSO, x 5H,0. These were used exclusively for the
experiments in which the developed method was to be compared with photometric
methods.

Disruption of H. pluvialis and astaxanthin extraction

Undisrupted biomass was bead-milled to ensure astaxanthin accessibility during further pro-
cessing. Therefore, 0.2-4.0 mg cell dry mass were weighed into lysis tubes type C (ceramic
beads, diameter 0.4-0.6 mm) by Analytik Jena (Jena, Germany). 500 L acetone were added
for astaxanthin extraction. When analyzing aplanospores in liquid medium, volumes of equal
to or less than 300 pL of well-homogenized samples were filled into the same lysis tubes and
matched to a final amount of 0.5-2.0 mg of biomass. The tubes were filled up to 500 pL with
acetone accordingly. The cysts were broken mechanically in a swing mill (MM 2000, Retsch,
Haan, Germany) at 27 Hz for 3 minutes without cooling and centrifuged at 10,000 x g. The
supernatant of both sample types was transferred to a centrifuge tube, and 500 pL of fresh ace-
tone were added to the lysis tube. This procedure was repeated twice until the supernatant and
the residual biomass were colorless.

Astaxanthin deesterification by enzymolysis

The preparation for enzymolysis varied with the sample type. Using concentrated fresh or
dried biomass, the combined supernatants obtained from astaxanthin extraction were filled up
to 3 mL with acetone (2 90-100% v/v). Highly viscous oleoresins were weighed directly into
centrifuge tubes with 0.4 to 15.8 mg and diluted in 3 mL acetone. Oleoresins dissolved in etha-
nol were used at 0.1 to 3 mL and filled up with acetone to 3 mL. 2 mL of 50 mM TRIS buffer
(pH 7 at 21°C) and 600 pL cholesterol esterase solution at a concentration of 3.3 U/mL sus-
pended in the same buffer were added. Accordingly, final cholesterol esterase concentration in
the sample was 2.0 units or 0.36 units per mL. The tubes were incubated at 37°C in a water
bath and mixed gently every 10 minutes. Astaxanthin was recovered by liquid-liquid extraction
with 2 mL (2 26% v/v) of petroleum ether. The mixture was shaken vigorously for 10 s to ame-
liorate astaxanthin transfer into the petroleum ether. Subsequent phase separation was
enhanced by centrifugation at 3,000 x g for 1 minute. The upper, astaxanthin-containing phase

PLOS ONE | https:/doi.org/10.1371/journal.pone.0278504 December 2, 2022 4/34




PLOS ONE

Astaxanthin extraction and determination

was filtered (0.45 um, PET) into amber vials. It was either measured directly or stored at -21°C
for one night before analysis.

Analysis and quantification of free astaxanthin and lutein by
UHPLC-PDA-MS

Extracts were vortexed (Vortex 3, IKA-Werke GmbH und Co. KG, Staufen, Germany) and
ultrasonicated for 20-30 s (Sonorex Super RK 103 H, Bandelin electronic GmbH und Co. KG,
Berlin, Germany) before analysis if they had been stored overnight. Qualification and quantifi-
cation of astaxanthin were performed by UHPLC using an ACQUITY Arc system by Waters
(Milford, MA, USA) equipped with a sample manager (FTN-R), a quaternary solvent manager
(R), an UV/Vis detector (2998 PDA Detector), and a mass spectrometer (Acquity QDa Detec-
tor). A C18-column (Cortecs C18 2.7 um, 90 A, 3.0x 100 mm) was operated at 40°C. The
injection volume was 5 pL. Starting conditions were 70% millipore water and 30% acetonitrile,
both containing 0.1% formic acid. Over four minutes, the gradient increased linearly to 90%
acetonitrile and 10% millipore water. This ratio was kept isocratic for five minutes. A rinsing
step on 100% acetonitrile was attached for a further 2.5 minutes. 3.5 minutes were used for
regeneration of the starting conditions. Flow velocity was 0.5 mL/min. Optical spectra were
measured in a range of 200 to 800 nm, and astaxanthin data were analyzed and quantified at
its determined absorbance maximum of 474 nm. The absorption maximum of lutein was
shown to be at 448 nm. This wavelength was used for quantification. The mass spectrometer
with electrospray ionization (ESI) was operated in positive mode with a cone voltage of 15 V
and a probe temperature of 600°C, measuring in a range of m/z 150 to 1250. For further accu-
racy, the mass of astaxanthin was observed by selected ion recording (SIR) at m/z 598 [M+H]*
and lutein at m/z 570 [M+H]". Besides the major all-E-astaxanthin peak, peaks with UV/Vis
tionally accompanied by peaks with the mass of astaxanthin in SIR were assigned to 9Z- and
13Z-astaxanthin and several di-Z-isomers. However, as the latter are difficult to differentiate
without further validation, they were summed and are consecutively termed di-Z-isomers.
Quantities of all diastereomers were estimated by using the quantification of all-E-astaxanthin,
corrected by factors adjusting the different extinction coefficients published by Bjerkeng et al.
[79], namely 1.20 for 9Z-astaxanthin, 1.56 for 13Z-astaxanthin, and 1.11 for the di-Z-isomers.

Calibration curve—Astaxanthin

For identification and quantification, free all- E-astaxanthin was used at concentrations of 0.5—
45.0 pg/mL in acetone. Blank acetone was applied for zero value determination. Samples of 0.5
to 54.8 ug free astaxanthin and 1.0 to 62.6 ug astaxanthin monopalmitate were subjected to the
deesterification process to determine their recoveries. Both were diluted in acetone and treated
as described above. In the processing of free astaxanthin, the cholesterol esterase solution was
replaced with the same amount of TRIS buffer. For quantification of monopalmitate-ester
derived free astaxanthin, a proportion of 69.4% w/w astaxanthin was assumed by molecular
weight calculation.

Calibration curve—Lutein

To identify and quantify lutein from H. pluvialis, free lutein standard in concentrations of 1.0
to 61.5 pg/mL dissolved in acetone was used for calibration. Linear regression was performed
by ordinary least squares and forced through zero for optimal approximation to standards
recovered in petroleum ether.
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Optimization of enzymolysis and liquid-liquid extraction

Enzyme amount and duration of enzymolysis. The amount of cholesterol esterase was
varied between 0.05 to 2.0 units per reaction for equal amounts of astaxanthin esters in 0.4 mg
H. pluvialis powder (Golden Peanut) to pinpoint optimal enzyme concentration for astax-
anthin conversion during 0.75 hours of incubation. In addition, the incubation time of enzy-
molysis was doubled to 1.5 hours using 0.5 units and 2.0 units of cholesterol esterase.

Influence of ethanol on astaxanthin enzymolysis. The recovery of astaxanthin in
samples processed in the presence and absence of ethanol was compared. Therefore, two
different ethanolic SC-CO, extracts (n = 7 and n = 5) of H. pluvialis with volumes between
150 and 1000 pL were used. They were either fed directly to the deesterification process
(n =5and n = 3) or ethanol was evaporated at 40°C under nitrogen, and the sample was
subsequently resuspended in acetone and TRIS buffer containing 2.0 units of cholesterol
esterase for deesterification (n = 2 and n = 2). All samples were enzymolyzed, extracted,
and astaxanthin content was quantified based on UHPLC-PDA measurements as described
above.

Influence of solvents used in liquid-liquid extraction on astaxanthin quantification.
The volume of the upper petroleum ether layer was determined after liquid-liquid extraction
to determine extract concentrations. Therefore, blank samples (n = 8) consisting of 3 mL ace-
tone and 2.6 mL TRIS buffer were heated to 37°C for 20 minutes in a water bath. Afterward,
the samples were shaken vigorously with 2 mL petroleum ether, centrifuged at 3,000 x g for 1
minute, and cooled to 21°C in a water bath. The complete upper layer was transferred into
reaction tubes and weighed (n = 4). Its density was determined by measuring the upper layer
of the remaining samples with a pycnometer (n = 4). The corresponding volume was
calculated.

To quantify the influence of ethanol on the volume of the upper extraction phase, various
volumes of ethanol (0 to 2010 uL) were filled up to 3 mL with acetone and treated similarly to
the previous experiment.

Extract processing

After liquid-liquid extraction, various processing procedures of the petroleum ether fraction
were compared to reach the maximum recovery of astaxanthin. Therefore, 20 ug of free
astaxanthin standard were deesterified and extracted with petroleum ether as described
above. The upper layer was treated in three ways: (1) The extraction phase was not treated.
(2) An aliquot of the extraction phase was dried under nitrogen and redissolved in the same
volume of acetone. (3) Most of the extraction phase was transferred to another tube, and
fresh petroleum ether was added to the original sample. The extraction and transfer steps
were repeated twice until the upper layer was colorless. The combined fractions were dried
at 40°C under nitrogen and redissolved in 2 mL of acetone. The samples were filtered, and
astaxanthin was measured by the UHPLC-PDA-MS method. All experiments were per-
formed in triplets or quartets.

Evaluation of detection limits and linearity of astaxanthin determination

Detection limits and linearity of astaxanthin measurement were determined by varying the
amount of H. pluvialis powder (Golden Peanut) from 0.04 mg to 2.0 mg in triplets. 3.3 and 4.0
mg were tested without replicates. They were enzymolyzed with a constant concentration of
2.0 units cholesterol esterase in 3 mL of acetone and 2.6 mL of TRIS buffer and 0.75 hours of
incubation.
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Determination of measurement precision

The astaxanthin content of two samples from different packages of dried H. pluvialis biomass
(Golden Peanut) was measured using the standard enzymolytic UHPLC-PDA procedure
described above. Measurements were performed once on three and four different days to
determine the variation between experiments carried out independently. Between 1.2 and 1.8
mg of sample were applied.

Method adjustment

Liquid cultures and oleoresins. Various liquid culture batches of H. pluvialis biomass
(Sea & Sun Technology) concentrated at 7.1, 39.5, 182, and 262 g/L were examined. For dis-
ruption, volumes of 1 to 45 L of these samples were transferred to lysis tubes to get final
amounts of 0.1 to 2.0 mg of biomass. Further processing was accomplished as described above.

Additionally, four oleoresins of H. pluvialis extracted with SC-CO, were investigated.
Therefore, 0.15 to 1.8 mg of oleoresin were directly added to the deesterification solution.
Enzymolysis was carried out with 2.0 units and 4.0 units of cholesterol esterase per reaction.
Extraction and quantification were performed as described above.

Sample mixtures. Various astaxanthin-containing samples were deesterified individually
and merged to examine cross-interactions. The individual samples contained either 240 pg of
H. pluvialis powder (Golden Peanut), 16 ug of astaxanthin monopalmitate, or 12 pg of free
astaxanthin. Maximum 4.5% w/w of the H. pluvialis powder were considered to be free astax-
anthin by measurements. Astaxanthin monopalmitate consists of about 69.4% w/w of free
astaxanthin. Thus, the final extracts of the samples contained 4.2 to 4.7 pg/mL of free astax-
anthin. Moreover, three samples were prepared, two containing mixtures of two of the single
solutions, and one sample containing all three. In these, the individual samples were repre-
sented at identical amounts as in the samples containing only one of the analytes.

After enzymolysis and recovery in petroleum ether, three aliquots of 600 uL were taken
from each sample. They were prepared either with 63 pL pure acetone, 31.5 L pure acetone
and 31.5 pL of astaxanthin standard solution containing 3.6 ug free astaxanthin, or with 63 pL
of astaxanthin standard solution containing 7.2 ug free astaxanthin. Furthermore, 600 pL pure
petroleum ether were enriched with acetone and astaxanthin like the samples. The experiment
was performed once.

Method comparison to photometric astaxanthin estimation

To compare the developed method to simpler photometric approaches, the astaxanthin con-
tent of several H. pluvialis samples (Sea & Sun Technology) taken towards the end of a cultiva-
tion phase were measured with UHPLC-PDA-MS and photometrically. From two individual
culture batches, samples were taken on days 22-24 and 27-28 of the cultivation. For each
UHPLC measurement, 1.0 mg of H. pluvialis biomass was used. Extraction, enzymolysis, and
quantification were carried out as described above. All samples were measured once. For pho-
tometric measurements, samples were extracted similarly. The extracts were measured at A =
470 nm and with a wavelength scan from 300 to 700 nm in steps of 2 nm. Astaxanthin content
was calculated using two different approaches: (1) Lambert-Beer was applied with the
concentration of astaxanthin (C,,) in g/mL, the optical path length d in cm, the absorption

at the wavelength represented with the subscript number and the 1%-absorption coefficient
Al%

lem

€ax =1980 [100mL/(g"cm)] of a carotenoid mixture in 80% acetone and 20% water [100].
A factor of 0.8 for the astaxanthin proportion of total carotenoids was assumed based on vari-
ous literature data [45, 53, 59, 101]. This (Eq 1) will be termed “general equation” hereafter. (2)
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The calculations of Lichtenthaler [100] for chlorophylls and total carotenoids were used to
determine the carotenoid fraction. See Eqs 2.1-2.3 with the concentration of chlorophyll a
(C,), chlorophyll b (Cy,), and of total carotenoids (Cy..) in ug/mL in acetone with 20% water,
and the absorptions at corresponding wavelengths represented with the subscript numbers.
Again, the astaxanthin proportion was calculated by multiplying the total carotenoid content
with a factor of 0.8 (Eq 2.4).

C, . =— 1

= (1

C,=122A45, — 2.79 Ay (2'1)

C, = 21.50 Agjgs — 25.10 Aggy (22)
1000A,., — 1.82C, — 85.02

Cxﬂ‘ — ( 470 1898Cn 85 Cb) (23)

Cax = 08 Cx+£ (24)

Shelf life experiments

Different samples were prepared to determine the shelf life of astaxanthin in various matrices
and environmental conditions. (1) Free all-E-astaxanthin at a concentration of 1 pg/mL in ace-
tone was stored in amber vials at -80°C, -20°C, 4°C, and room temperature for 833 days. Opti-
cal density was measured initially, after 11, 42, and 833 days by UV/Vis photometry at A = 474
nm. (2) Astaxanthin concentration of a concentrated H. pluvialis culture (40 g/L) (Sea & Sun
Technology) was determined directly and after storage at 4°C in the dark for 104 and 489 days.
(3) The same sample was freeze-dried. Therefore, aliquots were poured into small glass vessels
with a filling height of approximately 0.5 cm. They were placed into a freeze drier (Alpha 1-4,
Christ, Osterode, Germany) for 24 hours at < 37 Pa. After the lyophilization was finished, the
vessels were sealed under vacuum and stored at 4°C in the dark. However, one sample was
measured directly using the described enzymolytic UHPLC-PDA standard method. The other
samples were exposed to ambient air after 7, 108, and 489 days and measured. Afterward, the
samples were closed without vacuum sealing and stored under the same conditions until 489
days after lyophilization. Hereafter, all samples were measured again. (4) Two sealed packages
of H. pluvialis biomass (Golden Peanut) were stored as purchased at -21°C in the dark over
the whole experiment. One was opened and closed again tightly at the beginning of the experi-
ment. Both packages were opened after two and a half years and measured using the
UHPLC-PDA standard method.

Statistics

Linear regression was performed by ordinary least squares method, and the significance of the
deviation of the y-intercepts from zero was evaluated by t-tests. To determine the device-
related measurement deviation, free all- E-astaxanthin standards dissolved in acetone were
measured regularly prior to or after sample measurements. A total of 45 samples with astax-
anthin concentrations between 0 and 45.0 pg/mL were taken into account. Tests on significant
deviations were calculated using mean difference tests with a level of significance of o = 0.05.
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Results and discussion

An enzymolysis-based process for astaxanthin deesterification from natural samples was estab-
lished to quantify astaxanthin easily without having to identify its various esters. Interactions
of sample amount and enzyme quantity were evaluated to find optimal conditions for maxi-
mum astaxanthin recovery. These were verified with different astaxanthin-containing samples.
Moreover, the shelf life was evaluated to minimize losses prior to analysis. Finally, the method
was compared to simple photometric approaches for astaxanthin determination to assess their
applicability in process monitoring (Fig 1).

Calibration curve

Detection limits and linearity of astaxanthin standards. For astaxanthin quantification,
a calibration was established with free all- E-astaxanthin standard dissolved in acetone, filtered,
and injected directly into the UHPLC-PDA-MS system in various concentrations. The result-
ing peak areas were integrated for calibration curve determination. The retention time of the
all-E-astaxanthin peak was 7.50 minutes. Linear regression resulted in the correlation f(x) =
1693.4x — 990.57 with a coefficient of determination of 0.9985. The coefficient of variation was
below 4% for all data points, except for the zero value. The calculated y-intercept was signifi-
cantly different from zero (Table 1). Measurement of all-E-astaxanthin dissolved in acetone
has a greater number of replicates than the following measurements because it was also used as
a parallel check on the stability of the instrument.

As the process should be applied for natural samples that have to be deesterified, the cali-
bration was repeated with free all-E-astaxanthin and astaxanthin monopalmitate. Standards of
both substances were subjected to enzymolysis conditions to verify the behavior and linearity
of the calibration (Fig 1, al). The retention time of all-E-astaxanthin was 6.43 minutes.

Astaxanthin containing samples Enzymolysis and extraction optimization Extract Comparison to
Standard (a1) Enzyme  Duration of Influence of solvents on... processing PhOtometr.lc
amount enzymolysis | |..-enzymolysis ...quantificatio Fxiract astaxanthin

(1) ®2) () =3 (c2) =1 evaporation determination

‘@ Biomass amount (a2)

2

Biomass batches (a3)

(a4)

“ Sample mixtures (a5)

0o
0o 5 :
é © Fresh biomass/oleoresins

H. pluvialis
biomass

Disruption and

Liquid-liquid
extraction

UHPLC-PDA-MS
analysis

Extract

Enzymolysis T

extraction

Y

Shelf-life

Y

Detection limits and linearity, precision, recovery, robustness, selectivity

Fig 1. Schematic overview of the method development for astaxanthin quantification.

https:/doi.org/10.1371/journal.pone.0278504.9001
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Table 1. Calibration curves of astaxanthin standards.

Sample Concen-tration limits
(ng/mL)
Standard Solvent Processing Integrated
isomers
All-E-Ax* acetone direct all-E-Ax 0-32.3
All-E-Ax acetone direct all-E, 97, 137, 0-32.3
diZ-Ax
All-E-Ax acetone direct all-E-Ax 0-11.2
All-E-Ax acetone direct all-E, 97, 137, 0-11.2
diZ-Ax
All-E-Ax PE° like in all-E-Ax 0-11.2
+ acetone enzymolysis
Ax-Mp® PE like in all-E-Ax 0-7.5
+ acetone enzymolysis
All-E-Ax & Ax- | PE like in all-E-Ax 0-11.2
Mp + acetone enzymolysis
All-E-Ax & Ax- | PE like in all-E, 97, 137, 0-11.2
Mp + acetone enzymolysis diZ-Ax

Regressions used for quantification are highlighted bold.
“y-intercept significantly different from zero.

*Ax = Astaxanthin.

®Ax-Mp = Astaxanthin monopalmitate.

PE = Petroleum ether.

https:/doi.org/10.1371/journal.pone.0278504.t001

Number of measure-

ments

112

27

78

21

18

18

Linear regression

Equation

1693.4x-
990.57*

1718.2x-
676.84"

1580.9x-
548.95

1626.2x-
429.73

1624.4x-65.64

1700.8x+5.50

1633.6x
+33.13
1753.3x
+40.56

RZ

0.9985

0.9993

0.9964

0.9962

0.9996

0.9994

0.9982

0.9985

Linear regression
through zero

Equation

1643.0x

1724.4x

1493.7x

1566.1x

1615.3x

1702.0x

1638.9x

1759.9x

RZ

0.9966

0.9982

0.9917

0.9933

0.9995

0.9994

0.9982

0.9985

Subsequently, calibration was repeated for the obtained astaxanthin UHPLC-PDA peaks and
compared to the previous based on the standard dissolved in acetone. Calculations with the
previously examined line of best fit did not properly depict the lower concentrations of enzy-
molyzed astaxanthin in a concentration range between 0.0 to 13.6 pg/mL and resulted in an
overestimation of all-E-astaxanthin content of a maximum of 131% at a concentration of

0.4 ug/mL and 57% at 1.0 pg/mL astaxanthin. Thus, linear regressions were calculated from
the newly obtained values. Regressions resulted in similar linear correlations below 11.2 pg/
mL astaxanthin in the liquid-liquid extraction phase, which was the upper detection limit. It
was f(x) = 1624.4x — 65.639 (R* = 0.9996, n = 10) for free all-E-astaxanthin from free all-E-
astaxanthin standard and f(x) = 1700.8x + 5.500 (R* = 0.9994, n = 9) for free all- E-astaxanthin
from astaxanthin monopalmitate (Fig 2). The y-intercept was not significantly different from
zero for both. As the aim was to quantify astaxanthin derived from natural samples that have
to be prepared by enzymolysis, quantification should be performed by using an appropriate
calibration curve. The calibration using astaxanthin and astaxanthin monopalmitate subjected
to the standard deesterification procedure was the most trustworthy. For higher accuracy, a

calibration curve combining the previous two, including the later described isomers and

forced through zero, was used. It was f(x) = 1759.9x (R%=0.9985, n = 18). This curve repre-
sented astaxanthin concentrations between 1.0 ug/mL and 11.2 pg/mL with less than 5% error

in both directions.

At 0.5 pg/mL the calculated recovery decreased by 11%. Thus, a concentration between 0.5
and 1.0 pg/mL should be recognized as the lower detection limit. Moreover, the linear correla-
tion ended when the astaxanthin concentration exceeded 11.2 ug/mL. Higher concentrations
resulted in reduced recoveries down to 55% at 27 pg/mL. This behavior was correlated to the
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precipitation of astaxanthin, which was observed at the phase boundary and glass wall when
more than 11.2 ug/mL of astaxanthin were present during the liquid-liquid extraction step.
The liquid-liquid extraction of astaxanthin into petroleum ether is a delicate step as pure astax-
anthin is poorly soluble in pure petroleum ether. During liquid-liquid extraction, acetone is
absorbed into the petroleum ether, shifting the equilibrium and accumulating astaxanthin in
the upper phase. The solubility of astaxanthin in the petroleum ether-acetone mixture is still
limited at an upper boundary of approximately 11.2 ug/mL. This phenomenon was more pro-
nounced for the processed free astaxanthin than processed astaxanthin monopalmitate. E.g.,
astaxanthin derived from the free standard resulted in a 58% recovery at 22.2 pg/mL, whereas
astaxanthin derived from astaxanthin monopalmitate resulted in an 80% recovery at 22.3 ug/
mL. This difference indicates an alteration of astaxanthin solubility in the upper layer by the
presence of cleaved palmitic acid. Further testing of the type of solvent and ratio might
increase astaxanthin solubility, but the functionality of the deesterification process has to be
ensured. In the current experimental setup, a concentration of 11.2 ug/mL astaxanthin in the
liquid-liquid extraction phase can be considered as the upper detection limit by restricting the
amount of biomass for optimal astaxanthin recovery.

The observed shifts in retention time can be attributed to the different solvents. The astax-
anthin peak was more than one minute later in pure acetone than in petroleum ether-acetone.
This may be due to altered binding behavior on the column at starting conditions and/or mis-
cibility with the mobile phase, which started at a high water content (70% v/v). However,
decreasing the water content at the beginning affected peak shape negatively.

Selectivity. Considering free all-E-astaxanthin standard dissolved in acetone and injected
directly, diastereomers were detected besides the main all-E-astaxanthin peak (S1 Table). 9Z-
astaxanthin, 13Z-astaxanthin and one di-Z-isomer were observed with a medium proportion of
total astaxanthin of 2.4+0.2% (n = 29) at 7.90 minutes, 0.4+0.1% (n = 26) at 8.84 minutes, and
0.2+0.03% (n = 26) at 8.56 minutes, respectively. The proportion of 9Z- and di-Z-astaxanthin
remained constant, whereas 13Z-astaxanthin rose with prolonged storage and multiple mea-
surements of the same sample up to 2.2%, indicating isomerization reactions during storage in
acetone. Organic solvents have been reported to cause the isomerization of carotenoids [54, 66,
67, 102]. These were described to favor the 13Z-isomer [67], which can be confirmed here.

In standards processed similarly to enzymolyzed samples, all-E-astaxanthin was detected,
and two minor peaks were assigned to 9Z- (7.51 minutes) and 13Z-astaxanthin (8.50 minutes).
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The medium proportions of 9Z-astaxanthin, relative to total astaxanthin, were 5.9+0.5%
(n=9) and 4.9+0.3% (n = 8), obtained from free astaxanthin and astaxanthin monopalmitate,
respectively. The peak areas of 13Z-astaxanthin were 1.3+0.5% (n = 9) and 2.1+0.9% (n = 8)
obtained from free astaxanthin and astaxanthin monopalmitate, respectively. Thus, 9Z- and
13Z-astaxanthin were detected at significantly higher quantities in processed free astaxanthin
and astaxanthin monopalmitate than in free astaxanthin dissolved in acetone. Again, this indi-
cates isomerization reactions of the standards during storage and processing. However, 13Z-
astaxanthin was not the most abundant diastereomer observed in these experiments, indicat-
ing that stereolability is dependent on the specific isomer and conditions [103]. Enzymolysis
was performed at 37°C; elevated temperatures have been reported to enforce isomerization in
tial for further isomerization. These significant differences between the abundance of various
isomers under different conditions, especially the solvents used, indicate that a proper calcula-
tion of the isomers is complicated. Most astaxanthin determination methods require its solu-
tion in one or more solvents and multiple reaction steps, which might shift the proportion of
the isomers. Consequently, isomer ratios can be compared within one method to estimate vari-
abilities, but statements beyond cannot be made without additional tests. Changes in the pro-
portions of stereoisomers might be interesting for various applications as diastereomers have
been described to exhibit different antioxidant activity in vitro [108] and variable bioavailabil-
ity [79]. Therefore, their exact determination should be studied further.

For astaxanthin quantification, in the following experiments, the linear regression of the
combined results of the enzymolyzed free-astaxanthin and astaxanthin monopalmitate was
used as described above. To account also for the isomers, their peak areas were included.
Therefore, their peak areas were multiplied by correction factors to integrate their different
extinction properties. These were 1.20 for 9Z-astaxanthin, 1.56 for 13Z-astaxanthin, and 1.11
for the di-Z-astaxanthin isomers based on the extinction coefficients of Bjerkeng et al. [79].
All obtained areas were summed and the resulting calibration curve was f(x) = 1759.9x (R*=
0.9983, n = 18). All different diastereomers were also found in extracts from H. pluvialis
(Fig 3).

It can be concluded that the amount of astaxanthin is the limiting factor for enzymolysis or
liquid-liquid extraction. A sensible measurement range is 1.0 to 11.2 pg/mL of total astax-
anthin concentration in the extraction phase. Moreover, applying the respective calibration
curve is essential to keep the quantification error below 5%.

Method development

Method development was based on dried H. pluvialis powder. All relevant process steps, i.e.,
disruption and extraction, enzymolysis, liquid-liquid extraction, and the processing of the liq-
uid-liquid extracts, were investigated and adapted if needed. Subsequently, detection limits,
linearity, and precision of the obtained method were determined (Fig 1).

Disruption of H. pluvialis and astaxanthin extraction. Astaxanthin was extracted from
H. pluvialis biomass by disrupting the cells with a bead mill in the presence of acetone. This
process was superior to grinding and ultrasonication under various conditions. A complete
decolorization of the cell pellet, as an indicator for complete astaxanthin extraction, was only
achieved by bead milling.

Enzymolysis. The enzymolysis is the core of the established method. Proper enzyme func-
tion and turnover must be ensured for complete deesterification of the various astaxanthin
esters and free astaxanthin recovery. To find an optimal enzyme concentration, its amount
and incubation time were varied, and free astaxanthin was measured (Fig 1b).
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Fig 3. UV/Vis and SIR chromatograms of an enzymolyzed H. pluvialis extract and corresponding absorption spectra of astaxanthin diastereomers.

https://doi.org/10.1371/journal.pone.0278504.9003

The variation of cholesterol esterase (Fig 1, b1) from 0.05 to 2.00 units added to a constant
quantity of 0.4 mg H. pluvialis biomass per sample resulted in calculated total astaxanthin pro-
portions between 0.87+0.30% w/w (n = 3) and 4.20+0.03% w/w (n = 3) (Fig 4 and S1 Table).
Respectively, 0.003 units to 0.12 units had been present per g total free astaxanthin. The
resulting all-E-astaxanthin concentrations in the petroleum ether-acetone phase were between
1.33 and 6.29 pg/mL, thus in the linear calibration range. The increasing astaxanthin content
with a higher enzyme concentration indicates substrate conversion by cholesterol esterase in
the presence of acetone. Cholesterol esterase has been shown to work in a wide pH- and tem-
perature range and to maintain its activity in the presence of solvents [109]. Furthermore, an
activity increase was reported when minor proportions of up to 10% v/v of organic solvents
were added [110]. Thus, the enzyme seems appropriate for astaxanthin deesterification in the
described solvent-rich environment. The lowest astaxanthin values, accompanied by a distinct
increase in the calculated astaxanthin concentration and comparatively high standard devia-
tions (0.13-0.57% w/w), were observed between 0.05 and 0.50 units of cholesterol esterase.
Here, enzymolysis was incomplete. Astaxanthin content recovered from treatment with 1.0
unit cholesterol esterase did not differ significantly from 1.5 units. Still, 2.0 units resulted in
significantly more total astaxanthin, however, with a small effect size compared to 1.5 units
(0.16 percentage points). Therefore, 1.0 to 2.0 units hydrolyzed the majority of astaxanthin
esters. Su et al. reported good deesterification results with 4.0 units of cholesterol esterase per
reaction. However, they did not specify the used biomass amount [85]. For lipases, slower
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conversion rates and smaller efficiencies have been reported. 4.6 U/g carotenoids have
resulted in 63.2% free astaxanthin recovery after 7 hours of incubation. Moreover, the recovery
even decreased when more enzyme was applied [93]. Huang et al. showed the highest free
astaxanthin yields of 80% with 80 units per ug of astaxanthin esters with a recombinant lipase
after one hour of incubation [94]. Working with higher enzyme amounts may secure complete
conversion, especially at higher astaxanthin concentrations. Nevertheless, astaxanthin solubil-
ity in subsequent liquid-liquid extraction is limited, and higher enzyme application is not nec-
essarily more beneficial. Consequently, 0.06 to 0.12 units per pg of total free astaxanthin were
considered sufficient for most samples. This corresponded to 1.0 to 2.0 units of cholesterol
esterase per sample or 2.5 to 5.0 units per mg of H. pluvialis biomass in these experiments. A
further optimization might be achieved by using a higher enzyme concentration and simulta-
neously repeating the liquid-liquid extraction process as performed by Moretti et al. [61].
9Z-,13Z- and two di-Z-isomers of astaxanthin were observed in all samples. Their biomass
proportions were 0.21+0.01% w/w (n = 3), 0.19£0.02% w/w (n = 3), and 0.18+0.01% w/w
(n = 3), respectively, at 2.0 units. Regarding their proportions to total astaxanthin, no signifi-
cant difference was observed in the di-Z-isomers when cholesterol esterase concentration was
varied. Increasing cholesterol esterase from 0.05 to 2.0 units caused the proportions of 9Z- and
13Z- to total astaxanthin to rise from 4.35 to 4.89% and from 3.56 to 4.47%, respectively. 9Z-
astaxanthin was equally or less abundant than in the enzymolyzed standards, whereas 13Z-
astaxanthin and the di-Z-isomers were detected in higher proportions. Higher or equal diaste-
reomer concentrations should be assumed in natural samples than in pure all-E-astaxanthin
standards. The lack of 9Z-astaxanthin in this natural sample might indicate that sample com-
position influences the isomer equilibria, as it is more complex than the standards. Further
isomerization to other isomers or even reverse isomerization to all-E-astaxanthin [103, 111]
during enzymolysis and extraction is possible. Compared to the standards, a higher proportion

of 13Z-astaxanthin and its di-Z-isomers might be assumed in this sample. However, their
abundance might partially also arise from isomerization reactions. Besides the already
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mentioned effects of temperature and solvents on isomerization, the sample matrix is more
complex due to other cell components from H. pluvialis. NaCl and iodine have also been
described to catalyze the isomerization behavior of carotenoids [67, 79, 103]. Therefore, reli-
able quantification of their total amounts is not possible. These results can only be seen as an
estimate for the calculation of total astaxanthin.

The duration of enzymolysis was extended from 0.75 to 1.5 hours. 0.5 and 2.0 units of cho-
lesterol esterase were applied to constant biomass of 0.4 mg dried H. pluvialis (Fig 1, b2). No
significant difference in the measured all-E-astaxanthin amount was observed compared to the
shorter incubation time at both enzyme concentrations. This indicates that increasing enzyme
concentration is more efficient than elongating incubation time. Additionally, studies showed
a tendency of free astaxanthin to decrease when enzymolysis was prolonged [85], which fur-
ther encourages shorter incubation at higher enzyme concentrations. With longer incubation
time, the proportion of 9Z-astaxanthin and the di-Z-isomers decreased by 9-18%, whereas
13Z-astaxanthin remained constant. Degradation and/or isomerization of astaxanthin isomers
during and after deesterification is possible but seems less severe compared to alkaline saponi-
fication [85]. Although longer enzymolysis duration may still result in good all-E-astaxanthin
recoveries, as also shown by Su et al. [85], relatively higher cholesterol esterase levels at shorter
incubation time can result in sufficient total astaxanthin yields without the risk of further
isomerization reactions. 2.0 units of cholesterol esterase and 0.75 hours of incubation time can
be used as an initial approach toward the astaxanthin measurement of an unknown sample,
which can be adapted if necessary. Further improvement of enzymolysis might be achieved by
surface-active detergents or bile acids, as indicated by Uwajima et al. [109], but might be lim-
ited due to interaction with the used solvents.

Liquid-liquid extraction. After enzymolysis, free astaxanthin had to be recovered from
the buffer solution. Therefore, liquid-liquid extraction with 2 mL of petroleum ether was per-
formed. After phase separation, the upper layer increased in volume (Fig 1, ¢2). This volume
was determined at 2.31+0.03 mL (n = 4). Acetone was dissolved in petroleum ether during
phase mixing, resulting in an excess volume [112]. Various studies encountered similar prob-
lems by drying and resolving the combined extracts in solvent [61, 83]. This procedure is more
laborious and prone to astaxanthin losses. As the volume of the petroleum ether phase is cru-
cial for the exact quantification of astaxanthin, the increased volume was used to calculate
astaxanthin content in all samples processed likewise. Moreover, sodium sulfate has been
used [61, 83] to remove residual water from the petroleum ether phase and enhance solvent
strength. However, this is unnecessary when the described boundaries for astaxanthin solubil-
ity are observed and dry or highly concentrated samples are used.

Processing of liquid-liquid extracts. The extract obtained from liquid-liquid extraction
can be injected directly into UHPLC-PDA-MS or further processed (Fig 1d). Various authors
evaporated the upper extraction phase and redissolved the extracts in organic solvents prior to
measurement [61, 83]. These methods were compared to evaluate recoveries and find the most
cost and time extensive procedure. Direct analysis of this phase resulted in a recovery of 98.24
+1.43% (n = 4) total astaxanthin. Further processing resulted in a decrease in recovery. An ali-
quot was evaporated and redissolved in the same volume of acetone. Its astaxanthin content
was quantified with the respective calibration for astaxanthin in acetone. Total astaxanthin
recovery was significantly lower with 91.68+1.32% (n = 4). A repeated extraction, evaporation,
and resumption in acetone resulted in 96.34+0.68% (n = 3) total astaxanthin recovery. The
generally lower recovery might be due to losses during processing. The proportion of 9Z-astax-
anthin was lower, whereas 13Z-astaxanthin and the di-Z-isomers were more abundant when
the samples were redissolved in acetone (S1 Table). This direct comparison and comparison to
the standards for calibration curve determination demonstrate changing isomer recoveries in
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different solvents, indicating once more that a valid determination is not possible due to
changes during processing. Altogether, these experiments point to direct processing as the
most correct and time and cost-reducing procedure. Still, the quantification of the diastereo-
mers in natural samples of H. pluvialis, especially in the presence of other carotenoids, is more
precise when the samples are dissolved in acetone, as the chromatographic resolution of the
diastereomers and lutein was higher.

Detection limits and linearity of astaxanthin determination. The complex composition
of H. pluvialis biomass was assumed to influence enzymolysis. Moreover, the previously deter-
mined detection limits should be verified when applying natural samples. Therefore, the bio-
mass quantity of H. pluvialis was varied from 0.04 to 3.98 mg at constant saponification time
(0.75 hours) and cholesterol esterase concentration (2.0 units) [99] to find an optimal astax-
anthin transformation range (Fig 1, a2). A maximum yield of 3.74+0.01% w/w (n = 3) all-E-
astaxanthin was observed at 0.8 mg of H. pluvialis powder (£ 13.0 ug/mL all-E-astaxanthin
concentration in liquid-liquid extract) (Fig 5 and S1 Table). Between 0.2 and 2.0 mg (2 3.18
and 32.4 ug/mL all-E-astaxanthin concentration in liquid-liquid extract), > 97% of the maxi-
mum recovery were still reached. This implies an extended measurement range compared to
the standards, whose recovery decreased significantly, starting at approximately 11.2 ug/mL
astaxanthin concentration. The sample matrix of whole-cell biomass is much more complex
than the standards. Lipophilic cellular components such as fatty acids or other carotenoids are
dissolved in the hydrophobic solvent, altering its composition and enhancing solubility for
other constituents like astaxanthin. Z-isomers of many carotenoids, including astaxanthin,
have a higher solubility in various solvents than the all-E-isomer [104, 113, 114]. Thus, the cali-
bration curve might be applied at astaxanthin concentrations above 11.2 ug/mL. However, a
definite range cannot be specified because biomass composition, especially in terms of fatty
acids and pigments, is variable, particularly when H. pluvialis is exposed to stress conditions
[88,115-117]. The measured all-E-astaxanthin content decreased significantly, applying either
more or less biomass. It was 3.33+0.05 (n = 3), 3.24, and 2.86% w/w for 0.04, 3.26, and 3.98 mg
of biomass, respectively (2 0.64, 51.81, and 63.25 pug/mL all-E-astaxanthin concentration in
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Fig 5. Astaxanthin content in H. pluvialis biomass, deesterified with 2.0 units of cholesterol esterase. Standard
deviation is indicated for total astaxanthin in triplicates. Standard deviations for the individual isomers can be found in
S1 Table. The figure demonstrates that the method gets similar results for a broad range of biomass inputs.
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liquid-liquid extract). The decrease at 0.04 mg is likely due to measuring inaccuracy at the
lower border of the measurement range, which was also determined in the standards. The sig-
nificant decrease in recovery when using more than 2.0 mg of biomass might be explained by a
relatively too low enzyme concentration. Moreover, other carotenoid and cholesterol esters
and phospho- and triacylglycerides are in direct competition with the deesterification of astax-
anthin-esters and may decelerate the process [118-121]. Jacobs et al. reported higher conver-
sion for carotenoid esters that contain a cyclopentenyl terminal ring rather than a
cyclohexenyl terminal ring, implying other carotenoid esters might be hydrolyzed preferably
[91]. Moreover, on the fatty acid side, a higher hydrolysis rate has been shown for longer chain
and polyunsaturated fatty acids esterified with cholesterol [109]. This might further favor reac-
tions of the enzyme with other molecules. Additionally, proteins might inhibit proper enzyme
function [122-124]. Another reason might be insufficient solubility of astaxanthin in the
extraction phase. However, for none of the samples, precipitation was visible. The proportion
of 9Z- and 13Z-astaxanthin increased significantly only when relating the samples with the
lowest and highest biomass (0.04 and 2.0 mg). However, it did not vary significantly when
samples with similar concentrations were compared. Moreover, the proportion of all diaste-
reomers increased when the biomass amount was raised to 3.3 and 4.0 mg. These corre-
sponded to all-E-astaxanthin concentrations of 51.81 and 63.25 ug/mL, which are well above
the upper detection limit. Thus, the higher solubility of the Z-isomers [104, 113, 114] might
change the equilibrium in their favor.

This experiment expanded the outlined upper detection limit of 11.2 ug/mL of all-E-astax-
anthin in the extraction phase to approximately 30 ug/mL. The lower detection limit was
approved at approximately 1.0 ug/mL.

Precision of astaxanthin determination. In order to demonstrate measuring precision
and repeatability, astaxanthin content was measured multiple times in two different samples.
Each measurement was performed on a different day to prove the similarity of the indepen-
dent experiments. The samples had an all-E-astaxanthin content of 3.46+0.04% w/w (n = 5)
and 3.98+0.04% w/w (n = 4) (Fig 6 and S1 Table). This equaled coefficients of variation of
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Fig 6. Astaxanthin content in two H. pluvialis powders. Standard deviation is indicated for each astaxanthin
diastereomer. Sample A: n = 5, sample B: n = 4.

https://doi.org/10.1371/journal.pone.0278504.9006
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1.1% and 1.0%, respectively. The isomers 9Z-, 13Z-astaxanthin, and two di-Z-isomers were
observed in both samples with coefficients of variation between 1.9 and 9.0%. Thus, the preci-
sion of all-E-astaxanthin measurement was high, whereas it fluctuated for the diastereomers. It
might be improved by evaporating and resolving the extracts in acetone prior to analysis.
However, such treatment would be most likely at the expense of total astaxanthin recovery.

Method adjustment

The resulting method was further validated regarding linearity, detection limits, precision, and
robustness when various samples of astaxanthin containing biomass or extracts were used.
Therefore, fresh H. pluvialis cultures and either pure oleoresins or oleoresins diluted in ethanol
were applied at various concentrations. The sample type specific method adjustments and vali-
dations are explained in the following.

Sample type: H. pluvialis liquid cultures. H. pluvialis cells concentrated in nutrient-
depleted medium were disrupted in the presence of acetone. The first passage in the bead mill
had only little effect on the extraction of carotenoids, as hardly any color change of the
medium-acetone phase was observed. Major cell disruption and extraction were achieved only
in the second and third passage. This might be due to an increased acetone proportion during
the passages, which has a stronger dewatering effect on membranes and cell walls.

Biomass of four batches of H. pluvialis was processed according to the standard method
(Fig 1, a4). All-E-astaxanthin content was determined ranging from 0.73+0.04% w/w (n = 3) to
3.82+0.15% w/w (n = 3) (Fig 7 and S1 Table). Independently from the actual astaxanthin con-
centration, the obtained all-E-astaxanthin recovery in three of the four batches was above 90%
of the maximum achieved concentration when using 0.2 to 1.5 mg of biomass, respectively 2.5
to 15.0 pg/mL of all-E-astaxanthin extract concentration. These results confirm the applicabil-
ity of the linear calibration correlation of all-E-astaxanthin at concentrations above 11.2 pg/
mL for natural samples. However, the maximum all-E-astaxanthin recovery was observed at
different extract concentrations in each sample. These extended over the whole measurement
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Fig 7. Astaxanthin content of four batches of H. pluvialis suspended in residual medium. M1 to M4 derive from

different batches. Standard deviations are indicated for total astaxanthin. Replicates of M1 to M4 vary between three
and five. Standard deviations for the individual isomers and replicates can be found in S1 Table.
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range and were found at 2.5, 8.2, 11.3, and 19.7 pg/mL. Thus, the previously determined mea-
surement range should be condensed to an optimal measurement range, which is highly
dependent on the sample. Throughout its life cycle, H. pluvialis exhibits different characteris-
tics, e.g., highly stressed cells with a high astaxanthin level also indicate an altered composition
might further change enzyme activity, solvent equilibria, and astaxanthin solubility.

In most samples, the measured isomers essentially showed the same proportion when
between 0.75 and 1.75 mg of H. pluvialis biomass (dry weight) were used. Applying less than
0.75 mg biomass resulted in higher deviations of the measurements. This reinforces the
assumption that the proportion of isomers measured is largely stable within a constant experi-
mental setup. In relation to the total astaxanthin content, 2.65 to 14.54% di-Z-astaxanthin, 2.96
to 5.03% 9Z-astaxanthin, and 3.38 to 4.17% 13Z-astaxanthin were observed. Yuan and Chen,
who compared the different isomers in extracts of H. pluvialis during and after saponification
under alkaline conditions, observed a higher peak area ratio of 9Z- to 13Z-astaxanthin [55-
57]. Gong et al. also observed higher 9Z- than 13Z-astaxanthin proportions after enzymolysis
[125], indicating a higher abundance of 9Z-astaxanthin in general. However, changes in the
composition of isomers have been observed during H. pluvialis cultivation [125], leading to
the suggestion that strain, cultivation, and stress conditions influence the abundance of the dif-
ferent isomers, as evidenced by the high variance of di-Z-isomers in these experiments. As
already discussed, storage and processing conditions might also have an influence, and the
comparison to other methods is presumably biased.

Compared to the share of geometrical isomers observed in the deesterified all-E-astaxanthin
standards, 9Z-astaxanthin was less or equally abundant, and 13Z- as well as the di-Z-astax-
anthin isomers were more abundant in samples of H. pluvialis suspended in medium. Thus,
the same principle that biomass, temperature, and solvents affect isomerization behavior
applies as already described previously for dried H. pluvialis samples.

Sample type: Oleoresins. Oleoresins from H. pluvialis are mostly obtained by SC-CO,
extraction. Here, modifiers are often used for enhanced extractability [89, 126-128] and due to

system requirements. Ethanol, as a solvent, is very common and can be found in the resulting
extracts. For astaxanthin determination, it can be evaporated prior to enzymolysis. For cost
and time reduction, direct measurement of ethanolic extracts was investigated using the
method developed here. Its robustness and effects on further processing and astaxanthin
recovery were examined.

The proper function of the enzymolysis in the presence of ethanol had to be ensured (Fig
1, c1). No significant difference was observed between the samples processed with ethanol
and those processed without ethanol with respect to all-E-astaxanthin. An extract with a high
astaxanthin concentration resulted in 52.9+0.4ug/mL (n = 5) of all-E-astaxanthin when equal
or less than 18% v/v ethanol were present during enzymolysis and extraction. 53.1+0.5 pg/
mL (n = 2) of all-E-astaxanthin were detected when ethanol was evaporated prior to process-
ing (S2 Table). Another extract with a lower astaxanthin concentration resulted in 8.6
+0.2 pug/mL (n = 3) of all-E-astaxanthin when equal or less than 18% v/v ethanol was present
during deesterification. Comparably 8.8+0.2 pug/mL (n = 2) of all-E-astaxanthin were
obtained when ethanol was evaporated prior to processing. As already described, cholesterol
esterase has been shown to maintain its activity in the presence of solvents and, more specifi-
cally, ethanol [109]. It might even work better if small amounts of up to 10% v/v of organic
solvents are added [110]. Ethanol concentrations above 18% v/v resulted in a sharp decline
of the measured all-E-astaxanthin content. It decreased to 50% and 16% of the previously cal-
culated astaxanthin quantities for 36% v/v and 54% v/v of ethanol, respectively. A decrease in
activity and stability with > 10% v/v ethanol concentrations has been observed [110]. A
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similar effect has been shown for a lipase from P. aeruginosa [95]. It can be explained by sta-
bilization and destabilization of hydrophobic interactions depending on ethanol concentra-
tion [129-131], suggesting an inhibition of the enzyme with ethanol concentrations > 18%
v/v in these experiments. There was no significant difference in the proportion of 13Z-astax-
anthin comparing the deesterification in the presence and without ethanol. However, with-
out ethanol, the proportion of 9Z-astaxanthin was 18 and 40% higher in the samples with a
higher or lower total astaxanthin content, respectively. In the sample with less astaxanthin,
the proportion of the di-Z-astaxanthin isomers was 60% higher in the absence of ethanol.
Solvent-related isomerization might account for this. Overall, the all-E-astaxanthin amount
did not change significantly. Thus, minor ethanol proportions in the enzymolytic process
can be regarded as unproblematic.

After enzymolysis, in the liquid-liquid extraction, the upper phase expansion was studied in
the presence of various quantities of ethanol (Fig 1, c2). After processing and extracting with
petroleum ether, the upper-phase volume decreased to 2.24, 2.17, 2.11, 2.04, and 2.00 mL
when 3, 7, 11, 14, and 18% v/v ethanol were used, respectively. Linear regression resulted in a
line of best fit with f(x) = -0.0003x + 2.3052 (R® = 0.9943, n = 6). Binary mixtures of hexane
and ethanol cause a volume dilatation [132], whereas mixtures of acetone and ethanol result in
volume contraction [133, 134]. This second phenomenon might also impact the ternary mix-
ture of petroleum ether, acetone, and ethanol, resulting in a smaller excess volume than in the
absence of ethanol [135]. When 36% v/v ethanol were initially added to the sample, this linear
correlation no longer applied as the volume of the upper phase decreased to 1.95 mL. Here the
influence of a higher ethanol proportion resulted in a volume contraction.

It can be concluded from both experiments that the presence of ethanol generally does not
influence the total astaxanthin recovery as long as its effect on the volumetric change in liquid-
liquid extraction is taken into account during quantification and the volumetric maximum of
18% v/v is considered.

To study the optimal concentration range, detection limits, and linearity of astaxanthin
determination in oleoresins (Fig 1, a4), three different samples were deesterified with 2.0 units
to 4.0 units of cholesterol esterase at quantities between 0.15 and 15.8 mg. Above 90% of the
maximum measured astaxanthin content were recovered when using 0.3 to 1.2 mg of oleo-
resin. This corresponded to 1.8 pg/mL to 20.4 ug/mL of all-E-astaxanthin in the respective
extract. There was a sample-specific optimal measuring range. Exceeding or falling below it
resulted in reduced recoveries.

In oleoresin O1, the highest all-E-astaxanthin value of 5.8% w/w was observed at 0.4 mg
oleoresin (2 10.0 ug/mL all-E-astaxanthin in the liquid-liquid extract) enzymolyzed with 4.0
units of cholesterol esterase. Stepwise increase of oleoresin to 1.6 mg (2 41.2 pg/mL all-E-astax-
anthin) and reducing the enzyme to 2.0 units resulted in a steady 17% decrease of overall all-E-
astaxanthin recovery. This indicates an excess of enzyme capacity and/or solubility at higher
oleoresin amounts. Oleoresins mainly contain fatty acids and other lipophilic compounds
such as carotenoids and their esters [39, 101, 136], which can act as competitive substrates.

In oleoresin O2, which was oleoresin O1 diluted in sunflower oil, the highest all- E-astax-
anthin levels were observed between 0.75 and 1.00 mg of oleoresin (2 4.4 to 5.9 pug/mL all-E-
astaxanthin in the liquid-liquid extract). Less astaxanthin was detected when applying more or
less oleoresin. A doubling of enzyme concentration in sample O2 resulted in a minor increase
of maximum 5.5% all-E-astaxanthin or 3.9% total astaxanthin when directly comparing samples
with equal or less than 1.0 mg (2 5.9 pg/mL in the liquid-liquid extract) oleoresin. Therefore,
the enzyme capacity was sufficient to deesterify astaxanthin in the range below 5.9 ug/mL.

Conversely, in sample O3, the highest all-E-astaxanthin value of 3.6% w/w was observed at
the highest applied oleoresin per sample, which was 1.65 mg (2 25.9 ug/mL all-E-astaxanthin
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in the liquid-liquid extract) and decreased to 3.0% w/w at 0.78 mg oleoresin (£ 12.3 pg/mL all-
E-astaxanthin in the liquid-liquid extract). This supports the hypothesis that complex lipo-
philic samples can be used at concentrations exceeding the previously determined measure-
ment range. Possibly the higher abundance of lipophilic substances results in enhanced
solubility of astaxanthin. For proper enzymatic activity, the previously outlined maximum
astaxanthin concentration of approximately 30 pug/mL should still be considered, or enzyme
quantity has to be increased.

No severe influence of the amount of oleoresin used on the proportion of the isomers was
observed in the range below 1.8 mg of sample. 7.51 to 19.69% of the total astaxanthin were the
di-Z-forms, 5.14 to 13.01% 9Z-astaxanthin, and 3.99 to 7.24% 13Z-astaxanthin. Their abun-
dance was higher than in the alga cultures suspended in medium or dried cells. Two effects
might account for this. First, elevated temperatures and high pressures, also present during
SC-CO; extraction, lead to a higher isomerization rate and altered isomer profiles [58, 102,
104-107]. However, SC-CO, extraction is a process that is considered mild. Alvarez et al. did
not find significant differences in isomer proportions between different extraction conditions
[137]. Second, Z-isomers might have higher extraction rates in SC-CO, extraction a priori due
to their higher solubility in solvents [104, 113, 114]. This might be the reason for the selective
accumulation of Z-isomers [138, 139].

In this study, significant higher proportions of 9Z- than 13Z-astaxanthin were detected in
all oleoresins (Fig 8 and S1 Table). Various authors have also reported this in enzyme deesteri-
fied supercritical fluid extracts of H. pluvialis [85, 137]. All-E-astaxanthin and all-E-astaxanthin
diacetate exposed to isomerization inducing conditions showed higher levels of 9Z- and 13Z-
astaxanthin than other di-Z-isomers in the resulting mixtures [58, 60].

Sample mixtures. To further quantify the observed effects of natural samples on the solu-
bility and thus linear measurement range of astaxanthin in liquid-liquid extracts, different
standards and a natural sample with equal astaxanthin amount were examined independently
and in mixtures (Fig 1, a5). The all-E-astaxanthin recoveries of the independent samples were
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Fig 8. Astaxanthin content of three different oleoresins of H. pluvialis. Standard deviations are indicated for total
astaxanthin. O1 (n = 3) and O3 (n = 3) derive from different batches. O2 (n = 7) is a dilution of O1. Standard
deviations for the individual isomers can be found in S1 Table.
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88% from astaxanthin monopalmitate, 83% from free astaxanthin, and 98% from H. pluvialis.
The calculated astaxanthin concentration in the final extraction phase was between 4 and 5 ug/
mL. The addition of acetone after liquid-liquid extraction might have caused the unexpected
reduced recovery of the standards. Mixtures of those samples yielded recoveries of 95% to
109%, even at a total all-E-astaxanthin concentration of 13.3 pug/mL, indicating that the pres-
ence of biomass components or acetone facilitates the solution of astaxanthin in the extraction
phase. Evaluating all these samples, a proportional increase of the measured astaxanthin con-
centration to the prepared astaxanthin concentration was observed: a linear regression forced
through zero resulted in a proportion of 1.0205 of measured to prepared total astaxanthin con-
centration with a coefficient of determination of 0.9654. However, the recovery decreased
when free all-E-astaxanthin standard dissolved in acetone was added after the enzymolysis.
The same samples prepared with 3.6 g and 7.2 pg free all-E-astaxanthin standard resulted in a
correlation of 0.9408 (R* = 0.9690) and 0.8836 (R? = 0.9441), respectively. The addition of
astaxanthin and acetone after extraction might change the phase equilibria, density, and astax-
anthin solubility, resulting in the observed measurement inaccuracy. Apart from these rela-
tions, all-E-astaxanthin extract concentrations up to 23.6 pug/mL were detected linearly without
precipitation effects. Moreover, those samples containing the whole-cell biomass or mixtures
resulted in higher recoveries in all experiments. Thus, fatty acids and other cellular compo-
nents are the only other differing factors in these experiments that might influence astaxanthin
solubility. It is difficult to discriminate between the two observed effects of reduced and
enhanced recovery due to acetone/standard addition and the presence of cellular components,
respectively, due to the experimental setup. To understand the circumstances affecting all-E-
astaxanthin solubility, recovery, and thus measurement boundaries for its quantification, a
broader concentration range without further astaxanthin addition after processing needs to be
considered, as all previous tests showed that the applicable measurement concentration of all-
E-astaxanthin in H. pluvialis biomass is higher than in measurements of standards.

Method comparison to photometric astaxanthin estimation

Many methods for fast and easy astaxanthin determination are based on a simple photometric
measurement of H. pluvialis extracts. Two such approaches using different mathematical mod-
els were compared to the developed UHPLC-PDA method to evaluate the discrepancy
between them and conclude whether photometric techniques can still lead to a reasonable esti-
mate of astaxanthin (Fig le). For an even broader impression of the possible validity of those
methods, two H. pluvialis cultures were tested at different times towards the end of a cultiva-
tion period to account for possible changes in the carotenoid and chlorophyll composition.
Astaxanthin production had been induced by exposure to high light intensities and nitrogen
starvation. Besides astaxanthin, the lutein content was determined by UHPLC-PDA measure-
ments, and spectra of the extracts were compared. UHPLC data revealed steadily increasing
all-E-astaxanthin content from 0.99 to 2.47% w/w and 1.31 to 2.70% w/w in batch A and B,
respectively (Fig 9 and S1 Table). Total astaxanthin concentration rose from 1.13 to 2.79% w/w
and from 1.50 to 3.07% w/w in batch A and B, respectively. Photometric data evaluated with
the general equation (Eq 1) resulted in total astaxanthin contents between 1.34 and 2.85% w/w
and between 1.97 and 2.95% w/w in batch A and B, respectively. Astaxanthin content calcu-
lated from the same photometric data but with the equations of Lichtenthaler et al. [100]
increased from 1.31 to 2.78% w/w in batch A and from 1.91 to 2.93% w/w in batch B. Astax-
anthin amounts obtained from the photometric methods were generally similar. Though, here
a higher astaxanthin content was estimated compared to UHPLC-PDA measurements in the
first half of both experiments. On the 27th and 28th day, photometric and UHPLC-PDA
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Fig 9. Astaxanthin content in two different batches of H. pluvialis cultures towards the end of a cultivation
period. Left batch A, right batch B. All-E-astaxanthin calculated from UHPLC-PDA measurements (4), total
astaxanthin calculated from UHPLC-PDA measurements (1), total astaxanthin calculated from a photometric
approach using Eq 1 (A)and Eq 2 (®).

https://doi.org/10.1371/journal.pone.0278504.9009

approaches resulted in similar or slightly smaller astaxanthin concentrations calculated from
photometric data.

The initial deviation may be due to a misestimation of other carotenoids and chlorophylls
by the photometric approach. It has been shown that carotenoid composition changes during
cultivation; astaxanthin increases faster than other carotenoids, and lutein and chlorophylls
even decrease [44, 68, 125]. This was confirmed for lutein, as concentration fell from 0.09 to
0.06% w/w and 0.13 to 0.08% w/w in batch A and B, respectively, during the trial period. In
addition, the wavelength scans of the whole extracts revealed the presence of chlorophyll a by
maxima at 661 and 662 nm as well as a shoulder in the carotenoid peak at 434 nm [100], which
decreased over the measurement period. The extract spectra also revealed a shifting absorption
maximum from 466 to 472 nm and 468 to 478 nm in batch A and B, respectively. This Ay
shift was probably also due to a reduction of chlorophylls and possibly other carotenoids that
absorb at shorter wavelengths while astaxanthin levels increased. This experiment was made
towards the end of two cultivation periods and is in accordance with measurements of Bous-
siba et al. They measured absorbance spectra of extracts of H. pluvialis at different cell cycle
stages but observed a much greater variance when comparing green to red cells [75]. Lich-
tenthaler et al. especially considered and corrected for the chlorophylls in their equations, but
they are based on the analysis of various plants with another carotenoid composition and
without astaxanthin. Both photometric approaches assume that astaxanthin accounts for about
80% of all carotenoids, which is not true for various stress stages of H. pluvialis cells, and an
absorption coefficient A}:’;” of 1980 [100mL/(g*cm)] for the total xanthophylls [100] was
assumed. Apart from the mentioned unsuitability for precise measurement of astaxanthin, it
might result in a further misestimation as it also does not distinguish between the diastereo-
mers. UHPLC-PDA analysis showed an increase in all diastereomers over the measurement
periods. The relative proportion of 9Z- and 13Z-astaxanthin increased slightly initially,
whereas the proportion of the di-Z-isomers decreased constantly. Gong et al. observed similar
correlations and reported a steady increase of total astaxanthin and its isomers during cultiva-
tion but no significant difference in the relative proportion of 9Z- and 13Z-astaxanthin during
the astaxanthin accumulation phase [125]. Both photometric approaches include the geometric
isomers. However, their different proportions and absorption coefficients are neglected. Maxi-
mum extinction is generally reduced and shifted to shorter wavelengths in Z-isomers of carot-
enoids [54, 79]. Therefore, the exact determination of astaxanthin, including the absorption
characteristics of its isomers, in complex matrices, with other carotenoids and chromophores
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of unknown portions and extinction properties is a delicate task. Recent methods circumvent
these problems by measuring at higher wavelengths (530 nm in DMSO), where the absorption
of most carotenoids, except for astaxanthin, is near zero [48, 59, 77]. Minor deviations might
still occur because of the named issues with geometrical isomers. Another possibility is to use
Gauss peak spectra methods to estimate carotenoids and astaxanthin [140, 141]. The different
isomer spectra can be taken into account here.

Photometric methods provided a reasonably good estimate of the total astaxanthin content
at a given time point near the end of a stress period. Only minor deviations between 0.2 and
4.0% from the UHPLC-PDA-based measurements occurred. However, comparison with sam-
ples taken at an earlier stage of cultivation resulted in deviations up to 30%, with the potential
for even greater discrepancy. Without further insights into the cell composition, such methods
should only be used to estimate differences in astaxanthin content of the same cultures. Astax-
anthin in differently cultivated H. pluvialis algae, strains, or even processed samples should not
be compared because photometric measurements cannot specifically distinguish between iso-
mers, other carotenoids, and chlorophylls.

Shelf life of astaxanthin containing samples

Astaxanthin-rich biomass is often stored prior to extraction and quantification. Generally,
astaxanthin is highly reactive. It reacts with oxygen and forms various auto-oxidation products
with shifted absorption maxima [142] and different absorption coefficients, leading to lower
extinction. Moreover, isomerization reactions of carotenoids are induced by incubation at ele-
vated temperatures also in the absence of solvents [106]. Although this effect generally depends

tures may result in similar isomerization effects. To achieve reproducible results, astaxanthin
losses should be minimized during storage. Therefore, the stability of free astaxanthin standard
in acetone was examined at various temperatures to characterize its vulnerability without fur-
ther protection. Furthermore, dried and non-dried H. pluvialis biomass was investigated at dif-
ferent temperatures and in the presence and absence of oxygen to find storage conditions that
reduce astaxanthin losses and storage costs.

Free astaxanthin standard. Free all-E-astaxanthin standard with a concentration of 1 ug/
mL in acetone was stored at -80°C, -20°C, 4°C, and room temperature for 833 days in the
dark. At room temperature, a decrease of 6% and 12% after 10 days and 41 days was observed,
respectively. The concentration of samples stored in cooler conditions remained constant dur-
ing this period. After 833 days, the sample stored at room temperature had lost 93% of its ini-
tial concentration, and the sample stored at 4°C had lost 27%. For storage at -80°C and -20°C
no major changes in optical density were observed. These results indicate partial prevention of
astaxanthin degradation by temperature reduction. This assumption is supported by other
studies in which increased degradation of astaxanthin was observed at elevated temperatures
(76, 143, 144].

Non-disrupted H. pluvialis biomass concentrated in residual medium. H. pluvialis bio-
mass suspended in a nutrient depleted liquid medium with a concentration of 40 g/L was
stored at 4°C in the dark. The measured all-E-astaxanthin content decreased to 93 and 83% of
its initial value of 0.9940.01% w/w (n = 6) when the samples were measured after 104 and 489
days, respectively. Similar protection of astaxanthin in frozen cells of H. pluvialis after 672 days
was observed by Miao et al., who reported a loss of less than 15% astaxanthin [76]. H. pluvialis
aplanospores have a rigid, multilayered cell wall that protects the alga from unfavorable envi-
ronmental conditions [145, 146], which might impair oxygen diffusion into the cell and thus
astaxanthin oxidation.
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Lyophilized and non-disrupted H. pluvialis biomass exposed to ambient atmosphere.
An aliquot of the same biomass was lyophilized and stored under ambient air atmosphere at
4°C. The all-E-astaxanthin content was 0.95+0.01% w/w (n = 3) directly after freeze-drying,
but it decreased to 69% and 32% of this initial value when the samples were measured 108 and
489 days later, respectively. These findings are similar to those of Ahmed et al., who reported
35% astaxanthin degradation in lyophilized H. pluvialis after 20 weeks in non-vacuum condi-
tions [144]. Again, the relatively high temperature and direct oxygen exposure probably pro-
moted astaxanthin degradation. The protective sheath of the cell wall might have failed due to
its desiccation compared to the previous experiments.

Lyophilized and non-disrupted H. pluvialis biomass partially exposed to ambient atmo-
sphere. Aliquots of the same lyophilized samples as before were vacuum-sealed directly after
freeze-drying. They were exposed to ambient air immediately, 7, 108, and 489 days later. These
samples were measured altogether on day 489. The all-E-astaxanthin recoveries were 32, 44, 70,
and 83% of the initial value, respectively (Fig 10 and S1 Table). The di-Z-isomers were generally
most abundant, followed by 9Z- and 13Z-astaxanthin. Their total amount decreased the longer
the sample was exposed to ambient air. However, their proportion in relation to the total astax-
anthin content was similar. Exposure to oxygen has been reported to negatively affect astax-
anthin during storage of H. pluvialis [76, 143, 144], e.g., Raposo et al. observed an improvement
in astaxanthin degradation in spray-dried samples when stored under nitrogen or vacuum
atmosphere compared to storage under air [71]. The small losses still observed in this experi-
ment might be due to reactions with residual oxygen in the cells or the atmosphere of the pack-
aging. Lyophilization was performed at 37 Pa, and no atmosphere change was applied.

Dried and disrupted H. pluvialis biomass sealed and exposed to ambient air. Two
sealed bags of H. pluvialis powder were stored at -21°C in the dark. One of them was opened,
exposed to ambient air, and closed tightly again without changing the atmosphere. The astax-
anthin content of both samples was measured after two and a half years. The all-E-astaxanthin
content was 3.98+0.04% w/w (n = 4) and 3.46+0.04% w/w (n = 5) in the sealed and the opened
sample, respectively (S1 Table). Compared to the closed sample, 9Z- and 13Z-astaxanthin
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Fig 10. Astaxanthin content in lyophilized H. pluvialis biomass. It was exposed to ambient atmosphere for different
periods of time and measured after 489 days.

https:/doi.org/10.1371/journal.pone.0278504.9010
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decreased by 12% and 22%, respectively, in the opened sample, while the sum of the di-Z-iso-
mers increased by 14%. Related to total astaxanthin, all-E-, 9Z-, and 13Z-astaxanthin were not
significantly different, and only the proportion of the di-Z-isomers increased from 5.9+0.1
(n=4)t07.7£0.3% (n = 5). As described above, oxidation of astaxanthin is probably the reason
for its general decrease in the opened sample. Compared to the previously analyzed lyophilized
samples stored without a protective atmosphere at 4°C, a beneficial effect of the reduced tem-
perature was observed, as total astaxanthin content decreased less.

Conclusion

A method for astaxanthin quantification was developed to accurately determine astaxanthin
from a variety of H. pluvialis biomass, extracts, and formulations. Specifically, the following
method parameters considered: Enzymolysis, extraction, and extract processing. Besides all-E-
astaxanthin, the diastereomers 9Z-, 13Z- and two di-Z-isomers of astaxanthin were detected.
In natural samples, the measurement precision of all-E-astaxanthin was determined with a
maximum coefficient of variation of 1.1%, whereas it was below 10% regarding the diastereo-
mers. Generally, linear correlations of biomass to astaxanthin content were determined in the
extraction phase between 1.8 ug/mL and up to 30 pug/mL all-E-astaxanthin. It was demon-
strated that an optimal concentration for quantification depended on the sample type and
composition. Optimal cholesterol esterase concentration was dependent on astaxanthin con-
centration and biomass composition, but 2.0 units were generally sufficient in the outlined
quantification range. The robustness of the method was demonstrated for ethanolic extracts of
H. pluvialis obtained from SC-CO, extraction. Direct quantification from liquid-liquid
extracts was corrected for volume aberrations and dilatations during solvent mixing.

Based on our research, we recommend starting with between 0.5 and 2.0 mg of astax-
anthin-containing biomass. The initial experiment can be performed with 2.0 units of choles-
terol esterase and an incubation time of 0.75 hours. The settings of the enzymolysis can be
adapted depending on the type of the sample, i.e., fresh or dried biomass or extracts. For I1.
pluvialis samples, the stress level and thus estimated astaxanthin content must be considered.
Different sample amounts should be processed to examine the approximate astaxanthin con-
centration and the influence of cellular components and to assure compliance with extraction
limits. Enzyme amount and concentration can be adapted in a second measurement set if nec-
essary. Special attention has to be paid to the correct calibration and quantification.

Supporting information

S1 Table. Overview of the astaxanthin content in the various experiments.
(PDF)

S2 Table. Overview of the astaxanthin content determined in ethanolic SC-CO, extracts.
(PDF)
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Abstract: Astaxanthin derived from Haematococcus pluvialis is a valuable metabolite applied in a
wide range of products. Its extraction depends on a sophisticated series of downstream process
steps, including harvesting, disruption, drying, and extraction, of which some are dependent on
each other. To determine the processes that yield maximum astaxanthin recovery, bead milling,
high-pressure homogenization, and no disruption of H. pluvialis biomass were coupled with spray-
drying, vacuum-drying, and freeze-drying in all possible combinations. Eventually, astaxanthin was
extracted using supercritical CO,. Optimal conditions for spray-drying were evaluated through
the design of experiments and standard least squares regression (feed rate: 5.8 mL/min, spray gas
flow: 400 NL/h, inlet temperature: 180 °C). Maximal astaxanthin recoveries were yielded using high-
pressure homogenization and lyophilization (85.4%). All combinations of milling or high-pressure
homogenization and lyophilization or spray-drying resulted in similar recoveries. Bead milling and
spray-drying repeated with a larger spray-dryer resulted in similar astaxanthin recoveries compared
with the laboratory scale. Smaller astaxanthin recoveries after the extraction of vacuum-dried biomass
were mainly attributed to textural changes. Evaluation of these results in an economic context led to
a recommendation for bead milling and spray-drying prior to supercritical CO; extraction to achieve
the maximum astaxanthin recoveries.

Keywords: isomerization; UHPLC-PDA-MS; microalgae; carotenoids; disruption; drying; supercritical
CO, extraction; economic feasibility

1. Introduction

Astaxanthin (3,3'-dihydroxy-p,B’-carotene-4,4’-dione), a secondary ketocarotenoid,
can reduce (photo-)oxidative stress by scavenging a variety of radicals and quenching
singlet oxygen [1-6]. This strong antioxidant capability applies in vivo and in vitro [7-12].
Astaxanthin has been used as a nutritional supplement, food and feed additive, and in cos-
metics. Beneficial health effects, such as cardiovascular disease prevention and improved
immune response, have been associated with astaxanthin consumption. The approval
of astaxanthin from natural sources for human consumption has been granted in many
countries worldwide, with recommended daily intakes of up to 24 mg/day permitted
by the United States Food and Drug Administration [13]. Although it can be produced
synthetically, its natural form has gained interest with respect to consumer demands [14,15].
Various organisms have the potential to accumulate astaxanthin. Its biosynthesis has mainly
been observed in microalgae [16-24], but also in a few protists [25-27], bacteria [28-32],
archaea [33], as well as yeasts [34,35], and very few plant species [36,37]. A major source
for the biotechnological production of astaxanthin is the green alga Haematococcus pluvi-
alis [24,38]. It forms flagellated, motile cells under optimal environmental conditions. These
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transform into spherical, non-motile aplanospores, which accumulate astaxanthin under
stress conditions such as high light irradiation or nutrient deficiency [24,39—-43]. H. pluvialis
can accumulate 1.9% to 7.0% astaxanthin of its dry weight [44—49].

Astaxanthin often has to be extracted from whole-cell biomass to meet legal and
processing demands, e.g., raw materials free from cellular debris are needed for cosmetics
or feed additive production. Therefore, elaborate downstream processing is necessary,
which may constitute a large part of the total production costs [50-53]. Depending on
the purity desired, it generally comprises four or more steps: harvesting the biomass, cell
disruption, drying, and the extraction of astaxanthin [50]. Harvesting comprises biomass
concentration to reduce the volume in further processes.

Disruption is necessary to facilitate later accessibility during the extraction [54,55],
because the aplanospores of H. pluvialis have a very thick and rigid cell wall, limiting
extractability [56-58]. The disrupted biomass is dried to enhance its shelf life and prepare
for extraction, which is the last step. Various methods have been described to achieve these
different goals, and some even combine them. Their applicability on an industrial scale
is often limited. E.g., chemical extraction approaches using methanol, ethanol, acetone,
acetonitrile, hexane or hydrochloric acid may be suitable on a laboratory scale [58-61],
but are restricted in human applications due to possible health risks, product degrada-
tion [61,62], and environmental issues. Physical and biological treatments using sonication,
microwaves, autoclaving, ionic liquids, enzymatic treatment or germination [59,62—66]
often lack efficiency, are difficult to upscale, or are too expensive. Simple mechanical dis-
ruption processes such as milling [38,53] or high-pressure homogenization (HPH) [67,68]
are possible, but risk astaxanthin degradation. Additionally, HPH is quite expensive.

Combined disruption and extraction have been described with generally recognized
as safe (GRAS) solvents [69,70], but the selectivity of these extraction processes is lim-
ited, compared with, e.g., supercritical CO, (SC-CO,) extraction. Drying techniques such
as freeze-drying (FD), spray-drying (SD), and belt-drying have been applied for further
dehydration of the biomass [53,71-73]. In all these processes, attention must be paid to
product degradation [74], because astaxanthin is prone to oxidation [75]. This is especially
important when working at higher temperatures. Final astaxanthin extraction can be
achieved with various solvents. Reductions in the use of fossil-based solvents is an impor-
tant environmental goal. It must also be considered that consumers demand increasing
standards of sustainability, eco-friendliness and product safety. SC-CO; extraction enables
the gentle, selective, and efficient recovery of astaxanthin from other, polar compounds
and cell biomass while being non-toxic, aseptic, and environmentally friendly. Accordingly,
many authors have proposed SC-CO; extraction for safe and environmentally friendly
production of astaxanthin-containing oleoresins [54,55,76-86].

Of the named processes, bead milling (BM), SD, and SC-CO; extraction are commonly
applied and discussed for the industrial and pilot-scale production of astaxanthin, as well as
for economic assessments [50,52,53,73,87]. Many of those processes have been investigated
individually concerning their efficiency and, most importantly, their astaxanthin recovery.
Nevertheless, only a few studies have combined the various processes used in downstream
processing. Therefore, this study combined different disruption and drying methods for H.
pluvialis biomass in all possible combinations.

2. Materials and Methods
2.1. Chemicals and Reagents

Analytical-grade acetone, petroleum ether and hypergrade acetonitrile were obtained
from Merck (Darmstadt, Germany). Ethanol and Tris(hydroxymethyl) aminomethane
(TRIS) (>99.9%) were provided by Carl Roth (Karlsruhe, Germany), and formic acid
(99% ULC/MS) by Biosolve (Valkenswaard, The Netherlands). Cholesterol esterase from
Pseudomonas sp. was purchased from MP Biomedicals (Eschwege, Germany). All-E-
astaxanthin standard in its free form (SML0982, >97%, 3S,3'S, from Blakslea trispora) was
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obtained from Sigma-Aldrich (Taufkirchen, Germany), and astaxanthin monopalmitate
(1017, 3RS, 3'RS) was provided by CaroteNature (Miinsingen, Switzerland).

2.2. Haematococcus Pluvialis Cultivation

Haematococcus pluvialis (proprietary strain of Sea & Sun Technology, Trappenkamp,
Germany) was cultivated indoors in a glass tube system of 1500 L under artificial light con-
ditions (LED tubes, 24 h) at 23 4 1 °C. The cells were cultivated in BG11 medium consisting
of 17.6 mM NaNOs, 0.18 mM K,HPOy - 3 HO, 0.3 mM MgSO; - 7 H,O, 0.25 mM CaCl,
- 2 H,0, 0.031 mM citric acid, 0.023 mM ferric ammonium citrate, 0.003 mM Na,EDTA -
2H,0, 0.19 mM NaCOj3 and 1 mL/L trace metal solution made of 1.0 mM H3BOj3, 1.0 mM
MnSO; - HyO, 1.00 mM ZnSOy - 7 HyO, 0.01 mM (NHy)sMoyOy4 - 4 H,O and 0.1 mM
CuSOy - 5 HyO until nitrogen was completely depleted. Subsequently, the cells were
transferred to a 3000 L glass tube system, operated in a greenhouse (Génnebek, Germany),
and exposed to direct sunlight to induce astaxanthin production. The cells were cultivated
in the greenhouse until the astaxanthin content reached its highest level. The cells were
harvested by centrifugation (Clara 80, Alfa Laval, Lund, Sweden). The harvested biomass
had a final concentration of 179.9 + 0.05 g/L (n = 3).

2.3. Downstream Processing—Laboratory Scale
2.3.1. Disruption of H. pluvialis Biomass

Two disruption methods, i.e., bead milling (BM) and high-pressure homogenization
(HPH), were compared.

An agitator bead mill (Dyno-Mill KDL A, Willy A. Bachofen AG, Muttenz, Switzerland)
was used for cell disruption by BM. The grinding chamber had a volume of 600 mL and was
filled to 85% with grinding beads (0.8-1.0 mm diameter, 83% ZrO, and 17% CeO;). It was
cooled by cold water flowing through a double jacket, resulting in a biomass temperature
between 36 °C and 44 °C in the outlet. The separation gap width was 0.2 mm. The
peripheral speed for the agitator discs (64 mm diameter) was 14 m/s. The throughput was
between 10.5 L/h and 12.0 L/h, resulting in average dwell times between 1.4 and 1.7 min
for one passage. All batches were milled three times, and samples were taken after each
passage. The aliquots were homogenized after the experiment and stored at —21 °C, prior
to astaxanthin analysis and further processing.

For HPH, the biomass with a concentration of 180 g/L was diluted 1 to 4 with water
and filtered. This was the highest concentration homogenizable with this device. The
biomass was filtered through 50 pm polyamide gauze. Four aliquots of 500 to 600 mL
were homogenized twice separately at approximately 80 MPa (EmulsiFlex-C3, Avestin,
Mannheim, Germany). Samples were taken and measured before and after each disruption
step. Cell disintegration and dry weight were determined directly after the experiments.
The aliquots were homogenized after the experiment and stored at —21 °C, prior to astax-
anthin analysis or further processing.

2.3.2. Drying of H. pluvialis Biomass

Three drying techniques were compared: spray-drying (SD), freeze-drying (FD), and
vacuum-drying (VD).

SD conditions were assessed by the design of experiments for optimal experimental
parameters to dry 200 mL continuously agitated, non-disrupted H. pluvialis biomass (con-
centration 99.4 g/L) at the laboratory scale with a mini spray-dryer B-191 (Biichi, Essen,
Germany) for maximization of the biomass and astaxanthin yield. Therefore, the amount
of dried biomass in the collection container and its astaxanthin content were measured and
used independently as dependent variables. Three independent variables were chosen and
tested in ten different scenarios at distinct points: spray gas flow was applied at 400 and
500 NL/h, product flow rate at 5%, 10%, and 15% = 2.7, 5.8, and 8.7 mL/min, respectively,
and inlet temperature at 160 and 180 °C. In three further runs, the temperature was reduced
to 140 and 120 °C, and spray gas flow was increased to 600 NL/h in one run. The experi-
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ment using the parameters that were later considered optimal was repeated, resulting in 14
experiments. An overview of the different process conditions can be found in Table S1. Hot
air volume flow was maintained constant at 25 m3/h throughout all experiments.

The obtained results were analyzed using JMP PRO software version 15.0.0. Data were
regressed using standard least squares with different models, namely, linear ((Equation (1))
and quadratic (Equation (2)), as well as quadratic combined with interaction terms (re-
sponse surface model) (Equation (3)). Y is the yield, a is the intercept, b;, ¢;, and d;; are
model coefficients, and X; and X; represent the model regressors.

3
Y:a+ Zb,‘X,‘ (1)
i=1
3 3
Y=a+ Y bXi+ Y oX? )
i=1 i=1
3 3 ) 2 3
Y =a+ ZbiXi+ ch‘xi + Z Z dZ/XZX] 3)
i=1 i=1 i=1j=i+1

The adjusted coefficients of determination were used to compare the three different
models. The model with the highest adjusted coefficient of determination was then op-
timized numerically via a gradient descent algorithm on the yield. T-tests were applied
to identify the statistical significance of the model parameters. The described approaches
were carried out, regressing the biomass and astaxanthin contents. The results of both
estimations were combined with approximate optimal parameters for astaxanthin recovery
with regard to degradation and biomass yield. These parameters were verified by applying
them to the drying process of the same biomass slurry in the same concentration and
diluted to 50 g/L. Another H. pluvialis batch with a concentration of 200 g/L was used as a
reference. These concentrations reflected those used in the following SD experiments. The
spray nozzle temperature was regulated with an external circulation thermostat at 40 °C.

Using the optimal parameters obtained from the design of experiments, SD in the
final experiment was performed using a mini spray-dryer B-191 (Biichi, Essen, Germany).
Conditions were set to 180 °C inlet temperature, product flow of 5.8 mL/min, spray gas
flow of 400 NL/h, and ventilation of 25 m3/h. The spray nozzle was tempered with
an external circulation thermostat at 40 °C. Three aliquots of 200 mL of non-disrupted,
milled, and high-pressure homogenized samples were used (179.9, 176.0, and 45.5 g/L,
respectively). Biomass recoveries were determined in the different compartments of the
spray-dryer, namely, the spray tower, the joint, the cyclone, and the collection vessel by
weighing them before and after drying. Astaxanthin and dry mass content were determined
in the H. pluvialis powder recovered from the collection vessel. This powder was also used
for SC-CO, extraction.

FD was performed with multiple aliquots taken from each differently disrupted batch.
Three aliquots of milled biomass were used with approximately 7.04 g biomass each, and
six aliquots of the samples that were disintegrated by HPH, equaling approximately 1.82 g
biomass each, were applied. For comparison, three 40 mL aliquots of concentrated and
non-disrupted biomass, equaling approximately 7.20 g, were used. All were poured into
aluminum bowls for FD. They had a filling height of approximately 0.8 cm and were frozen
at —80 °C prior to FD (Alpha 14, Christ, Osterode, Germany) for 12 h at 37 Pa.

VD was performed in a vacuum chamber (Vacutherm, Heraeus instruments, Hanau,
Germany). Sample preparation was accomplished in the same way as for FD. In the first
step, the temperature in the vacuum chamber was set to 40 °C and approximately 5-15 kPa
(main drying). In the second step, the temperature was increased to 50 °C, and the vacuum
was reduced to approximately 3-8 kPa (secondary drying). The samples were dried until
reaching constant weight. The six samples with the higher cell concentration were dried
together over 24 h with 1:1 main and secondary drying. The high-pressure homogenized
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samples were dried in duplets due to their higher water content over 12 h with 1:1 main
and secondary drying.

2.3.3. Supercritical CO, Extraction of Astaxanthin

Subsequently, 125 + 2 mg dried H. pluvialis powder of the previous experiments were
homogenized with approximately 1.1 g & 0.2 g glass beads and filled in a 5 mL extraction
vessel. A plain layer of beads was placed on the exit of the cartridge. On top of that layer,
more beads and the weighed biomass were placed alternately and gently stirred. SC-CO,
extraction was performed with an MV-10 ASFE system (Waters, Milford, MA, USA) at
35 MPa and 6.0 mL/min CO; flow for 30 min with 1.5 mL/min ethanol as a co-solvent and
an additional 0.5 mL/min ethanol as make-up solvent after depressurization at 50 °C.

Afterwards, drying and depressurization of the sample were performed in three steps,
each taking two minutes: First, the co- and make-up solvent flow were reduced to zero and
the pressure to 20 MPa. Second, CO, flow was reduced to 5 mL/min, and the pressure
was reduced to 15 MPa. Third, CO, flow was reduced to 2 mL/min, and pressure was
reduced to 10 MPa. Extract volume was determined by weighing, assuming a density
of 0.79 kg/L, and verified by volumetric measurements. Aliquots were transferred for
astaxanthin quantification. The residual extract was dried in a rotary evaporator at 40 °C
and 17.8 kPa. The extract was resuspended in acetone and transferred into a weighed
amber vial. Acetone was evaporated at 40 °C under a gentle stream of nitrogen, and the
weight of dried extract was determined. Recoveries of astaxanthin in SC-CO, extracts
were calculated by comparing them to the astaxanthin content of the applied biomass
before extraction.

2.4. Downstream Processing—Pilot Scale

Another batch of biomass was used exclusively in these experiments. This was
disrupted similarly as described for the laboratory scale, using the same agitator bead mill
with the same specifications as used before. The biomass was concentrated to a density
of 15-18% w/v. The biomass throughput was set to 10 L/h, and three passages of the
whole biomass were performed. The disrupted biomass was recovered in a light-protected
stainless-steel vessel. The milled biomass was dried in a spray-dryer (Anhydro MS150,
SPX FLOW, Charlotte, NC, USA) at 180 °C and a feed flow rate of 5 L/h. The biomass
slurry was stirred to prevent agglomerations and clogging of the spray nozzle. The nozzle
pressure was set to 0.3 MPa, and the outlet temperature was set to 90 °C. The resulting
powder was collected in a stainless-steel pot at the end of the cyclone. The powder was
vacuum-sealed and stored at —21 °C in the dark.

2.5. Disintegration Rate

The cell disintegration rate was determined visually by microscopic methods. Intact
cells were counted at least in triplets before and after disruption in a Neubauer improved
(BM samples) and a Fuchs—-Rosenthal (HPH samples) cell counting chamber and were
related to each other.

2.6. Dry Weight

Dry weight of the wet samples was determined after washing the samples with dis-
tilled water and drying them in a moisture analyzer MA 50/1.X2.A (Radwag, Hilden,
Germany) at 140 °C until reaching constant weight (method adapted as per the manufac-
turer’s recommendation). Dry weight after FD and VD was determined by measuring the
respective sample weight and calculating the dry weight with the help of the dry weight
content of the wet biomass. Dry weight after SD was measured with 0.5 to 1.0 g sample in
a moisture analyzer (MA 50/1.X2.A, Radwag, Hilden, Germany) at 140 °C until reaching
constant weight. Residual moisture of all dried samples was smaller than 9%, and thus
considered negligible.



Foods 2022, 11, 1352

6 of 26

2.7. Astaxanthin Analysis

Astaxanthin analysis was performed after each process step, according to Koopmann
et al. [88], with adaptions to the differently processed biomasses as follows: wet biomass
with known concentrations was weighed into lysis tubes type C (Analytik Jena, Jena,
Germany) with less than 300 uL and final amounts of 0.3-2.0 mg H. pluvialis dry mass. Dry
biomass was adjusted when dried by SD or FD. Biomass dehydrated by VD was treated
equally, but it was weighed into type G bead tubes (Macherey Nagel, Diiren, Germany).
All samples were filled up to 500 uL with acetone, and cells were disrupted for 3 min in a
swing mill (MM 2000, Retsch, Haan, Germany) at 27 Hz. Subsequently, centrifugation at
10,000 x g and separation of carotenoid containing acetone from the residual biomass were
performed. Extraction with 500 pL fresh acetone, disruption, and separation were repeated
twice until the residual biomass and the acetone were colorless.

For de-esterification, the combined supernatant was filled up to 3 mL with acetone.
Ethanolic SC-CO; extracts were directly added to the reaction mixture in volumes of 100
to 1000 uL and filled up with acetone to 3 mL. Then, 2 mL of 50 mM TRIS buffer (pH
7 at 21 °C) and 600 pL cholesterol esterase solution with a concentration of 3.3 U/mL
suspended in the same buffer were added. The tubes were incubated at 37 °C in a water
bath and mixed gently every 10 min. Astaxanthin was recovered by liquid-liquid extraction
with 2 mL of petroleum ether. The mixture was shaken vigorously for 10 s to ameliorate
astaxanthin transfer into the petroleum ether. Subsequent phase separation was enhanced
by centrifugation at 3,000x g for 1 min. The upper, astaxanthin-containing layer was
filtered through a 0.45 um PTEE filter, and either measured directly or stored for one night
at —21 °C prior to analysis.

Extracts were vortexed and ultrasonicated for 20-30 s before analysis if stored overnight
previously. Qualification and quantification of astaxanthin were performed by ultra-high-
performance liquid chromatography (UHPLC). This was performed on an ACQUITY Arc
system (Waters, Milford, MA, USA) coupled with a UV /Vis detector (2998 PDA Detector,
Waters, Milford, MA, USA) and a mass spectrometer (Acquity QDa Detector, Waters, Mil-
ford, MA, USA), using a C18-column (Cortecs C18 2.7 um, 90 10%, 3.0 x 100 mm, Waters,
Milford, MA, USA) operated at 40 °C. The injection volume was 5 uL. A gradient of H,O
(A) and acetonitrile (B) was applied (0 min 70% A, 4 min 10% A, 9 min 0% A, 11.5 min
70% A until 15 min) with 0.1% formic acid added to both solvents. Flow velocity was
0.5 mL/min. Optical spectra were measured in a range of 200 to 800 nm, and astaxanthin
data were analyzed and quantified at 474 nm. The mass spectrometer with electrospray
ionization was operated in positive mode with a cone voltage of 15 V and a probe temper-
ature of 600 °C, measuring in a range of 150 to 1250 m/z. For further accuracy, the mass
of astaxanthin was observed by selected ion recording at 598 m/z [M + H]*. The volume
dilatation of the petroleum ether phase after liquid-liquid extraction was considered to
quantify astaxanthin, de-esterified in the presence or absence of ethanol.

For identification and quantification, 0.5 to 54.8 ug free all-E-astaxanthin, and 1.0 to
62.6 ng astaxanthin monopalmitate were processed like in de-esterification, and astaxanthin
was quantified with UHPLC-PDA. However, in the case of the free all-E-astaxanthin
standard, the cholesterol esterase solution was replaced with the same amount of TRIS
buffer. A proportion of 69.4% w/w astaxanthin was assumed for the quantification of ester-
derived, free astaxanthin. Peaks with a corresponding UV /Vis absorption spectrum [89-93]
accompanied by peaks with the mass of astaxanthin in SIR were assigned to the Z-isomers
9Z- and 13Z-astaxanthin and several di-Z-isomers. The latter are difficult to differentiate
without further validation; therefore, they were summed and consecutively termed di-Z-
isomers. Quantities of all diastereomers were estimated using the quantification of all-E-
astaxanthin, corrected by factors adjusting the different extinction coefficients published by
Bjerkeng et al. [94], namely, 1.20 for 9Z-astaxanthin, 1.56 for 13Z-astaxanthin, and 1.11 for
the di-Z-isomers.
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Linear regression of the calibration data was performed by the ordinary least squares
method, and the significance of the deviation of the y-intercepts from zero was evaluated
by t-tests [88]. Tests on significant deviations were calculated using mean difference tests
with a level of significance of o = 0.05.

2.8. Evaluation of Significance

All disruption processes and SD were performed at least in triplicates using identical
biomass batches. FD and VD were performed once to multiple times with triplets to sextets
of the samples in separated containers. SC-CO, extraction was performed once with all
differently processed and dried samples. Astaxanthin analysis of each individual sample
was performed in triplicates after each process step. Tests on significant deviations were
calculated by mean difference tests with a level of significance of o = 0.05.

2.9. Effort Estimation

An effort estimation was performed to assess the technical and economic feasibility
of cell disruption and drying of Haematococcus pluvialis biomass. Therefore, the follow-
ing aspects were evaluated: biomass and astaxanthin recovery rate, cell disruption effi-
ciency (for BM and HPH), residual moisture (for SD and FD), acquisition costs, workload,
usability of the equipment, power consumption, hygienic aspects, throughput, sample
pre-treatment and scalability. The disruption efficiency refers to comparable disruption
grades of algal cells, i.e., after three and one passages in the bead mill and high-pressure
homogenizer, respectively. The acquisition costs refer to the costs incurred when purchas-
ing the equipment. The workload includes the time needed for assembly and disassembly,
pretreatment/processing of the biomass, as well as cleaning and sanitization steps after
usage. Technical data (power, hygienic data, etc.) were obtained from the manufacturer’s
data sheets, assuming to use the same devices as those used in the experiments of this
study. SD was calculated only based on the pilot-scale spray dryer (Anhydro MS150, SPX
FLOW, Charlotte, NC, USA). Only for FD, a scaled device was used for calculation of the
technical data (DW-50ND, Drawell Scientific Instrument, Chongqing, China). Usability
was evaluated based on the assessment of the complexity of setting up, dismantling, and
sanitizing the machines, the simplicity of operation, and what prerequisites, in terms of
the level of training of the staff, must be met in order to competently operate the machines.
Some process parameters were defined for comparability of the processes: the dry weight
of the harvested biomass was defined to be 150 g/L and the working volume was 50 L.

3. Results and Discussion

Astaxanthin extraction from H. pluvialis requires disruption and drying as preparation
for SC-CO, extraction. To evaluate the efficiency of each step regarding the final astaxanthin
yield, different disruption and drying methods were compared. Various combinations
of the procedures followed by SC-CO, extraction were assessed to optimize the overall
astaxanthin recovery (Figure 1). For all experiments, one initial batch of H. pluvialis biomass
was used. After each process step, astaxanthin concentration and process parameters
such as the disruption rate or residual moisture were determined. Precise astaxanthin
concentrations and diastereomer distribution data are given in Table S2. All process steps
were evaluated economically. This study aimed to find the optimal combination of process
steps for maximum astaxanthin yields at minimal costs.
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Figure 1. Process steps for the optimization of astaxanthin recovery in the downstream process of
H. pluvialis.

3.1. Disruption of H. pluvialis Biomass

The hypothesis of facilitated astaxanthin extraction by cell disruption was tested by
starting the downstream processing with high-pressure homogenization (HPH) or bead
milling (BM).

3.1.1. High-Pressure Homogenization

The disruption efficiency of HPH was 81.1 £ 3.7% (n = 4) after the first and 92.4 &+ 1.6%
(n = 4) after the second passage at circa 80 MPa. Slightly lower disruption rates of H.
pluvialis by HPH were observed by Praveenkumar et al. at 68.9 MPa. They showed
the decreases in intact cells to be 45%, 20%, and 11% after one, two, and three passages,
respectively. However, increases in pressure to 137.9 and 206.8 MPa did not result in higher
disintegration rates [67]. Chen et al. observed disruption rates of over 90% at 70 MPa at
H. pluvialis concentrations of 3% to 5% and one to three HPH passages [68]. A correlation
of HPH disruption efficiency with increasing pressure has also been shown for various
other microalgae [95], whereas no effect of varying pressure on the disruption rate has been
observed in Nannochloropsis sp. between 30 and 150 MPa [96]. Higher disruption efficiency
with decreasing biomass concentration has been observed for microalgae and Escherichia
coli cells [97,98]. Kleinig et al. suggested, among other things, the lower viscosity to be the
actual cause [97]. Direct comparison of the disruption rate of different H. pluvialis batches
even at similar conditions may result in significant variances due to differently rigid cell
walls. Moreover, the cells in these experiments were frozen prior to HPH, which might
have destabilized cell wall integrity.

Homogenization generates heat. In these experiments, the temperature rose from
21 °Ct0 39.3 °C (n = 2) in the first and from 26.7 + 1.53 °C (n = 4) t0 36.8 + 3.6 °C (n = 4) in
the second pass. This reflects increases of 2.3 °C and 1.3 °C per 10 MPa after the first and
second pass, respectively. Increases of 2.2 °C and 2.5 °C per 10 MPa have been reported in
other studies as well [99,100]. Heating of the cell suspension might influence astaxanthin
stability. At elevated temperatures, carotenoids oxidize and degrade [71,101,102] and
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isomerize in solvents [89,103-107] but also without [108]. The temperature may locally be
well above the mentioned increase, because it emerges by the dissipation of mechanical
energy into heat when the suspension collides with the impact ring [109]. Nevertheless,
only short exposure to these conditions did not result in astaxanthin deterioration. Total
astaxanthin content was 2.73 + 0.15% w/w (n = 6) before and 2.67 = 0.14% w/w (n = 12)
after two passages of HPH. Before the disruption, astaxanthin was composed of 84.9%
all-E-astaxanthin, 4.2% 9Z-astaxanthin, and 3.61% 13Z-astaxanthin, and the di-Z-isomers
had a proportion of 7.3% (Figure 2). Standard deviations for the single isomers and the
number of replicates are provided in Table S2. HPH did not significantly influence the
abundance of the geometric isomers. Neither significant astaxanthin degradation nor
isomerization were observed compared with the unprocessed biomass; therefore, HPH can
be generally assumed as a gentle disruption method. An essential factor might be the very
short exposure to unfavorable conditions, which does not significantly harm astaxanthin.
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Figure 2. Astaxanthin content in H. pluvialis biomass after various disruption and drying processes.
Standard deviation is indicated for total astaxanthin. Stars indicate significant differences (p < 0.05)
from samples dried with the same process. Further significant differences are provided in Table S2.

Due to device specifications, the biomass had been diluted prior to HPH. Thus, the
subsequent drying processes of high-pressure homogenized cells were performed with the
diluted biomass. This dilution step is not desirable on industrial-scale processing because
it requires repeated dehydration of the biomass, which is cost- and energy-intensive. It
could be prevented on a larger scale, e.g., by high-pressure homogenizers that can cope
with higher concentrated biomasses.
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3.1.2. Bead Milling

BM of biomass resulted in cell disruption of 32.4 + 13.3% (1 = 3), 60.2 £ 20.3% (1 = 3),
and 78.5 &= 11.3% (n = 3) after the first, second, and third passage, respectively. Disruption
after three cycles of BM was not significantly different from one and two passes of HPH.
Cell disruption requires a certain amount of energy. This is often referred to as stress
intensity when the specific energy of an individual stress event is considered [110,111]. In
agitator bead mills, this energy transfer depends on the applied beads (size and material),
their filling level, speed of the agitator discs, the mill geometry, and the viscosity of the
sample [112-116]. The throughput and the number of passages influence the dwell time of
the product. In turn, the dwell time impacts the duration that a cell is exposed to milling
conditions and how often a cell is exposed to a stress event (stress number). Together, stress
intensity and number have a major influence on the disintegration rate [111]. Some of the
mentioned factors, such as the flow rate, may have contrasting effects on the disruption
efficiency, however [117], and should not be oversimplified. In this study, most factors were
constant due to a fixed setup. The disruption degree was significantly enhanced by multiple
passages, confirming the mentioned influence of the stress number [112,113,116,118,119].

Comparisons with the disruption degree of other milled algae [112-114,116-118] are
complicated due to the variety of influence factors. In addition to those already men-
tioned, cell characteristics influence their stability [120,121] and play an important role in
disintegration [112,116,117]. Nevertheless, 78.5% disrupted cells are a good first approach,
considering the rigid cell wall of H. pluvialis [57].

The deviation in the disruption rates within the repetitions indicates inhomogeneities,
with varying mixing degrees. Consistent disintegration might be improved by using less
concentrated algae slurries, because more highly concentrated algae slurries often exhibit
higher viscosity and are accompanied by higher energy requirements for pumping [122]
and difficulties in mixing [114].

The temperature of the algae paste increased up to 40, 42, and 44 °C after the first,
second, and third run, respectively. Cooling of the slurry was performed during the
passages, in order to prevent a higher temperature rise. Nevertheless, the increasing
viscosity of the paste resulted in slightly elevated temperatures. Generally, the temperature
increases throughout the process can be explained by dissipative mechanic energy. It
depends on flow rate [115], agitation speed [112], bead filling and size, as well as sample
concentration. Temperature is one possibly detrimental factor for astaxanthin stability.
However, as long as the average dwell time, and thus, exposure, to higher temperatures is
short, the milling process does not necessarily influence astaxanthin negatively, as it can
also be concluded from the obtained results. Total astaxanthin content was 2.73 + 0.15%
w/w (n = 6) before and 2.59 & 0.11% w/w (n = 8) after three passages of milling (Figure 2);
however, it was not significantly different. All-E-astaxanthin decreased significantly by
about 8.1%, whereas 13Z-astaxanthin increased by 17.5%. The absolute proportion of the
remaining diastereomers did not change significantly. BM has been assessed as a mild
process step for recovering proteins, especially when maintaining their proper function
is intended [116,118,123]. Therefore, it should not negatively affect pigments such as
carotenoids.

3.2. Drying of H. pluvialis Biomass

Further dehydration of the biomass is necessary for SC-CO, extraction. Drying
biomass is a critical process step as it is often energy-intensive and a potential harm
for astaxanthin, because the biomass is already disrupted. The exposure to oxygen is
enhanced by high surface areas necessary for evaporation. The latter is also promoted
by high temperatures, which supports astaxanthin degradation. Three drying processes
were compared regarding their influence on astaxanthin content: 1. Freeze-drying (FD): A
method using low temperatures and a protective atmosphere. 2. Vacuum-drying (VD): A
similar method operating at slightly elevated temperature and reduced oxygen atmosphere.
3. Spray-drying (SD): A frequently used alternative that utilizes high temperatures and air
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throughput to dry the biomass. The influence of the previous disruption on the subsequent
drying step was investigated for all methods.

3.2.1. Freeze-Drying

FD is widely used to solidify fragile pharmaceutical agents [124] because it is gener-
ally considered a mild drying process that maintains the activity of processed substances.
FD of H. pluvialis resulted in total astaxanthin recoveries of 94.5%, 97.6%, and 98.8% in
non-disrupted biomass and samples disrupted by BM and HPH, respectively. However,
none of the deviations were considered significant (Figure 2). FD has already been used
for algae biomass rich in carotenoids. In Chlorella vulgaris, FD was reported superior to
hot-air-drying for carotenoid recovery. Nevertheless, only about 43% carotenoid recovery
was obtained [125]. FD of Phaeodactylum tricornutum did not result in significant carotenoid
losses [126]. In fruits and vegetables, recoveries of lycopene (11% to 48%), B-carotene (27%
and 56%), and lutein (34%) were described after FD [127-129], indicating different vulnera-
bilities of various carotenoids to FD and possibly also surrounding conditions. Zhao et al.
observed significantly higher astaxanthin recoveries in freeze-dried H. pluvialis extracts
than vacuum or otherwise dried samples [130]. Overall, the extensive exclusion of oxy-
gen and low drying temperatures possibly provide protective conditions for astaxanthin.
Regarding the diastereomers, some minor differences were observed. All-E-astaxanthin
decreased 6.9% in the non-disrupted lyophilized samples; however, its proportion to the
other isomers was unaffected. Similar results were achieved by Cong et al., who lyophilized
astaxanthin-rich krill and reported about a 10% loss of all-E-astaxanthin [131]. They also
observed a simultaneous decrease in 9Z- and 13Z-astaxanthin, although their losses were
only 6.6% and 3.6%, respectively [131]. In the lyophilized samples of this experiment,
a significant decrease in 9Z-astaxanthin and also the di-Z-isomers was observed in the
previously milled samples. In contrast, in non-disrupted and high-pressure homogenized
samples, 13Z-astaxanthin increased up to 35%, whereas in the former, only its relative
proportion changed significantly. This can be attributed to isomerization reactions during
the drying process. Although isomerization has been reported to increase at higher temper-
atures [89,103-108], minor changes at lower temperatures are still possible. The texture of
all samples was a cake with large pores, which was loose, fluffy, and easy to disintegrate,
as it is typical for freeze-dried samples.

3.2.2. Spray-Drying

SD of H. pluvialis is a widely applied drying method [53,73]. However, the combination
of high temperatures and oxygen exposure, which is enhanced by the surface enlargement
during the spray process, increases its potential for astaxanthin degradation. SD also
exhibits a variety of setting options. Design of experiment and model estimation and
selection were performed to find optimal conditions for drying the specific target. The
influence of the obtained parameters was tested for significant influences on yield and
astaxanthin degradation. Spray gas pressure, product flow, and inlet temperature were
varied at constant biomass concentration and airflow. The amount of the obtained biomass
in the collection vessel and its astaxanthin content were measured. The highest biomass
amount of 4.93 g, corresponding to 25.1% recovery of the total biomass of the sample, was
obtained at a spray gas flow of 400 NL/h, 10% feed rate, and 180 °C. The lowest biomass
amount of 0.18 g, corresponding to 0.90% recovery, was obtained at a spray gas flow of
600 NL/h, 10% feed rate, and 180 °C (Table S1). Three different models were estimated to
find the best description and optimize the SD conditions. When the parameters were fitted
regarding biomass yield, the quadratic model, including the interaction terms, described
the results best when comparing the adjusted coefficients of determination (Table 1).
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Table 1. Estimated model coefficients, p-values, and optimized parameters regarding maximal
biomass yield. Significant p-values (o = 0.05) are highlighted in bold.

Linear Model Quadratic Model Quadratic Model + Interactions

Coefficient p-Value Coefficient p-Value Coefficient p-Value
A (Intercept) 7.175 27.5392 —23.6551
b1 (5?) —0.0178 0.0006 —0.0848 0.212 —0.0349 0.48853
b, (FP) 0.0294 0.2422 —0.0326 0.9482 —6.4457 0.01817
bs (T ©) 0.0196 0.7315 —0.0295 0.9082 0.7736 0.07361
o1 (S?) 0.0001 0.3117 0.0001 0.06927
o (F?) 0.0031 0.8963 —0.0661 0.04148
o3 (T?) 0.0001 0.859 —0.002 0.08029
dip (S*F) 0.0044 0.02337
di3 (S*T) —0.0008 0.04314
dys (F*T) 0.0337 0.02003
R2 0.7739 0.8085 0.9612
R? adjusted 0.7061 0.6444 0.8739
Optimized parameters
F 15 15 104
S 400 400 400
T 180 180 180

@S, spray gas flow (NL/h); b product feed rate (%); © T, inlet temperature (°C).

The model does not allow accurate assessment of the single parameters, but it shows
the importance of the interaction terms (p < 0.05). Interactions between the different
settings in SD have been assumed [132-134]. This is plausible because a higher feed rate
reduces temperature as more water evaporates. A higher feed rate also influences the
spray behavior, and the difference in droplet size probably also influences the temperature.
Consequently, the quadratic model, including the interaction terms, was chosen to describe
SD behavior best regarding biomass yield. Generally, the highest temperature (180 °C)
was assessed to be optimal in terms of yield in all models. Such positive effects were also
observed in the SD of other products [132,135] and differently concentrated microalgae
samples. In the latter, the highest yields were reported at 220 °C compared with 170 °C
and 120 °C [136]. Higher drying temperatures result in faster evaporation and likely
less biomass sticking to the walls of the device and thus higher proportions reaching the
collection vessel.

Lower spray gas flows have been considered to improve product yields in SD by
increasing particle size and facilitating capturing by centrifugal forces in the cyclone [133].
A similar correlation was confirmed here, as the lowest volume flow was considered
optimal in all models, even though a significant influence of this parameter could only be
observed in the linear model.

A higher product feed rate has been described to result in smaller yields; however, at
lower temperatures than used in these experiments [134]. A higher feed rate will eventually
result in lower yields when the drying capacity of the spray-dryer is overloaded. The feed
rate range in these experiments was limited. Thus, this tendency is not reflected by the
models. Again, the data from the quadratic model, including the interaction terms, were
considered most reliable. Thus, a medium feed rate of 10.4%, 5.8 mL/min, was assumed
optimal.

Astaxanthin content decreased only slightly after drying in most samples (Table S2).
Before drying, total astaxanthin amount of the biomass was 1.32 + 0.03% w/w (n = 3).
After drying, the highest total astaxanthin contents of 1.22% w/w, obtained at a spray
flow of 400 NL/h, 10 to 15% feed rate, and 160 to 180 °C, were not very different from the
astaxanthin content before drying. The lowest astaxanthin content of 0.91 + 0.03% w/w
(n = 3) was obtained at a spray flow of 600 NL/h, 10% feed rate, and 180 °C. However,
most of the astaxanthin proportions did not differ from each other, impeding proper model
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evaluation (Table S3). These findings indicate an almost negligible influence of many SD
conditions on astaxanthin content. No effect on isomer composition was observed and
is in agreement with Leach et al., who investigated S-carotene in microencapsulated and
spray-dried Dunaliella salina [137].

SD at the previously considered optimal parameters (10% feed rate, 400 NL/h spray
flow, 180 °C inlet temperature) resulted in 1.14 & 0.07% w/w (n = 3) total astaxanthin. This
was only slightly different from the maximum result. Therefore, the parameters optimizing
the biomass yield were considered best for the subsequent experiments. They were applied
once more to evaluate the influence of water content in the sample by drying 200 mL of
the same biomass diluted to 5% w/v dry mass and 200 mL of another batch of biomass
at 20% w/v dry mass. Results were 2.58 g and 6.13 g biomass in the collection vessel,
corresponding to 24.6% and 15.2% recovery. It might be concluded that higher dry matter
content negatively influences the yield in SD. However, a converse correlation was observed
by the manufacturer of the spray-dryer, who reported higher yields in dried microalgae
samples with a concentration of 17% w/w than 9% w/w and assumed the bigger particles
beneficial in separation [136]. Bigger droplets do not dry as fast as smaller ones, and might
also be more likely to stick to the walls of the device instead of being transported into the
collection container, which could be the reason for the lower yield in these experiments.
Nevertheless, a recovery of 15.2% was acceptable for the planned experiments and meant
a sufficient absolute biomass quantity for subsequent downstream processing. Further
optimization was not performed. However, on an industrial scale, the biomass recovery
after drying is crucial and has to be enhanced.

Using the optimal parameters obtained from the design of experiments, spray-drying
with the same biomass as used in the other drying experiments was performed. Total
astaxanthin recovered after SD decreased to 91.6% and 91.7% in non-disrupted biomass
and samples disrupted by HPH, respectively. This loss was mainly attributed to a decrease
in all-E-astaxanthin. The losses observed after SD were higher than after FD. Ahmed et al.
described an even more pronounced effect of 29% less astaxanthin in spray-dried than
in freeze-dried H. pluvialis samples immediately after drying [71]. Other studies showed
a significant decrease in carotenoids in spray-dried Phaeodactylum tricornutum [126] and
Rhodotorula glutinis [138]. Total astaxanthin content in the milled biomass stayed constant
after SD at the laboratory scale as well as the pilot scale. In the latter, total astaxanthin
content in non-disrupted samples was 2.15% w/w and decreased to 2.01%, 2.00%, and
1.88% w/w in samples milled one, two, and three times, respectively. Spray-dried samples
exhibited 1.85% w/w total astaxanthin, which was insignificantly different from all milled
samples but significantly lower than in the non-disrupted biomass. All diastereomers
were unaffected by SD at the pilot scale, whereas at the laboratory scale, a decrease in
9Z- and 13Z-astaxanthin was accompanied by an increase in all-E-astaxanthin, indicating
isomerization reactions. No obvious isomerization has been reported in S-carotene during
SD [137]. Generally, the deteriorating effect of exposure to 180 °C at the inlet was not as
severe as expected. This was confirmed by other studies, which even observed higher
astaxanthin recovery with increasing SD temperatures [72,102]. However, the reverse
correlation was reported for B-carotene from Dunaliella salina. Here, an increase to 265 °C in
inlet and 120 °C in outlet temperature during SD caused a reduced recovery of B-carotene,
which was only diminished by a lower feed concentration or microencapsulation [137].
Such effects of feed concentration were not observed in these experiments. Overall, the
rapid drying process and product cooling by evaporation reduced carotenoid oxidation
and degradation, as also assumed by Leach et al. [137]. Thus, SD is not as devastating as
expected regarding the astaxanthin content and remains an option for the downstream
processing of H. pluvialis.

Spray-dried biomass mostly had a powdery texture. In previously high-pressure
homogenized samples, smaller spheres of 1 to 4 mm in diameter were formed. They
had a loose coherence and easily disintegrated. They were also observed in two milled
samples to a smaller extent. Biomass recovery throughout the spray-dryer was similar for
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non-disrupted and milled biomass. The biomass recovered in the collection vessel was
not significantly different in all experiments. It was 20.63 & 0.49% (n = 3), 21.49 + 6.28%
(n =3) and 25.42 £ 3.24% (n = 3) for non-disrupted, high-pressure homogenized and milled
samples, respectively. However, drying of high-pressure homogenized samples resulted in
a heavier loaded cyclone and a less loaded spray tower compared with milled and non-
disrupted biomass. The loading for non-disrupted and milled samples was highly similar;
thus, the disruption and accompanying changes in viscosity seemed not to influence the
drying and adhesion behavior in the device. More likely, the dilution of the biomass affects
it, because this was the only significantly different parameter. For optimal total astaxanthin
recovery, biomass yield is equally important. In FD and VD, biomass losses to the walls
of the vessels are negligible. However, the surface to which biomass can stick is much
larger in SD, and although biomass can be scraped off after drying, greater biomass and
astaxanthin losses are very likely; material that is stuck to the wall of the spray tower
is exposed to higher temperatures over a longer time, and astaxanthin is more likely to
degrade here. These issues have to be addressed in the optimization of SD processes, as
well as in economic evaluations. The use of modifiers or (micro)encapsulation with various
wall materials has been reported to affect carotenoid losses, yields, and antioxidant activity
during drying and/or subsequent storage beneficially [68,139,140].

3.2.3. Vacuum-Drying

VD has been reported to affect plant and algae bioactive compounds less detrimentally
than drying with heat steps [141,142]. The texture of the dried biomass was very dense.
It was a rigid and even rubbery cake that was hardly disintegrable. Total astaxanthin
recovery after VD was 86.8% and 84.9% in samples disrupted by BM and HPH, respectively.
Astaxanthin in non-disrupted biomass was not significantly affected by VD. The extensive
exclusion of oxygen and only slightly elevated temperatures were intended to reduce the
oxidation of astaxanthin during VD. However, this only applied to the non-disrupted
samples. Again, the intact, rigid cell wall of H. pluvialis probably protects astaxanthin from
environmental influences, resulting in lower degradation.

The diastereomers were generally more affected in the disrupted samples. In milled
biomass, the proportion of 9Z- and 13Z-astaxanthin decreased, whereas in high-pressure
homogenized samples, the proportion of 13Z-astaxanthin increased significantly. In non-
disrupted biomass, the proportional decrease in all-E-astaxanthin was accompanied by an
increase in the di-Z-isomers.

Comparing all the different drying processes, higher total astaxanthin recovery was
observed in non-disrupted and vacuum-dried samples than in non-disrupted and freeze- or
spray-dried samples. This may be because of the more compact sample during VD, reducing
the surface area and thus possible reactions of astaxanthin with residual environmental
oxygen. However, disrupted biomass yielded the lowest recoveries in VD. Here, the
longer and direct exposure of astaxanthin to the drying conditions might cause enhanced
degradation. Overall, the best results were obtained from milled and spray-dried biomass,
whereas milled or high-pressure homogenized freeze-dried biomass was equally promising.
These findings indicate that BM and HPH are suitable disintegration methods, and SD
and FD are both appropriate for drying disrupted H. pluvialis biomass without severe
astaxanthin losses. Astaxanthin recoveries obtained after the different combinations of
disruption and drying methods are shown in Figure 2.

3.3. Supercritical CO, Extraction of Astaxanthin

Astaxanthin was still bound to the disrupted biomass of H. pluvialis after the drying
processes. SC-CO, extraction was performed to separate and concentrate astaxanthin.
Total astaxanthin recovery was lowest in the SC-CO; extracts of non-disrupted H. pluvialis
biomass. Here, 10.40 + 0.23% (n = 3), 14.72 4+ 0.37% (n = 3), and 14.32 + 0.28% (n = 3) of
total astaxanthin were extracted from spray-dried, lyophilized, and vacuum-dried biomass,
respectively. An overview of all recoveries is shown in Figure 3. Standard deviations of
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samples were evaluated for triplets or quartets. Diastereomer composition can be found
in Table S2. The low recovery can be explained by the poor extractability of intact H.
pluvialis cells. Generally, mass transfer in SC-CO, extraction of plant material is improved
when the transport resistance across cell walls and/or membranes is reduced [143]. Here,
SC-CO; could hardly penetrate the rigid cell wall, and solution and transfer of astaxanthin
were impeded. This suggests that cell disruption is a key component in the downstream
processing of H. pluvialis. Comparing only these non-disrupted samples, extractability from
vacuum-dried and lyophilized biomass was similar, whereas it was significantly lower
from spray-dried biomass. This might be because of the vacuum damaging some of the
cells and thus facilitating extractability slightly.
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Figure 3. Astaxanthin recovery in supercritical fluid extracts of differently disrupted and dried H.
pluvialis biomass. Significant differences (p < 0.05) of the samples are indicated by different letters.

Extracts of milled samples that were spray-dried, lyophilized and vacuum-dried
reached recoveries of 82.41 + 1.96% (n = 3), 84.61 + 1.03% (n = 3), and 36.45 + 0.84% (n = 3)
total astaxanthin, respectively, as compared with their counterparts prior to extraction. No
significant difference in extractability was observed in samples that had been lyophilized or
spray-dried. The significantly lower extractability of vacuum-dried samples was possibly
caused by the texture of the biomass. Different models describe mass transfer in SC-
CO; extraction. Very simplified, molecules at the solid to supercritical fluid interface are
extracted first. If these are washed out, mass transfer is additionally determined by the
solute diffusivity within the solid (through pores) to the interface [143,144]. The accessibility
of astaxanthin in this step was probably easier in spray-dried and lyophilized biomasses,
which had a porous texture with a high surface, whereas vacuum-dried biomass was very
dense and solid.

Total astaxanthin yields in extracts of high-pressure homogenized samples were
85.25 +1.21 (n = 4), 93.38 & 1.49 (n = 3), and 68.68 £ 0.78% (n = 3) of previously spray-
dried, lyophilized, and vacuum-dried samples, respectively. The lower extractability of
the vacuum-dried samples can be explained similarly to the milled samples. The higher
extractability of lyophilized samples might be due to the effect of breaking residual intact
cells by the vacuum and an even looser texture than that obtained after SD. The higher
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extractability of (lyophilized and vacuum-dried) high-pressure homogenized biomass
compared to their bead milled counterparts might be because of their higher disruption
degree, and thus, easier accessibility of astaxanthin during SC-CO, extraction.

Altogether, the extracts of high-pressure homogenized samples that were freeze-dried
yielded the highest astaxanthin recoveries, closely followed by high-pressure homogenized
samples that were spray-dried and milled samples that were either spray- or freeze-dried.
Between the latter, no significant difference was observed. Comprehensive literature
on optimal SC-CO, extraction conditions for astaxanthin recovery from H. pluvialis is
available, and the influences of pressure, temperature, flow rate, and co-solvents have
been discussed [78-82,84-86]. Nevertheless, these experiments showed that pre-processing
of the samples was equally essential. Positive effects of cell disruption on carotenoid
recovery have already been indicated in general and in SC-CO; extraction [119,145]. Nobre
et al. reported total carotenoid recoveries of 91.8% in lyophilized, crushed (vibratory mill),
and SC-CO»-extracted H. pluvialis [54]. This is similar to the results shown here for high-
pressure homogenized cells. Nobre et al. and Valderrama et al. also stressed the impact
of the crushing intensity and SC-CO, extraction conditions on extractability [54,55]. This
facilitated mass transfer of astaxanthin into SC-CO, due to prior cell disruption could also
be confirmed. Moreover, drying affects extractability if it enhances the coherence of the
biomass, as observed in the vacuum-dried samples. The observed astaxanthin recoveries
were generally correlated with the extract yields.

Total astaxanthin was concentrated 1.35- to 4.15-fold in evaporated SC-CO; extracts
compared with the concentration in the biomass of the corresponding samples. Thereby, the
concentration of all diastereomers increased significantly in all extracts except for one (non-
disrupted and spray-dried). However, the composition of the different isomers changed.
In all extracts, the proportion of all-E-astaxanthin increased, whereas the proportion of
other diastereomers decreased (Table S2). This effect was significant for the majority of
diastereomers and samples. Alvarez et al. reported even higher all-E- and 9Z-astaxanthin
proportions in their SC-CO, extracts. However, they did not include the di-Z- isomers [78].
Other studies indicated higher Z/E-ratios of various carotenoids in supercritical fluid
extracts due to their higher solubility [145-147]. Selective extractability is also dependent
on SC-CO; extraction parameters [148,149] and isomerization during extraction [150], but
was not confirmed in the SC-CO; extraction of H. pluvialis at different temperatures and
pressures [78]. Moreover, isomerization in the later analysis cannot be excluded, and might
lead to higher 9Z- and di-Z-astaxanthin isomer shares [88]. Although the exact influence of
various process conditions on isomer ratios was not precisely evaluated, SC-CO, extraction
likely affects the composition of astaxanthin diastereomers in the resulting extracts.

3.4. Overall Astaxanthin Yield

Regarding the whole process, maximum astaxanthin yield was recovered after SC-CO,
extraction when using HPH combined with FD (85.4%) or SD (81.6%). Similar results were
obtained using BM and SD (79.0%) or FD (78.1%). VD did not result in good recoveries for
all samples, possibly because of the discussed change in sample texture, i.e., high-pressure
homogenized (60.5%), milled (30.9%), and non-disrupted (14.0%), respectively. No good
recovery rates were obtained from non-disrupted samples, regardless of the drying process
(FD 13.7% and SD 9.4%). It can be concluded that SC-CO; extraction yielded the best
results when the biomass was disintegrated before extraction, with as few cells remaining
intact as possible. VD resulted in textural changes in the biomass, which deteriorated the
efficiency of SC-CO, extraction. However, BM and HPH combined with SD and FD and
subsequent SC-CO, extraction of H. pluvialis biomass resulted in similarly high astaxanthin
yields. Thus, all these processes might be applicable in downstream processing regarding
astaxanthin maximization (Table 2), but biomass yields, acquisition, labor, and operating
costs also have to be considered.
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Table 2. Total astaxanthin recovery after SC-CO, extraction compared with the initial astaxanthin

content of the sample, depending on the previous disruption and drying methods.

Disruption Drying Recovery (%)
No disruption Freeze-drying 13.7 £ 0.35
No disruption Spray-drying 9.4+ 021
No disruption Vacuum-drying 14.0 £ 0.27
Milling Freeze-drying 78.14+0.95
Milling Spray-drying 79.0 £ 1.88
Milling Vacuum-drying 30.9+0.71
ngh-pres.sur? Freeze-drying 85.4 4+ 1.36
homogenization

High-pressure .

homogenization Spray-drying 81.6 £ 1.56
ngh—pres.sur.e Vacuum-drying 60.5 £ 0.69
homogenization

3.5. Effort Estimation

An effort estimation to assess technical and economic feasibility of cell disruption
and drying of Haematococcus pluvialis biomass was performed. Such evaluations of the
practical application of the proposed methods and their technical and economic feasibility
are crucial in setting up a commercial realization of an astaxanthin production process. We
demonstrated astaxanthin losses in every combination of the methods for cell disruption
and drying. Some of these losses can be attributed insufficient cell disruption. Hardly
any astaxanthin was extracted from unbroken H. pluvialis cells. Hence, choosing the right
disruption method is essential for the profitability of commercial astaxanthin productions.
The difference in the astaxanthin yields between the individual full processes (disruption
and subsequent drying) was rather small. Accordingly, no clear recommendation for a
specific process can be based on the astaxanthin recovery rates only. Other evaluation
criteria need to be considered (Table 3).

Table 3. Comparison of technical data of the used disruption and drying devices. n.a., not applicable.

Cell Disruption Biomass Drying
Bead Mill I:f;;g:;?;:: Spray-Dryer Freeze-Dryer
Throughput 10L/h 3L/h 5L/h 04L/h
Power consumption 4kW 4 kW 5kW 45kW
Disruption efficiency high high n.a. n.a.
Residual moisture n.a. na. <9% <9%
Time for setup <05h <0.5h 1h <0.5h
Time for processing 15h 50h 10h?3/30hP 120h /360 h P
Cleaning time 1h <lh 1-2h <0.5h
Cleaning procedure simple very simple difficult very simple
Overall workload 32h 61h 12h 2h
Product sanitization n.a. n.a. very high high
Usability simple simple moderate simple
Scalability yes yes yes yes
Acquisition costs EUR 70,000 EUR 40,000 EUR 250,000 EUR 27,000

@ when BM is used for cell disruption; b when HPH is used for cell disruption.

For cell disruption, both methods are rather similar with respect to the effort: the acqui-
sition costs for a pilot-scale bead mill are around EUR 70,000. Here, an actual throughput of
3.3 L/h was considered, because three passages of the biomass are necessary for adequate
disruption rates. A comparable HPH system costs around EUR 40,000. Both methods have
a similar throughput and are scalable for commercial processes. User-friendliness is also
given as both devices are easy to use. The cleaning times and the respective cleaning effort
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are also similar. The power consumption of both devices is also the same, as well as the
performance at equal throughput. However, there are also significant differences between
the two approaches. The BM requires three runs to achieve a high level of cell disruption
(~78%). HPH only needs one passage for the same level of disruption (~81%). The second
passage increases the disruption rate to ~92%. Therefore, the disruption efficiency of the
HPH can be regarded as higher than that of the BM. HPH can be a very time-consuming
process. The material had to be processed first to remove clumps or other coarse pieces
(biofilm residues), because HPH is prone to clogging by impurities or non-uniform particle
sizes. This process can be time-consuming, depending on the amount and the condition of
the biomass, and might be a major bottleneck to the HPH of H. pluvialis cells.

For HPH, the biomass density should not be higher than 50 g/L. Therefore, the
biomass had to be diluted first. Assuming a biomass density after harvesting of 150 g/L, a
dilution factor of three is needed. This increases a working volume of 50 to 150 L, causing a
subsequent three-fold increase in disruption time for HPH compared with BM. That also
increases costs for the following drying step. Assuming that the BM needs three runs and
the HPH needs one run, the duration of the cell disruption is more than three times higher
with HPH compared with BM. Accordingly, the overall working time and thereby the
overall labor costs rise. Thus, BM is more efficient regarding working time and energetic
costs. The cleaning procedures of both devices were a bit different. For cleaning the HPH,
water was pumped through the system followed by disinfecting agents. The cleaning of
the BM was a bit more complex due to the disassembling and reattachment of all product
contacting parts, including the beads that had to be cleaned separately. In contrast to the
cleaning procedure of HPH, the cleaning step for the BM took longer because every part
was cleaned manually. However, this can result in a higher degree of cleanliness. Although
the initial costs are higher, and the disruption efficiencies can be lower, we recommend BM
for cell disruption on a larger scale because the overall working time, labor costs, as well
as the overall power consumption are lower compared with a process that uses HPH. It
is also important to consider that BM has many interacting parameters and still further
optimization potential.

Regarding astaxanthin recovery, the drying process was most efficient using SD or
FD. VD resulted in higher astaxanthin degradation and lower extractability in the SC-CO,
extraction, and was therefore not included in the effort estimation. Both SD and FD showed
similar content of residual moisture in the biomass after drying (<9%). Each process is
already used for largescale production, which proves the scalability, e.g., FD is used to
produce plant-based foods [151,152] and SD is used to produce a variety of products in
the food and beverage industry, e.g., milk powder, soy protein, etc. [153]. Using FD, the
process of drying can take several hours for one batch. In contrast, with SD, the material is
dried immediately when it passes through the machine. However, because the operation of
the FD is very simple and the device works without the necessity of constant supervision,
workload and labor costs are reduced compared with other approaches. Nevertheless, FD
cannot be operated continuously. This means that depending on the volume of biomass
and the size of the FD, several cycles might be necessary. This increases the workload
and the overall drying time. In that case, the disrupted algal biomass must be stored
temporarily, implicating additional time and space requirements. The cleaning effort for
SD was higher because the entire interior as well as the pipes were in contact with the
biomass and needed to be cleaned. The biomass accumulated in the machine during the
drying process was collected entirely in the pilot-scale process and only from the collection
vessel in the laboratory-scale experiments. This is why the losses of biomass during pilot-
scale SD were lower than at the laboratory scale and assumed similar to FD. With FD,
only the trays that contained the biomass needed to be cleaned. Therefore, the cleaning
time was approximately 3 times longer with SD. The main disadvantage of FD is power
consumption for freezing, sublimation, condensation, and creating a vacuum in comparison
to heat-drying processes [154]. Thus, the power consumption of FD was calculated to be
11 times higher in comparison with SD. Similar results were obtained in a study that
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compared the costs and energy demand of SD and FD of 100 kg H. pluvialis biomass. Here,
FD has been shown to be more than 7 times more energy-consuming than SD [71]. As
shown, astaxanthin recovery rates were similar after FD and SD. FD might be more suitable
regarding the stability and shelf life of astaxanthin [71]; however, this is negligible when
the samples are quickly further processed. The high temperatures of up to 180 °C inside the
drying vessel and an outlet temperature of 80-90 °C that were applied for SD led to a high
degree of sanitization in the resulting product. In cases of potential presence of bacteria
and fungi in the biomass, this step improves the product quality and food safety. SD is not
a sterilizing process, even for non-spore-forming organisms, but will substantially reduce
bacterial populations in products [155,156]. If the machines are regularly maintained and
fully functional, no high level of education or specialist knowledge is required to operate
them. Although the initial costs are higher, for a larger scale, we recommend using a
spray-dryer for biomass drying because the overall working time, labor costs, and overall
power consumption are lower compared with a process that uses FD.

Publications focusing on the larger-scale production of astaxanthin most often used
a disruption step and SD. Some describe a similar set up of BM and SD followed by SC-
CO, [53,157]. Li et al. changed their order and used SD prior to an airflow pulverizer for
disintegration, and did not include an additional extraction step [52]. Péréz-Lopez et al.
only used SD prior to SC-CO; extraction, but omitted a disintegration step [87]. Based on
the results of this article, we highly recommend a disruption step for easier extractability,
and thus higher astaxanthin recoveries. For the complete downstream process, BM followed
by SD of H. pluvialis biomass was estimated as optimal pretreatment for SC-CO, extraction
when additionally considering economic parameters.

4. Conclusions

Various downstream process steps were combined in all possible combinations and the
astaxanthin recovery was assessed. A disruption of H. pluvialis was necessary to facilitate
SC-CO; extraction. Neither BM nor HPH influenced the total astaxanthin content signif-
icantly, thus only their ability to disrupt the biomass efficiently had a possible influence
in the later extraction. Here, HPH resulted in a 14% higher disruption degree and lower
variance. Favorable SD conditions concerning astaxanthin recovery and biomass yield
were determined with design of experiments and standard least squares regression. The
impacts of SD and FD on the astaxanthin content was generally low or even negligible;
only VD resulted in a considerable decrease of 13% to 15% total astaxanthin and a change
in the texture of the samples, which impeded SC-CO, extraction. Considering the whole
process chain, the highest astaxanthin recovery of 85.4% was achieved using HPH and FD;
however, all process combinations involving a disruption process and SD or FD resulted
in similarly good results. FD and HPH are quite expensive. Therefore, BM was combined
with spray-drying on larger scale. The results concerning the astaxanthin recovery were
comparable to those on laboratory scale. However, also economic parameters have to be
taken into consideration. The feasibility studies showed that BM combined with SD can
also be recommended in an economic context.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11091352/s1, Table S1: Overview of process parameters
and results of the conducted experiments for model regression and evaluation in spray-drying,
Table S2: Content and proportion of astaxanthin and its diastereomers after various processing
steps, Table S3: Estimated model coefficients, p-values and optimized parameters regarding maximal
astaxanthin yield in spray-drying.
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Abstract: Carotenoids and squalene are important terpenes that are applied in a wide range of
products in foods and cosmetics. Thraustochytrids might be used as alternative production organ-
isms to improve production processes, but the taxon is rarely studied. A screening of 62 strains of
thraustochytrids sensu lato for their potential to produce carotenoids and squalene was performed.
A phylogenetic tree was built based on 185 rRNA gene sequences for taxonomic classification, re-
vealing eight different clades of thraustochytrids. Design of experiments (DoE) and growth models
identified high amounts of glucose (up to 60 g/L) and yeast extract (up to 15 g/L) as important
factors for most of the strains. Squalene and carotenoid production was studied by UHPLC-PDA-MS
measurements. Cluster analysis of the carotenoid composition partially mirrored the phylogenetic
results, indicating a possible use for chemotaxonomy. Strains in five clades produced carotenoids.
Squalene was found in all analyzed strains. Carotenoid and squalene synthesis was dependent
on the strain, medium composition and solidity. Strains related to Thraustochytrium aureum and
Thraustochytriidae sp. are promising candidates for carotenoid synthesis. Strains closely related to
Schizochytrium aggregatum might be suitable for squalene production. Thraustochytrium striatum might
be a good compromise for the production of both molecule groups.

Keywords: Stramenopiles; Thraustochytrium; Ulkenia; Schizochytrium; Oblongichytrium; Labyrinthulomycetes;
chemotaxonomy; microscopy; growth models; cluster analysis

1. Introductions

Carotenoids and squalene belong to the very heterogeneous group of terpenes, sharing
the building block isoprene. Carotenoids are tetra- or polyterpenes, comprise over 500 known
chemical structures [1] and are produced by a variety of organisms [2—4]: mainly plants [5],
(micro)algae [6-10], bacteria [11-14], archaea [15,16], fungi [17,18] and protists [19-21]. Many
carotenoids offer protective properties against photooxidative stress by quenching reactive
oxygen and nitrogen species, photosensitizers, and free radicals [22-27]. Antioxidant and anti-
inflammatory activities were also observed in vivo [25,28-32], and beneficial effects regarding
various health aspects have been described [33-35]. This led to the application of carotenoids
mainly as food and feed supplements but also as nutraceuticals, pharmaceutics, and in
cosmetics [36]. Many carotenoids can be chemically synthesized, but increasing consumer
awareness towards sustainable and environmentally friendly products has led to a higher
demand for biotechnological production [36]. Many carotenoid-producing organisms do not
synthesize large amounts of these substances or are not suitable for high-density cultivation.
Thus, biotechnological production processes often suffer from low yields.

Squalene is a triterpene that is ubiquitous in higher organisms. It is abundant in
human skin surface lipids [37] and an intermediate in sterol biosynthesis in plants and
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animals [38,39]. It is mainly used in cosmetics as an antioxidant and hydrating agent [40,41]
but also in pharmaceuticals, e.g., as an adjuvant in vaccines [42—44], in nutraceuticals, and
food products [42]. It is highly abundant in the liver of certain shark species [45-49], from
which it was also first isolated [50]. It can also be extracted from various fruits, legumes,
grains, seeds, and nuts, especially from olives and amaranth seeds [51-55]. Although
plant-based resources have a growing market share, some squalene is still derived from
endangered sharks, which has been heavily criticized. As the market size value of squalene
is expected to continue to grow in the coming years [41,42], a sustainable and easily scalable
resource for squalene must be found.

Different optimization approaches are necessary to improve the efficiency of carotenoid
and squalene production. The selection of an optimal production organism is one of them.
Thraustochytrids is a promising group of organisms, being a family of marine unicel-
lular organisms. They are eukaryotic, saprobic protists and occur ubiquitously in the
marine ecosystem. Thraustochytrids play an important part in the microbial loop as nu-
trient recyclers and act as partners in various relationships with algae and other marine
organisms [56,57]. The taxonomy of the thraustochytrids still needs clarification. Since
their first description in 1934 [58], their classification has changed, from belonging to
fungi to oomycetes [59] and finally to a phylogenetic group of its own together with the
labyrinthulids in the polyphyletic kingdom of Protista [60]. 185 rRNA gene comparison
confirmed their independency from oomycetes, and they were associated with the stra-
menopiles [61,62]. On a lower taxonomic level, the assignment of various strains to different
orders and genera has been repeatedly revisited, still in recent years [62-68].

Some strains are successfully used for the production of long-chain w-3-fatty acids, es-
pecially docosahexaenoic acid (DHA) (C22:6), at laboratory [69-75] and industrial scale [76].
Thraustochytrids are further known for the synthesis of squalene [69-71,77-79] and
carotenoids, particularly astaxanthin, B-carotene, canthaxanthin, echinenone, and phoeni-
coxanthin [19-21,63,64,74,80-83]. The heterotrophic cultivation is a major advantage over
microalgae, the main carotenoid-synthesizing organisms in large-scale biotechnological
production. Microalgae have to be grown phototrophically in most cases, which means
high operational effort and costs. Thraustochytrids have a great potential to reach high cell
densities of up to 170 g/L [84,85] and can be cultivated in fermentation processes using
various waste streams [69-71,86]. Therefore, an optimization of the production rate of
carotenoids and squalene in comparison to established processes is very likely. Neverthe-
less, there is still a lack of knowledge regarding this very heterogeneous group of organisms.
The fact that today’s production strains are mainly members of the genus Schizochytrium
shows that the diversity of this group is not fully used [76].

A few production strains and those commonly used in the laboratory are fairly well
described. Still, for the vast diversity of thraustochytrids, only few coherent datasets
combine taxonomic data with optimal cultivation parameters, morphology, and secondary
metabolite patterns [63,64,87]. Such combined datasets have been used and proposed to
improve the understanding and quality of taxonomic arrangements [63,64] and provide
better access to industrial applicability. A major problem in this specific group is the high
variability in morphology and metabolite patterns, partly also depending on different
cultivation parameters.

This work aims to present a better and more coherent picture of this group by a
multilevel screening of a strain collection of marine thraustochytrids. We used design of
experiment (DoE) and modeling tools to explain the growth of various strains. 185 rRNA
gene-based phylogeny was correlated with the production of various carotenoids and
squalene, and microscopic morphology. The objective was to show and describe that strains
similar at molecular level have similar growth characteristics, morphology, and metabolite
patterns with a specific focus on squalene and carotenoids. This picture shall enable and
simplify the classification and cultivation of new and not studied strains, not least to test
their applicability on an industrial scale for producing valuable substances.
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2. Results
2.1. Molecular Identification

The 18S rRNA sequences were compared with those in the GenBank database using the
Basic Local Alignment Search Tool (BLAST). The majority of strains of the collection were
assigned to already described genera of the Thraustochytriaceae, namely Thraustochytrium spp.,
Ulkenia spp., Thraustochytriidae sp., Schizochytrium aggregatum, and Oblongichytrium minutum
(Table S1). Only one group of strains (N6421, N6422, N6423, N6424, N6523) was closer related to
Paranamyces uniporus (NCBI accession number MT731025.1), which belongs to the Rhizophydi-
ales. This group was not used for the final alignment and tree formation. The phylogenetic tree
(Figure 1) contained two main clades and the outgroup. One contained members of the Thraus-
tochytriaceae and most of the strains from the collection. The other one contained members
of the Thraustochytriaceae and Labyrinthulaceae. Only two strains from the collection (N5995
and 5996) were located here, being closely related to Oblongichytrium minutum (AB022108.1).
Within the branches of the two clades, many of the strains of the collection had little or no
evolutionary distance. Twenty of the strains were closely related to Thraustochytrium kinnei
with only small or no evolutionary distance to each other. For strain N1694d, the sequence
was already available (T. kinnei 1L34668.1) [61]. The 185 rRNA gene sequence of this strain (here
with number N1694d) was similar but not identical. Amplification of 185 rRNA genes of most
strains related to S. aggregatum was not possible with primers T18S1F and T18S5R. Only shorter
segments were amplified.

2.2. Growth Studies

Design of experiment, model estimation, and selection were performed to find op-
timal cultivation conditions for the thraustochytrids and to compare their growth be-
havior. Three models (Equations (1)—(3) were estimated and compared to find the best
description for growth at a constant salt concentration (15 g/L): In the simplest model
(Equation (1)/model 1), the quadratic influence of all parameters was considered. Model 2
(Equation (2)) reduced the quadratic influences to those of glucose and yeast extract and
included the interaction term of yeast extract and glucose. Model 3 (Equation (3)) included
further interaction terms.

In total, the experiment was performed with 30 strains. Some strains did not grow
at all (T. kinnei 1438e, U. profunda N5976, N5629¢) or not sufficiently for model estimation
(U. profunda N5905). These strains were excluded from the model evaluation. The models
of the remaining 26 strains were summarized and compared by the median of the adjusted
coefficients of determination. The highest values were reached by model 3, followed
by model 2 and model 1, with a median of the adjusted R? of 0.904, 0.775, and 0.689,
respectively. Comparing the adjusted coefficients of determination directly, the third model
(Equation (3)) scored a higher adjusted R? for 65% of the strains. The best-describing model
varied for some of the clusters detected in the phylogenetic tree. U. visurgensis N6000b and
Sakar 7 were best described by model 1. U. visurgensis N5589c, N5594d, and U. profunda
Nb5658a were best described by model 2. Thraustochytriidae sp. N4994d, N4995d, and
N5670c, T. kinnei N1709d, N1694d, 14766¢, 1465d, 1462d, and 3041c, and T. aggregatum
4992b and 154f were best described by model 3. The coefficients of determination and
p-values of all models can be found in the supplement (Table S2). Model 1 showed that
the quadratic influence of pH or phosphate had no significant influence on the growth,
except for one strain, and was not further evaluated. Due to the reduction of the degrees of
freedom by the addition of interaction terms, model 3 did not display many parameters as
significant. Thus, for a general impression of the importance of the parameters and better
clarity and comparability, model 2 was chosen to carefully compare all strains with an
adjusted R? > 0.7 and a significant p-value (o = 0.05). These were U. visurgensis Sakar7,
N6000b, N5589¢, N5594d, Thraustochytriidae sp. N4994d, N4995d, N5670c, T. aureum N6007e,
N6006d, T. kinnei N1709d, N1694d, N1476¢, 1462d, T. aggregatum 4992b, and 154f.
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KX430103.1 Thraustochytrium kinnei St4 clone
100|) Thraustochytrium kinnei 1476c - 1476b - 1472e - 1473e - 1471f - 1471d - 1462d - 1465d - N1438e
Thraustochytrium kinnei N1709d - N1694d - 1531c - 1527a - 1527c - 1526d - 1518e - N1485a
HQ228964.1 Thraustochytrium aff. kinnei
74| Thraustochytrium kinnei 3041c - N2845c - 1450d
KT716334.1 Thraustochytrium kinnei
60' L34668.1 Thraustochytrium kinnei KPMB 1694d
59— AB022106.1 Schizochytrium aggregatum ATCC 28209
73] Schizochytrium aggregatum N2820a - 5999 - N561b - 561bx - N557a

100/ L HQ228969.1 Schizochytrium sp. BAFCcult 3502

AB290576.1 Schizochytrium sp. SEK 210
99 AB290577.1 Schizochytrium sp. SEK 345

AY705753.2 Thraustochytrium gaertnerium
96{ L34054.1 Ulkenia profunda KPMB N3007a - T
8/l DQ023615.1 Ulkenia profunda BUTRBG 111
Ulkenia profunda N5905 - N5976 - N5661 - N5676f
Ulkenia profunda N5658a
Ulkenia profunda N5629e
75 Ulkenia visurgensis Sakar7 - N1001 - N6000b
951 HQ228958.1 Ulkenia aff. visurgensis
HQ228980.1 Ulkenia aff. visurgensis BAFCcult 3541
AB022116.1 Ulkenia visurgensis ATCC 28208 - T

AB810962.1 Ulkenia sp. Yonez6-9
Ulkenia visurgensis N5594d - N5589¢
991 AB290355.1 Ulkenia sp. SEK 214
AB810968.1 Ulkenia sp. Otal-10

AB022104.1 Ulkenia sp. ATCC 28207*
MN382127.1 Phycophthorum isakeiti BTH-2019a
100 MG099001.1 Labyrinthulochytrium arktikum
U21338.1 Labyrinthulochytrium haliotidis
AB973546.1 Thraustochytriidae sp. SEK 691
0 AB973545.1 Thraustochytriidae sp. SEK 690

Thraustochytriidae sp. N4995d - N4994b - N4994d - N5670c

AB973561.1 Thraustochytriidae sp. SEK 705

44{ AB810969.1 Thraustochytrium sp. Yonez6-8

Thraustochytrium striatum N5997
» 100/ AB022112.1 Thraustochytrium striatum ATCC 24473 - T
5 KT598545.1 Thraustochytrium striatum AL16
KT598546.1 Thraustochytrium aureum

100 Thraustochytrium aureum N6006e
Thraustochytrium aureum 5985

56

Thraustochytrium aureum N6007e - N6006d - N6005a - N60002a - N6001b - N5998
JX993839.1 Thraustochytrium aureum AMCQS5-3*

100 1X993841.1 Thraustochytrium aureum AMCQS5-5*

100 LAB355410.1 Botryochytrium radiatum

MK615597.1 Botryochytrium sp.
90 AB355411.1 Parietichytrium sarkarianum SEK 351
100~ AB810977.1 Parietichytrium sp.

100{ AB355412.1 Sicyoidochytrium minutum

AB973514.1 Sicyoidochytrium sp.
EF114348.1 Thraustochytrium caudivorum strain S4 clone
AB126669.1 Aurantiochytrium sp. CHN-1*
FI821482.1 Aurantiochytrium sp. ATCC 26185%
DQ374149.1 Aurantiochytrium sp. ONC-T18*
AB636147.1 Aurantiochytrium sp. 18W-13a
100~ DQ367050.1 Aurantiochytrium sp. ATCC 20888*
004948.1 Aurantiochytrium sp. BR-MP4-A1
AB973565.1 Aurantiochytrium sp.
i o0 KX379459.1 Aurantiochytrium sp. SH104*

7l KF500513.1 Aurantiochytrium sp. SW1*
o] AB973564.1 Aurantiochytrium limacinum ATCC MYA-1381 - T
DQ367049.1 Aurantiochytrium mangrovei
69y AB022109.1 Thraustochytrium aggregatum KPMB N-BA-110 - T
Thraustochytrium aggregatum 154f
100| r Thraustochytrium aggregatum 4930a
ool Thraustochytrium aggregatum 4930b
92' Thraustochytrium aggregatum 4992b
| 100, AB022113.1 Thraustochytrium pachydermum KPMB N-BA-113
AB973524.1 Thraustochytrium aff. pachydermum SEK 681
97 MT484273.1 Labyrinthulid quahog parasite QPX

AB022108.1 Oblongichytrium minutum KPMB N-BA-77 - T*
Oblongichytrium minutum N5995 - 5996
AB973531.1 Oblongichytrium sp.
AB022111.1 Oblongichytrium multirudimentale KPMB N-BA-113*
AB290575.1 Oblongichytrium sp. SEK 347
KX160007.1 Aplanochytrium blankum
AJ519935.1 Aplanochytrium stocchinoi
o1~ AB022103.1 Aplanochytrium kerguelense KPMB N-BA-107
47- F1799799.1 Aplanochytrium sp.

FR875335.2 Labyril zosterae
1 MF872140.1 Labyril sp.
—————— AJ415519.1 Prorocentrum micans
4‘9& — JQ281514.1 Ochromonas danica
100 — GQ452862.1 Phaeodactylum tricornutum
100 MG799152.1 Bacillaria paxillifer

0,050

Figure 1. Phylogenetic tree based on 185 rRNA genes created using the maximum-likelihood method
and the Tamura—Nei nucleotide substitution model. The final dataset contained 1378 base positions.
Bootstrap values are shown for 1000 replicates. Type strains are marked with a “T”. Strains that
were reclassified in this study are marked with an asterisk. Strains from the mFSC collection are
highlighted bold. Accession numbers, names of taxa and strain labels are shown for the sequences
retrieved from GenBank. Strains with no calculated evolutionary distance are on the same branch.

Glucose and yeast extract addition had a generally positive influence on growth. The
linear parameter for yeast extract concentration was considered significant (¢ = 0.05 or
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o = 0.01) for 93% of the tested strains, followed by glucose with a significant linear influence
on the growth of 73% of the named strains. The quadratic coefficients of both (glucose
and yeast extract) were most often slightly negative but insignificant. The parameters
for the interaction of glucose and yeast extract were primarily small but positive. It was
considered significant for the growth of 27% of the strains. This resulted in predicted high
optimal concentrations of up to the maximum of glucose (60 g/L) and yeast extract (15 g/L)
for most strains (Table 1 and Table S3). U. visurgensis Sakar 7 and N6000b showed lower
optimized glucose concentrations of 46 and 32 g/L, respectively. Strain N6000b also had a
lower optimized yeast extract value of 10.1 g/L. Likewise, the optimization for the results
of Thraustochytriidae sp. N4995d and T. aggregatum 154f indicated that lower glucose and
yeast extract concentrations were optimal. The influence of the pH value and the addition
of phosphate was considered significant only in under 15% of the strains. The coefficient
of the pH value was negative for most strains, whereas the coefficient for the addition of
phosphate was balanced positive and negative. Thus, the optimized pH was the minimum
of 6.5 for all strains except for T. aggregatum 154f. The optimized additional phosphate
concentration was either 0 or 0.5 g/L.

Table 1. Estimated model coefficients, p-values, and optimized parameters of model 2 for four exem-
plary strains regarding maximal biomass yield. Significant p-values are indicated with ** (o = 0.01)
and * (0 = 0.05). The variance of the yield is given for a 0.95 confidence interval.

T. aureum N6006d U. visurgensis N5594d Thraustochytriidae sp. N4994d T. kinnei N1694d

Coefficient p-Value Coefficient p-Value Coefficient p-Value Coefficient p-Value
a —39.2 66.8 188.4 236.5
b1 (G?) —0.4 0.0009 ** -0.01 0.0030 ** 0.7 0.0014 ** 0.09 <0.0001 **
by (Y P) 69.0 0.0137* —4.4 0.00055 ** 6.5 <0.0001 ** 291 <0.0001 **
bs (pH) —6.5 0.9614 —4.4 0.6555 —24.8 0.0397 * —28.9 0.0086 **
by (P ) 246.7 0.5375 —134 0.5185 —30.0 0.1807 —66.2 0.0058 **
c1 (G?) 0.05 0.7913 0.01 0.5328 —0.01 0.2596 —0.01 0.5564
e (Y?) —5.0 0.1615 0.5 0.0222 * -03 0.2000 —0.1 0.4664
dip (G*Y) 15 0.0200 * 0.03 0.02682 0.1 0.0060 * 0.16 0.0002 **
R? 0.9140 0.9322 0.9761 0.9533
R? adj. 0.8281 0.8643 0.9482 0.9667
p-value 0.0029 0.0013 0.0002 <0.0001
Optimized parameters
G 60 60 60 60
Y 15 15 15 15
pH 6.5 6.5 6.5 6.5
P 05 0 0.5 0.5
yd 259 +15.9 22£06 28 +£0.7 34406

2 G, Glucose (g/L), bY, Yeast extract (g/L), © P, KHyPOy4 addition (g/L), dY, Yield (g/L).

Many of the strains that were clearly better described by model 3 (S. aggregatum
N2820a, 5999, 561bx, T. aureum N5998, 5986, O. minutum 5996, and T. striatum N5997) still
showed a growth optimum at 50-60 g/L glucose, but some had a lower optimum for yeast
extract (T. aureum N5998, 5986, and O. minutum 5996). Only T. kinnei 1465d, 3041c, and
O. minutum N5995 had a growth maximum at lower glucose (0 und 26 g/L) and varying
yeast extract concentration (15 and 0.5 g/L).

T. aureurn N6006d, N6007e, 5985, T. agqregatum 4992b, 154f, and T. striatum N5997
yielded the highest biomasses of all strains. Their average yield varied between 4 and
7 g/L. All these strains grew best on DoE medium 8 or 9 (Table S4). The highest yield
of 27 g/L was obtained from N6007e on medium 8, regardless of the salt concentration.
Thraustochytriidae sp. N4995d and S. aggregatum 561bx, and 5999 yielded just over 2 g/L on
average. Most of the other strains yielded less than 2 g/L.
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Sixteen of the analyzed strains were additionally cultivated on media with a higher
salinity. Model 2 was extended by the linear influence of salt concentration. A slightly
but significant negative influence (o = 0.05) was found in Thraustochytriidae sp. N4995d.
A significant positive influence (o = 0.01) was observed in O. minutum N5995, U. visurgensis
Sakar7, and U. profunda N5905 and N5629e. The effect was particularly clear for the latter
two. These strains only grew on one of the 15 media with a lower salt concentration (DoE 13
and 3, respectively) and on most of the media with a higher salt concentration of 30 g/L. Of
the media with the higher salt concentration, they yielded the highest biomass on media 13
and 6, respectively.

2.3. Target Molecules

The occurrence of various carotenoids and squalene was analyzed in the strains. The
following carotenoids were detected by comparison with standards: astaxanthin, astax-
anthin monopalmitate, phoenicoxanthin, canthaxanthin, 9Z-canthaxanthin, echinenone,
lycopene, and B-carotene. Neither lutein, zeaxanthin, antheraxanthin, nor rhodoxanthin
were observed in comparison to the standards. Diastereomers of astaxanthin were also
detected. Carotenoids were found in all tested strains except for those closely related
to T. kinnei (1462d, 1465d, N1476¢c, N1694d, N1709d), T. aggregatum (154f, N4992b), and
O. minutum (N5995). Squalene was detected in all strains.

2.4. Cluster Analysis of Carotenoid Composition

A comparison of the carotenoid composition (Figure 2, Table S5 and S6) by k-means
and hierarchical cluster analysis (Figure 3) indicated eight different clusters of strains.
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Figure 2. Carotenoid composition of the analyzed strains. Mean values of the individual experiments
from each strain whose share in the total carotenoids exceeded 3% are displayed individually (Table S5).
Diastereomers of astaxanthin are summarized as “Z-astaxanthin”. “Others” comprises all tested strains
assigned to T. kinnei (N1694d, 1462d, 1465d, N1476c, N1709d, 3041c), T. aggregatum (4992b, 154f),

and O. minutum (N5995). Strains that grew only on media with high salinity are marked with asterisks.
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Figure 3. Hierarchical clustering of the analyzed strains based on their carotenoid profiles. Clus-
ters calculated by k-means algorithm were highlighted by dashed boxes. (A) Clusters excluding
carotenoid patterns of U. profunda N5629e and N5905. (B) Clusters including carotenoid patterns
of U. profunda N5629e and N5905 (marked with asterisks) cultivated on media with a high salt
concentration. “Others” comprises all tested strains assigned to T. kinnei (N1694d, 1462d, 1465d,
N1476¢, N1709d, 3041c), T. aggregatum (4992b, 154f), and O. minutum (N5995).

The first cluster was characterized by a balanced ratio of astaxanthin and canthaxanthin
(cluster means of 30% and 28%, respectively) and some phoenicoxanthin (cluster mean of
16%). It contained all strains closely related to Thraustochytriidae sp. The second cluster
comprised three of the four strains closely related to T. aureum, characterized by major
proportions of canthaxanthin (cluster mean of 32%) and B-carotene (cluster mean of 35%).
The fourth strain of this group (T. aureum N5998) was, from a phylogenetic view, closely
related to two of the strains from that cluster. It was only associated with that cluster because
of still comparably high canthaxanthin (cluster mean of 18%) and f-carotene values (cluster
mean of 14%). However, it was not included, mainly because of its outstanding lycopene
proportion. It was the highest of all strains at 34%. The fourth and fifth cluster contained
all strains closely related to Ulkenia species. The fourth clustered U. profunda N5658a and
U. visurgensis Sakar7 and 6000d and displayed predominantly a high astaxanthin content
(cluster mean of 64%). The fifth was characterized by astaxanthin (cluster mean of 33%)
and pB-carotene (cluster mean of 42%) and contained U. visurgensis N5589¢ and N5594d.
T. striatum N5997 had a separate position in the tree but was located in close proximity
to the Ulkenia clusters. It had a similar astaxanthin proportion (cluster mean of 62%),
but produced also an astaxanthin ester, which could not be found in any of the other
strains. The last comparable cluster comprised strains closely related to S. aggregatum with
a high proportion of B-carotene (cluster mean of 88%). Strains closely related to T. kinnei,
T. aggregatum, and O. minutum were clustered because no carotenoids were detected.

2.5. Cluster Analysis of Carotenoid Composition, including Strains with a High Salt Affinity

Comparison of carotenoid profiles emerging on media with high (30 g/L) and low
(15 g/L) salt concentration showed only small differences between the same strain (Table S7
and Figure S1). U. profunda N5629e and N5905 did produce almost no biomass on media with
a salt concentration of 15 g/L. Therefore, their carotenoid patterns were evaluated only by the
biomass grown on the media with the higher salinity. They were similar to those of U. profunda
N5658a (Figure 2). Inclusion in cluster analysis resulted in the division of cluster 4 (Figure 3).
All strains related to U. profunda (N5658a, N5629e, N5905) now clustered with a higher mean
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of astaxanthin (67%) and some phoenicoxanthin (cluster mean of 15%). U. visurgensis N6000b
and Sakar7 formed a separate cluster with mainly astaxanthin (cluster mean of 60%) and
B-carotene (cluster mean of 12%). U. visurgensis N5594d and N5589¢ remained unaffected.

2.6. Target Molecule Content and Yield in the DoE Studies

Mean total carotenoid content varied between 0 and 246 pg/g (maximum in T. aureum
5985). Clusters 1 and 2 comprised the strains with the highest carotenoid content, whereas
squalene was generally more abundant in T. striatum N5997 and some Ulkenia strains (Figure 4).
It has to be noted that these values are means over all the various media used in the DoE.
Strains performed better on some of the individual media. e.g., Thraustochytriidae sp. N4994d,
T. aureum N6006d, N6007e, and U. visurgensis Sakar7, N5589c showed a higher carotenoid
content on medium 8 than in the mix or on the other individually tested media. T. aureum 5985
possessed the highest total carotenoid content of 307 p1g/g on medium 9. Most strains related
to Thraustochytriidae sp. and T. aureum also produced high biomass. Thus, the carotenoid yield
was also high and resulted in 6 mg/L for T. aureum 5985 on medium 9.
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Figure 4. Mean squalene (empty bars) and carotenoid (shaded bars) content of strains belonging
to the same carotenoid cluster (Figure 3B). Strains that grew only on media with high salinity are
marked with asterisks. Whiskers indicate the standard deviation between the different strains of a
cluster. Dry weight was approximated using data from the other trials.

The mean squalene content varied between 0.02 mg/g (Thraustochytriidae sp. N4995d)
and 3 mg/g (U. visurgensis N6000b). The highest squalene contents observed were 13 mg/g
and 12 mg/g in T. striatum N5997 on medium 11, and in O. minutum N5995 on medium
14 with a high salt concentration, respectively.

2.7. Regression Analysis of Target Molecules

For a more detailed insight into the carotenoid and squalene synthesis based on the
dependency of the media composition, target molecules in T. striatum N5997 were analyzed
on all media from the DoE except for number 8, on which it did not grow. In addition,
the growth regression was repeated to find a model that described growth better than the
previously obtained models (model 1-3). The resulting regression had an adjusted R? of
0.8819. Due to few degrees of freedom, only the optimized parameters were evaluated, but
not their individual influences. Model optimization indicated that the maximum glucose
concentration (60 g/L) and a small yeast extract concentration (3.9 g/L) maximized the
biomass yield (Table 2). Optimization of squalene content resulted in a minimum glucose
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concentration and maximum yeast extract concentration. An intermediate glucose and
yeast extract concentration was considered advantageous for squalene yield.

Carotenoids found in T. striatum N5997 were mainly astaxanthin, its diastereomers,
and an ester (85.4% of the carotenoids in total). Phoenicoxanthin (6.3%), lycopene (2.6%),
B-carotene (1.5%), canthaxanthin and its diastereomer (1.2%), and two unknown carotenoids
(2.9%) were observed to a smaller extent. Carotenoid composition changed slightly depending
on the medium composition (Table S8 and Figure S2). In contrast to squalene, a high glucose
(48-60 g/L) but minimal yeast extract concentration (0.5 g/L) was found to be beneficial in
optimizing total and individual carotenoid content. The highest absolute carotenoid yield was
predicted at maximum glucose and minimum yeast extract concentration.

Table 2. Model quality and optimized parameters of models for growth, carotenoid, and squalene
production in T. striatum N5997. Dry weight was approximated using data from the other trials.

Target Molecule Content Target Molecule Yield
Biomass Saualene Total Total Phoenico- Saualene Total Total Astax- Phoenico-
Yield (g/L) ?m &/g) Carotenoids Astaxanthin Xanthin (u1g/g) ?m ) Carotenoids anthin Xanthin
8 (uglg) (nglg) Hg'8 8 (mg/L) (mg/L) (mg/L)

R? 0.9578 0.9887 0.8909 0.8956 0.9891 0.8530 0.9600 0.9622 0.9476
R? adj. 0.8819 0.9705 0.7164 0.7288 0.9644 0.5884 0.8601 0.8676 0.8532
p-value 0.0061 0.0002 0.0446 0.0403 0.0014 0.1052 0.0215 0.0194 0.0103
Optimized parameters
G2 60 0 48.7 484 60 29.9 60 60 60
Yb 39 15 0.5 05 0.5 8.2 0.5 0.5 05
pH 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6
Pe 0.5 0 0.5 05 0.5 03 0.5 0.5 05
yd 23275 34.8+57 125.0 + 47.4 120.1 + 445 83+1.1 40.0 £25.0 1.7+£06 1505 0.12 = 0.04

2 G, Glucose (g/L),? Y, Yeast extract (g/L), ¢ P, KHoPOy addition (g/L), ¢ Y, Yield.

2.8. Effect of the Medium Composition on the Target Molecules

A selection of strains was used to replicate the experiment on media 6, 9, and 15.
Medium 9 was chosen because the highest biomass for most of the strains was yielded here.
Medium 15 was most similar to the optimized parameters for a high carotenoid content.
Medium 6 was chosen for its reduced glucose and medium yeast extract content, which
were thought to increase squalene content while promoting growth, as suggested by the
optimized media in the regression of T. striatum N5997.

Cell dry weight (CDW) was determined in those strains that yielded the highest
biomasses on medium 9 (N6007e, 5985, N6006d, 5996, N2820a, 5999). The mean CDW was
34.8 £ 6.1% w/w. The highest amount of extract was obtained from T. aureum N6006d and
5985 and from S. aggregatum 5999 and N2820a on media 9 and 15 (Table S9). These extracts
had a fatty appearance.

Carotenoid content varied between 0 and 346.1 ug/g in the different strains and media
(Figure 5). For all strains except Thraustochytriidae sp. N5670c and N4994d, the highest
carotenoid content was measured when grown on medium 15, with maximum values of
343 and 346 pg/g in T. aureum N6006d and 5985, respectively. The carotenoid compositions
were consistent with those described in the cluster analysis. The media nevertheless had an
influence on the exact carotenoid composition (Figure 6 and Table S10).
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Figure 5. Carotenoid content in selected strains grown on DoE media 6 (empty bars), 9 (shaded bars),
and 15 (filled bars).
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Figure 6. Carotenoid composition of the analyzed strains cultivated on medium 6, 9, and 15. Indi-
vidually displayed are only carotenoids whose contribution to the total carotenoids was above 3%
(Table S10). Diastereomers of astaxanthin are summarized as “Z-astaxanthin”.
The highest squalene content was most often reached on medium 6 (Figure 7). S. aggregatum
N2820a and 5999 showed especially high squalene content on medium 6 but a generally low
carotenoid content. The highest squalene content was 10.4 mg/g in S. aggregatum N2820a.
T. aureum N6006d and 5985 as well as Thraustochytriidae sp. N5670c and N4994d showed the
opposite pattern with generally high carotenoid but low squalene contents.
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Figure 7. Squalene content in selected strains grown on DoE medium 6 (empty bars), 9 (shaded bars),
and 15 (filled bars).
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2.9. Comparison of Biomass Yield and Target Molecule Content in Cultures Cultivated in Liquid
and on Solid Medium

Representative strains of four species with a high carotenoid production were chosen
for a comparative study. Thraustochytriidae sp. N4994d, T. aureum N6006d, U. profunda
Nb5658a, and U. visurgensis N1001 were cultivated on DoE medium 7 either in liquid or
solid culture. In liquid culture, biomass densities of 1.1, 1.0, 0.6, and 0.7 g/L were reached
for N4994d, N6006d, N5658a, and N1001, respectively. On solid medium, the CDW of the
cultures scraped from the agar was 25.0, 30.7, 29.7, and 28.1% w/w, and biomass yields of
1.4,1.8,1.5,and 1.3 g/L were harvested for strains N4994d, N6006d, N5658a, and N1001,
respectively. Extract yield was higher on the solid media (Table S9). The carotenoid content
varied from 16 ug/g in N6006d in liquid medium to 218 pg/g in N4994d on solid medium
(Figure 8). The carotenoid compositions of the strains cultivated on solid medium were
similar to those observed in the previous experiment. U. visurgensis N1001 fitted to the other
strains of the genus Ulkenia. A higher carotenoid content was measured in all strains culti-
vated on solid medium than in liquid medium. It was 1.3-fold higher in U. profunda N5658a
and 3.8-fold higher in T. aureum N6006d. The carotenoid patterns changed according to
the cultivation condition (Figure 8 and Table S11). The percentage of B-carotene increased
in all strains when cultivated in liquid medium, whereas the percentage of astaxanthin,
phoenicoxanthin, and canthaxanthin decreased. Thraustochytriidae sp. N4994d exhibited the
greatest differences in carotenoid composition when the cultivation medium was changed.

225
-— .
200 m residual
175 [ | unknown 4
unknown 3
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m unknown
125 -
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100 - —_— _ lycopene
75 || = == echinenone
50 B 9Z-canthaxanthin
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Thraustochytriidae sp. T. aureum U. profunda U. visurgensis
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Figure 8. Carotenoid content and composition of four different strains cultivated on DoE medium
7 either in liquid (L) culture or on solid medium (S). Individually displayed are only carotenoids
whose contribution to the total carotenoids was above 3% (Table S11). Diastereomers of astaxanthin
are summarized as “Z-astaxanthin”.

Squalene content was similar in all strains except for N1001. For N4994d, N6006d, and
N5658a, it varied between 0.3 and 0.7 mg/g when cultivated on solid medium and between
2.8 and 2.9 mg/g when cultivated in liquid medium. U. visurgensis N1001 showed higher
contents of 6.0 and 8.6 mg/g when cultivated on solid and in liquid medium, respectively.
Squalene was between 1.4 and 9.0 times higher when the cultivation was performed in
liquid medium.

2.10. Unknown Metabolites

Besides those carotenoids that were identified by the comparison with standards,
six other substances might be classified as carotenoids. Four of them exceeded the threshold
of 3% applied for the cluster analysis and carotenoid patterns.
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Unknown 1 was only present in all species belonging to T. aureum. Its retention
time was very similar to that of phoenicoxanthin (9.0 min) but had a different absorption
spectrum with a single maximum at 448 nm (Table 3). Unknowns 2 and 3 were present
in various species. Retention times were at 10.4 and 14.8 min. They had similar UV /Vis
absorption maxima as echinenone (461 nm and 462 nm, retention time at 16.5 min). The
mass spectrum of unknown 2 had two main peaks at m/z 566.4 and m/z 549.8. Unknown 4
was present in T. aureum, Thraustochytriidae sp., Ulkenia spp., and S. aggregatum. Its retention
time was 21.9 min, and it was close to that of astaxanthin monopalmitate and B-carotene.
It had a characteristic UV /Vis absorption spectrum with two peaks and a shoulder and
maxima at 461 nm and 489 nm.

Table 3. Retention times, UV /Vis absorption maxima, and masses of unknown substances found
by UHPLC-PDA-MS chromatography in extracts of Thraustochytriaceae species. 1-4 carotenoids
(assignment to strains and media in Tables S5-S8, 510, and S11), A-D porphyrins.

Retention

Substance Time (min) Amax (nm) miz Species

Unknown 1 9.0 448 584.3 +1.1,802.7 +£ 0.2 T. aureum

Unknown 2 104 461 549.8 +0.7,566.4 + 1.2 Ulkenia spp., Thraustochytriidae sp., T. aureum
Unknown 3 14.8 462 nd. ! Ulkenia spp., Thraustochytriidae sp., T. striatum
Unknown 4 219 461, 489, 439sh nd. Ulkenia spp., Thraustochytriidae sp., T. striatum,

S. aggregatum

Unknown A 5.9 415, 548, 582 nd. O. minutum N5995

Unknown B 6.3 400, 502, 538 nd. O. minutum N5995

Unknown C 6.8 401, 504, 538, 574, 628 563.4 +0.02 O. minutum N5995

Unknown D 8.9 404, 508, 542 nd. O. minutum N5995

! n.d. = not detectable.

One group of substances was present in O. minutum N5995. It was only observed on
DoE medium 14 with a high salt concentration. The substances had a very characteristic
UV/Vis absorption spectrum. These were porphyrins rather than carotenoids. The sub-
stance with the highest peak (retention time at 6.8 min) had one large maximum at 401 nm
and further small maxima at 504, 538, 574, and 628 nm. The main observed mass was m/z
563.4, accompanied by further substances with similar absorption spectra.

2.11. Morphology

The studied strains differed in their morphology. Cell size varied from approximately
2 to 80 um, and different cell shapes were observed. Cell size and form varied not only
between the different strains but also changed after the cultivation of the same strain in
different media. All strains were compared after growth in BITMG (2.5 mL), the basal
medium and positive control for the subsequent growth and optimization studies. Most
strains exhibited healthy cells in this medium (Figure 9). All strains had a wide cell
size distribution at all observed growth phases. Strains closely related to Ulkenia spp.
(Figure 9A-F) showed many globose cells with highly refractive cell walls. In U. profunda
Nb5658a and U. visurgensis N5594d and Sakar 7, “hatching” cells were observed, i.e., the
inner part of a cell slowly left its cell wall through a small spot (Figure 9D,E). The cell
wall remained nearly intact. The resulting protoplasts were perfectly globose and did
not resemble an amoeba. This behavior was observed in mature and comparably large
cells. T. aureurn N6006d and N6007e (Figure 9S,T) also formed round cells but were more
densely packed. Their cell walls were not as refractive as in Ulkenia spp. except for some
larger cells (>25 um). T. aureum 5985 (Figure 9U) differed from the other two strains with
generally larger and more irregular cells. T. kinnei N1694d and N1476¢ (Figure 90,P)
formed more clusters with fewer single cells. The cells of S. aggregatum 561bx, N2820a,
and 5999 (Figure 91-K) had a granular sub-structure. S. aggregatum 561bx, in particular,
showed intracellular bodies. Single cells of S. aggregatum were among the largest observed
(30-50 um), and dense clusters of cells with difficult to distinguish and irregularly shaped
cells were observed in medium 3. O. minutum N5995 and especially 5996 (Figure 9M,N)
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formed clusters of comparably small cells. In cultures of T. striatum N5997 (Figure 9L), the
largest cells up to 80 um were observed. Its cells exhibited finer and coarser substructures
and vacuole-like compartments. Thraustochytriidae sp. N5670c and N4994d (Figure 9Q,R)
were more dispersed and showed smaller agglomerates with smaller cells and cellular
structures that might have been small sporangia (10-15 um). Their substructure was very
fine and smooth. All the named strains formed some agglomerates. T. aggregatum 4992b
and N4930a (Figure 9G,H) differed from them by their very equally distributed small or
medium-sized cells compared to the other strains.

Figure 9. Morphology of various strains observed in BITMG medium 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), 1476¢ (P), Thraustochytriidae sp. N5670c (Q),
N4994d (R), T. aureum N6006d (S), N6007e (T), and 5985 (U). Arrowheads indicate “hatching” cells
and their cell wall remnants. All figures are in identical scale, scale bars show 20 pm.
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When comparing the morphology of strains grown under different nutrient conditions
(Figures S3-56), it was not possible to clearly detect patterns in morphological change
between the different media and strains. The formation of agglomerates generally increased
in the DoE media. T. aggregatum N4930a, 4992b mainly remained dispersed. Strains related
to S. aggregatum showed clusters of amorphous cells, especially in medium 3. Irregularly
shaped cells were more frequently detected in media 3 and 6 compared to the other media
for most strains. Some phenomena were observed in the different genera, which might
underline their taxonomic peculiarities.

In addition to Ulkenia spp., “hatching” cells were observed in T. striatum N5997 and
T. kinnei N1694d. These cells were mature and comparably large. Thus, the remaining
cell wall remnants were also comparably large (up to 20 um) and often slightly deformed.
Similar empty cell walls were also observed in T. aureum N6007e (Figure S5T) but without
the phenomenon of “hatching” cells. Microscopic observation suggests the development
of sporangia only in a few strains. Few cells containing several spore-like cells were
observed (Figure 10), e.g., in T. aureum N6006d and N6007e, S. aggregatum 561bx, N2820a,
and 5999, T. striatum N5997, and Thraustochytriidae sp. N5670c. However, flagella as proof
for zoospores were not observed, possibly due to the resolution. It might be that only
aplanospores were built. These sporangia were also observed in the 7-day-old cultures used
for inoculation, in T. striatum N5997, T. aureum N6006d and N6007e, Thraustochytriidae sp.
N4994d, N4995d, and N5670c, and U. visurgensis 5594d.

Figure 10. Sporangia in T. aureum N6006d (medium 12) (A), T. striatum N5997 (BITMG, inoculation
culture) (B), Thraustochytriidae N5670c (B1TMG) (C), and N4994d (B1TMG, inoculation culture) (D).

Most strains formed an ectoplasmic net (EN) on the bottom of the well. Intact and
whole structures of ENs were only visible in the cultures analyzed by inverted microscopy
(Figure 11A). It was observed in S. aggregatum 561bx, N2820a, 5999, O. minutum N5995, 5996,
T. aureum N6006d, N6007e, T. kinnei N1476¢, N1694d, and T. striatum N5997. Additionally,
S. aggregatum 561bx, N2820a, 5999, and O. minutum N5995 formed a knot-like structure
within their EN. Those structures were smaller than any cells in the culture and showed
the same light refraction in the microscope as the EN (Figure 11A,B).

Figure 11. EN with knot-like structures in S. aggregatum 561bx (medium 3, analyzed by inverted
microscopy) (A), and 5999 (medium 12) (B), fine EN of O. minutum 5996 (medium 12) (C). Black and
white arrowheads indicate knot-like structures in the net.
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Structures that appeared like “empty cells” or membranes were observed. Their
size varied, but they were primarily small (<10 um) and round without deformations
(Figure 12A). They seemed primarily empty but sometimes contained smaller spheres
or thread-like structures (Figure 12B,C). They appeared in all analyzed species and most
strains with varying abundance. Thin, elongated, and branched cellular substructures
were observed exclusively in O. minutum N5995 and in the strains that were closely related
to T. kinnei. They sometimes appeared together with very small, globose granules. The
structures were found in medium 12 and, to a lesser extent, in medium 14 (Figure 12E).
They also occurred in T. kinnei N1709d and 3041c in the cultures used for inoculation of the
experiments in BITMG (Figure 12D).

- WG

Figure 12. Empty cell structures indicated with white arrowheads observed in BITMG inoculation
cultures of T. striatum N5997 (A) and T. kinnei N1694d in bright-field (B) and phase-contrast mi-
croscopy (C). Oblong cellular substructures in T. kinnei 3041c (B1TMG, inoculation culture) (D) and
together with small granules in N1694d (medium 12) (E).

In some media, the cells exhibited round or oval vacuole-like inclusions, pushing the
protoplast to the edge of the cell, resulting in a ring or crescent shape (Figure 13). They
appeared in all analyzed species and most strains with varying but primarily low abundance.

Figure 13. Ring-shaped cell interior of T. aureum N6007e (medium 12) (A), U. visurgensis N5594d
(medium 12) (B), and crescent-shaped cell interior of T. striatum N5997 (medium 14) (C).

A polymer-like structure was observed (Figure 14). Mostly it floated on the medium
surface of some culture wells and was even macroscopically perceptible. This structure
consisted of small subglobose grains, which were also visible on the surface of the cells and
surrounded them. It was noticed in all analyzed strains related to S. aggregatum, T. aureum,
T. aggregatum, Thraustochytriidae sp., T. kinnei, and T. striatum, but only in some related to
O. minutum (N5995) and Ulkenia spp. (U. profunda N5658a, U. visurgensis N6000b, Sakar7).
It occurred predominantly in medium 3 and to a lesser extent in the other DoE media but
never in BITMG.
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Figure 14. Polymer-like structure in T. aureum N6007e (medium 12) (A), T. kinnei N1476¢ (medium 3)
(B), and T. striatum N5997 (medium 3) (C).

A further characteristic was observed in all strains related to T. aggregatum. They
showed a distinct color switch from pale white to brownish-red on some of the solid media
of the DoE. The color was media- and time-dependent, as some cultures were initially white
and turned red over time, although not in a gradual color change but in a sharp transition.

3. Discussion

Uncertain or outdated strain denomination in the literature is a common problem in
Thraustochytriaceae research. Many strains are not characterized at species level or are
even assigned to the wrong genus. There is high uncertainty, especially regarding the genus
Schizochytrium. Many of the strains used today still are addressed as members of the genus
Schizochytrium, although 18S rRNA data reveal a closer relationship to Aurantiochytrium sp.
than to Schizochytrium sensu stricto as proposed by Yokoyama and Honda in 2007 [63].
Accordingly, some strains used for comparison, whose 185 rRNA sequences were obtained
from the GenBank database or publications, were reclassified according to their closest
relatives, where appropriate. All strains whose 185 rRNA sequences were reviewed by
comparison with the dataset are marked with an asterisk in the following text and can be
found in Table S12 and the phylogenetic tree (Figure 1), where possible.

3.1. Molecular Identification

The strains of the collection were assigned to eight different clades within the Thraus-
tochytriaceae. One group of strains was closer related to the Rhizophydiales. The phylo-
genetic tree obtained is essentially similar to those in recent publications [63-65,78,87-91].
It was divided into two main clades, one containing only Thraustochytriaceae and one
comprising Thraustochytriaceae and the Labyrinthulaceae. Strains N557a and N1694d were
assigned to S. aggregatum and T. kinnei, respectively. This corresponds to their previous
classification [61,62,92].

3.2. Growth Studies

For most strains, glucose and yeast extract concentrations up to the maximum level
were considered best for optimal growth. The linear influence of yeast extract was most
important, as it was significant for the growth of 93% of the tested strains. This is in
agreement with studies for various members of the Thraustochytriaceae. Stefansson et al.
reported in a similar experiment that the influence of the yeast extract was the most positive
and only significant factor in their growth model for an isolate (St5) possibly closely
related to T. kinnei [87]. T. aureum ATCC 34304 was reported to show highest growth at
maximum yeast extract (2.5 g/L), peptone (2.5 g/L), and glucose (30 g/L) concentration [93].
Previous studies from Bahnweg, who worked in part with strains of the former KMPB
collection, indicated higher nitrogen levels in the form of L-glutamate to generally increase
the maximum yield of various strains and genera [92]. Optimal growth for most strains
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studied here was predicted at the highest yeast extract concentration of 15 g/L used in the
experiments, indicating that their optimum might be even higher. In a model developed
for Aurantiochytrium sp. UMACC-T023%, the sum of maximum yeast extract (20 g/L) and
peptone (20 g/L) concentrations was considered optimal for high growth. However, here
the glucose concentration was considered best for growth at its minimum of 10 g/L [94]. In
this study, a significant influence of the glucose concentration on growth was observed for
nearly 75% of the strains. Maximum glucose concentrations of up to 60 g/L were predicted to
be optimal for most of the strains. Again, the fact that this was the highest concentration used
and the insignificance of the quadratic term in the model for glucose concentration indicated
that the optimum growth of the strains might be achieved well above 60 g/L glucose. The
aforementioned isolate St5 was shown to reach optimal biomass at a glucose concentration of
77.6 g/L [87] and Aurantiochytrium sp. ONC-T18* at 60 g/L [95]. Schizochytrium sp. G13/2S
still grew well between 100 and 200 g/L [96]. Gupta et al. reported optimum growth of
T. aureun AMCQS5-5* when cultivated in media containing 40 g/L glucose, though no clear
change between 5 and 100 g/L [74].

The C/N ratio was shown to be important, and the highest growth was achieved at C/N
between 2 and 4 [74]. Similarly, a low C/N ratio of 5 was advantageous over higher ratios
for the growth of A. limacinum ICTSG-17* [19] and Aurantiochytrium sp. ATCC 26185* [97].
Comparably high C/N ratios of 27.2 and 54.4 increased the growth of Aurantiochytrium sp.
ATCC PRA-276 as opposed to a ratio of 4 [97]. These differences show that an optimal
C/N ratio is possibly very strain-specific and the optimal value also seems to depend on
the nitrogen source [74]. In these experiments, the C/N ratio was not regressed, but most
of the strains evaluated by regression model two favored high glucose and yeast extract
concentrations, indicating a positive influence of a comparably lower C/N ratio.

Thraustochytrids appear to be euryhaline. Optimal salt concentration for growth varied
between 2.0% and 2.5% NaCl in various Thraustochytriaceae [92,98] or 25 and 30 practical
salinity units (PSU) in several strains of Aurantiochytrium sp. [99]. T. aureum grew best between
15 and 20 g/L salt concentration [93,100,101]. Aurantiochytrium sp. ONC-T18* grew best
on a lower salt concentration of 2 g/L [95]. The highest cell dry weight in A. limacinum
ICTSG-17* was reached in a medium prepared with seawater, but the growth did not
decrease much with lower salinity. It was even able to grow at 0% [19]. Other authors
showed that growth was inhibited by very low salt concentrations [102]. Few strains, which
belonged to T. aureum and S. aggregatum, were able to grow at 0.1% NaCl and not very
well [92]. In contrast, several Thraustochytriaceae grew optimally at salinity levels between
3.5 and 4.2% and survived even higher concentrations [102,103]. Our results revealed no
significant difference in growth of most strains depending on a salinity between 1.5% and
3.0%. Only some species belonging to the genus Ulkenia showed a significant need for a
higher salt concentration. Bahnweg did not show this for an Ulkenia strain [92], but this
might be species and strain dependent. Adaption to the condition might also influence
growth (see below).

The influence of the initial pH was not considered significant for most strains in
the tested range between pH 6.5 and 7.6. This is similar to results of Stefansson et al.,
who found a positive but insignificant effect of the pH on the growth of their isolate St5
between pH 6 and 8 [87]. The highest biomass of A. limacinum ICTSG-17* was measured
in a pH range of 6-7 [19]. In several other strains of Aurantiochytrium, the optimum was
between 6.5 and 7.5 [99]. Bahnweg observed optima between 6.0 and 8.0 for various
Thraustochytriaceae strains [92]. Some authors mentioned an increase in pH in a pH-
uncontrolled environment [19,104], which could be confirmed here.

The addition of phosphate (KH,PO,) did not influence the growth of the strains
significantly. Its effect was not uniform either. Stefansson et al. reported a negative but
insignificant influence of the KH,PO4 concentration between 0 and 0.1 g/L on the growth
of their isolate [87].

A replacement of the media components might further enhance growth. For example,
glycerol improved the growth in various Thraustochytriaceae [74,105]. Optimal nitrogen
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sources were discussed. Those of marine origin were reported to increase growth compared to
yeast extract and tryptone [87]. Temperature and light influenced growth as well [92,99,103].
Various Thraustochytriaceae were shown to have a quite wide temperature range (9-30 °C),
except for some Antarctic isolates [92].

Regression quality of the growth data of some strains and genera was limited. Insuffi-
cient adaptation of the strains to the new media might have biased the data. All DoE trials
were inoculated from the same liquid medium, so the strains had to adapt to some more
than others, changing their ability to grow and produce metabolites. The change of medium
solidity also influenced growth at otherwise constant parameters. For example, U. profunda
N5905 did not grow on the solid media with a low (15 g/L) salt concentration but in the
same media provided in the liquid form prepared for the morphological observations. It
was inoculated from a stock medium with a salt concentration of 30 g/L, and the shock of
low salt concentration and solid medium was possibly too high. In contrast, it was able to
adapt to the liquid environment. It was observed (data not published) that a rapid change in
medium composition and solidity inhibited the growth of some strains, whereas they were
able to adapt to more gradual changes, especially if grown in liquid media. We assume that
the thraustochytrids can adapt to various environmental conditions if given the chance.

Screening many novel isolates and strains with varying characteristics and needs is
challenging. Reduced factorial design of experiments combined with regression analy-
sis was a valuable tool for approaching the strain collection. An impression of growth-
promoting parameters was obtained. For a robust regression and to increase accuracy,
a sufficient number of experiments must be performed to also evaluate the influence of
interaction terms.

3.3. Comparison of Growth Analysis and Taxonomy

The screening was designed to determine and compare the growth behavior of possibly
closely related strains. As nearly all strains preferred the media with high glucose and
yeast extract concentration, a distinction was difficult. Coherent deviating behavior was
found in both analyzed strains of U. visurgensis: Sakar 7 and N6000b, and of T. aggregatum:
4992b and 154f. They were closely related, showed intermediate glucose optima and, with
the exception of Sakar7, intermediate yeast extract optima. Strains N5905, N5976, N5658a,
and N5629e were closely related to U. profunda based on the molecular taxonomy. N5905,
N5976, and N5629e did nearly not grow on solid media with a salt concentration of 15 g/L.
When the medium was supplied with 30 g/L salt, N5905 and N5629e yielded the highest
biomass on media with low or very low glucose and yeast extract concentrations. Similarly,
U. profunda N5658a had comparably low glucose and yeast extract maxima. All these strains
were closely related, indicating unique characteristics of U. profunda.

Most strains yielded mean biomass yields of below 2 g/L. T. aureum N6006d, N6007e,
and 5985, as well as T. aggregatum 4992b, 154f, and T. striatum N5997 yielded higher mean
biomasses of above 4 g/L. The strains belonging to T. aureum and T. striatum were more
closely related to each other than to T. aggregatum based on the 185 rRNA phylogeny.
T. aureum N5998, which was identical to N6006d and N6007e based on its 185 rRNA genes,
yielded a much lower medium biomass of below 2 g/L. Thus, characteristics may be very
strain specific. Based on the obtained growth results, a precise and well-distinguished
differentiation of all the tested strains is difficult. The growth parameters are not suitable to
support the taxonomic classification.

3.4. Carotenoids

The production chain of carotenoids in thraustochytrids was proposed to include
B-carotene, B-cryptoxanthin, echinenone, hydroxyechinenone, canthaxanthin, zeaxanthin,
phoenicoxanthin, adonixanthin and astaxanthin [21,80,83]. The following carotenoids
were found in species of the Thraustochytriaceae: astaxanthin, canthaxanthin, echinenone,
B-carotene, and rarely also lutein, zeaxanthin, lycopene, and astaxanthin esters and iso-



Mar. Drugs 2023, 21, 204

19 of 41

mers [21,74,81,82,97,106-108].  Although there are few comparative datasets for the
carotenoid patterns of thraustochytrids [63,64], individual strains have been described.

Astaxanthin, phoenicoxanthin, echinenone, and B-carotene have been reported in
Ulkenia sp. SEK 214* and ATCC 28207* [64]. This is similar to the carotenoids observed
in these experiments in all strains closely related to Ulkenia species. Additionally, small
proportions of lycopene and an unknown carotenoid were observed in U. profunda N5658a.

Schizochytrium sensu stricto (e.g., S. aggregatum ATCC 28209%, Schizochytrium sp. SEK210%,
Schizochytrium sp. SEK 345*) was reported to form light yellow colonies with -carotene
only [63]. This is in general agreement with the results obtained for the strains closely related
to the named species. However, besides B-carotene, small proportions of lycopene and an
unknown carotenoid were observed. The strains produced a total carotenoid content of up to
49 ng/g.

T. aureum was reported to contain up to 44 pg/g of carotenoids but without fur-
ther differentiation [109]. T. aureum AMCQS5-5* and AMCQS5-3* produced primarily
canthaxanthin, followed by echinenone and B-carotene with a total of up to 68.5 ug/g
and no astaxanthin [74]. This is largely consistent with the results obtained in this study.
Here, mainly canthaxanthin and f-carotene but also echinenone were observed. A total
carotenoid content of up to 346 ug/mg was measured depending on the medium.

There was also little information on carotenoids in strains closely related to
Thraustochytriidae sp. N4994d, N4995d, N5670c, such as Labyrinthulochytrium spp., whose
colonies were reported to be grayish white [110,111], possibly depending on the medium.
Strains N4994d, N4995d, and N5670c were also colorless on some DoE media. Another
related strain found was Phycophthorum sp. RT2316-16* [112]. It contained mainly can-
thaxanthin (86.5-87.4%), followed by astaxanthin and B-carotene in similar proportions,
depending on the cultivation conditions [106]. It reached a total carotenoid content from
64 to above 200 pg/g [106,112,113]. Canthaxanthin also had the highest proportion of
carotenoids in Thraustochytriidae sp. N4994d, N4995d, and N5670c in the form of all-
E-canthaxanthin and 9Z-canthaxanthin, followed by astaxanthin and phoenicoxanthin,
indicating a possible relationship to Phycophthorum sp. RT2316-16%.

The analyzed carotenoids in T. striatum N5997 were mainly astaxanthin (mean of
85% in total), followed by significantly lower proportions of phoenicoxanthin, canthaxan-
thin, lycopene, B-carotene, and two unknown components. T. striatum N5997 had a mean
carotenoid content of 42 ug/g in the DoE and a maximum content of 69 ug/g (medium 15).
Yokoyama et al. [63] analyzed T. striatum ATCC 24473* and found the same carotenoids
except for lycopene. In the same strain, up to 600 pg/g astaxanthin under pH stress condi-
tions was reported. Additionally, zeaxanthin, canthaxanthin, echinenone, -cryptoxanthin,
and B-carotene occurred [114]. In T. striatum AL16*, mainly astaxanthin and zeaxanthin,
and up to 12 ug/g of total carotenoids were detected [115]. Singh et al. analyzed T. striatum
S7* and reported astaxanthin (67 j1g/g) as main carotenoid, followed by canthaxanthin
(20pg/g), echinenone (17 ug/g), and B-carotene (11 ug/g) [81].

Yokoyama et al. observed canthaxanthin, echinenone, and S-carotene in Oblongichytrium sp.
SEK347* [63], but no carotenoids were measured in O. minutum N5995 and 5996.

Astaxanthin, phoenicoxanthin, canthaxanthin, echinenone, and p-carotene were iden-
tified in Aurantiochytrium sp. ATCC 26185* and Aurantiochytrium sp. ATCC PRA-276 with
maximum values of 77 and 180 pug/g total carotenoids, respectively. Their carotenoid
profiles varied with the culture conditions [97]. Burja et al. measured f-carotene, echi-
nenone, canthaxanthin, zeaxanthin, and astaxanthin in their strain Aurantiochytrium sp.
ONC-T18* [95]. Major carotenoids in Aurantiochytrium sp. S31* (ATCC 20888) were either
B-carotene and astaxanthin [104] or astaxanthin, canthaxanthin, and echinenone [74]. In
Aurantiochytrium sp. AMCQS1-9%, only B-carotene was reported [74], although phylogeny
implied a close relationship to Aurantiochytrium* sp. S31. Astaxanthin, phoenicoxanthin,
canthaxanthin, echinenone, and B-carotene were observed in Aurantiochytrium CHN-1*
with a total of almost 450 ug/g [82].
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The genus Aurantiochytrium seems very potent concerning carotenoid production, al-
though the reported results vary. This clade might be much larger than previously assumed
and is currently not very well structured. A clearer organization of the contained species
and strains and carotenoid production under coherent conditions need to be achieved for
further insight into the applicability of chemotaxonomy in this clade. Meanwhile, other
thraustochytrids may be underexplored concerning their carotenoid synthesis potential.
T. aureum und Thraustochytriidae sp. had the highest mean measured carotenoid content
and comprised the strains with the highest carotenoid content of all on individual media:
T. aureum 5985 produced 346 ug/g of carotenoids (medium 15) and Thraustochytriidae sp.
N4994d 300 pg/g (medium 6). Most strains belonging to T. aureum produced comparably
high biomasses, and thus the total carotenoid production was high. The clade of T. stria-
tum might also contain good carotenoid production strains. As indicated by comparison
with the literature, exact yields might be strain specific but also dependent on the culture
conditions and may be improved.

3.4.1. Cluster Analysis of Carotenoid Composition

Cluster analysis of carotenoid composition detected nine main carotenoid clusters.
U. profunda N5905 and N5629e carotenoid data were limited to salt condition media, as
these strains grew mainly on media with a high salt concentration. The dendrogram
obtained by hierarchical clustering mirrored k-means clusters and added a level of detail.
The k-means clusters were comparable to the clades created by the phylogenetic tree based
on 185 rRNA gene sequences.

Direct comparison of the clusters based on the carotenoids with the phylogenetic tree
revealed high similarities. All strains closely related to Thraustochytriidae sp. were clustered,
as well as those belonging to Ulkenia spp., S. aggregatum, and T. aureum. T. striatum N5997
was placed close to the Ulkenia species, which is also evident in the phylogenetic tree. Its
phylogenetic relationship to Thraustochytriidae sp. was not displayed by the dendrogram
based on carotenoid patterns. The division of the Ulkenia species into different subgroups
based on their carotenoid profiles is generally similar to the 185 rRNA data. Adding
the strains that only grew on a higher salt concentration increased the robustness of the
clustering. U. profunda N5658a, N5905, and N5629e formed one clade in both dendrograms.
In U. visurgensis, two slightly separated clades (Sakar 7 and N6000b /N5594d and N5589c¢)
were identified by both methods. A difference was the separation of T. aureum N5998 from
the other members of this group, especially from N6006d and N6007e. These three strains
were taxonomically identical on an 185 rRNA basis.

On a greater scale, strains belonging to Thraustochytriidae sp. and T. aureum built
one larger clade based on carotenoid profiles, and T. striatum N5997 clustered close to
Ulkenia spp. However, in the molecular phylogeny, Thraustochytriidae sp. was most related
to Ulkenia spp., which together shared a common ancestor with T. striatum. T. aureum was
least related to all of them. S. aggregatum species were clearly distinct from all other clades
based on 185 rRNA and carotenoid-based taxonomy.

Carotenoid patterns might support phylogenetic studies and help assign strains to a
particular genus or even species. However, chemotaxonomic markers alone cannot explain
the relationship between the different clades. Fossier Marchan et al. [116] stated in their
review that the genus Thraustochytrium does not form a monophyletic group and that no
common carotenoid profiles were observed. We agree with the first part and argue that
the phylogenetic classification of not only the genus Thraustochytrium, but also the entire
family of Thraustochytriaceae needs a comprehensive and coherent revision. However, we
also conclude that the carotenoid profiles are coherent enough to provide chemotaxonomic
support to an 185 rRNA gene and morphology-based approach. Carotenoid compositions
of individual strains of a species were similar, but the detailed composition changed
depending on the medium. Thus, an agreement on how to collect such data must be
reached. The detailed individual carotenoid composition and yield of a strain, and to some
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extent its growth behavior, might help to further distinguish strains with highly similar
18S rRNA sequences, providing an approach for a polyphasic taxonomy.

3.4.2. Carotenoid Regression

Strain T. striatum N5997 was characterized by a relatively constant carotenoid produc-
tion on most DoE media. Therefore, it was chosen for closer identification of carotenoid
production parameters. The optimized regression for growth showed a high affinity for
glucose but low yeast extract concentration. Shene et al. showed the highest growth
in T. striatum AL16* at a maltose concentration of 60 g/L compared to lower concentra-
tions [115]. In T. striatum ATCC 24473, the highest biomass was yielded between glucose
concentrations of 30 and 40 g/L and 4 and 20 g/L yeast extract and peptone [114,117]. The
growth of T. striatum N5997 was even inhibited by high yeast extract concentrations.

Maximum content of most carotenoids was predicted at high glucose (48.4-60 g/L)
and minimum yeast extract concentration (0.5 g/L), at maximum pH (6.7), and maximum
phosphate addition (0.5 g/L). Similarly, higher carotenoid yields in T. striatum AL16* at
increasing maltose levels were demonstrated [115]. Xiao et al. demonstrated increasing
astaxanthin content in the cells using either maximum glucose concentration (100 g/L) or
low yeast extract and peptone concentration (2—4 g/L) in T. striatum ATCC 24473*. They
also showed that astaxanthin yield decreased at glucose concentrations higher than 50 g/L
because of decreasing cell mass [114]. This was not shown here, possibly because the
experiments were limited to glucose concentrations of 60 g/L. A high carbon-to-nitrogen
(C/N) ratio seemed favorable for a high carotenoid content.

The carotenoids changed depending on the C/N ratio in Aurantiochytrium sp. S31*
(ATCC 20888). Particularly high (75:5) and low (75:30) C/N ratios resulted in high
carotenoid content (85-89 ug/g). The high ratio also caused a shift in the carotenoid
pattern in favor of astaxanthin, the proportion of which exceeded that of S-carotene [104].
Such a drastic change in carotenoid composition was not observed in our experiments.
Furlan et al. [97] reported that generally lower C/N rations favored a high carotenoid
concentration in batch cultures and that changes in cultivation conditions impacted the
carotenoid profiles of Aurantiochytrium sp. ATCC 26185* and ATCC PRA-276. Increased
production of carotenoids and fatty acids under stress conditions like nitrogen starvation
is also known in various microalgae [118]. Like in microalgae, carotenoid production in
thraustochytrids seems to be correlated with the production of fatty acids [113], and factors
influencing fatty acid production are likely to influence carotenoid production as well.

Increasing KH, PO, concentration (up to 0.5 g/L) was reported to have a beneficial
influence on the carotenoid concentration of Aurantiochytrium sp. S31* and also to change
the proportion of individual carotenoids [104]. The prediction for optimal carotenoid
content and yield in T. striatum N5997 indicated the maximum phosphate level as favorable.

Carotenoid production might be further improved, and carotenoid profiles might
be manipulated by the replacement of, e.g., the carbon source [74,104,106,115]. It also
depends on environmental factors such as temperature and aeration and is likely to be
influenced by light [19,21,114]. Overall, the carotenoid pattern varied with changing
medium composition. Such a varying composition was also reported in T. striatum S7*
and other Thraustochytriaceae during cultivation [81-83,112]. Finding the optimal time for
harvesting is another approach to maximizing carotenoid yield.

3.5. Squalene

Squalene has been observed mainly in Aurantiochytrium sp. [69-71,119-123], and to
minor extents in Schizochytrium sp. ACEM 6063 [124], strains closely related to T. aureum,
T. striatum, Oblongichytrium sp., Parietichytrium sp., Botryochytrium sp., and Ulkenia sp. [120].
Squalene was found in all strains analyzed in this study. Thus, the majority of the family
of Thraustochytriaceae might be able to produce squalene under certain circumstances.
The highest squalene contents observed were 13 mg/g and 12 mg/g in T. striatum N5997
on medium 11 and O. minutum N5995 on medium 16 with a high salt concentration,
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respectively, and 10.4 mg/g in S. aggregatum N2820a on medium 6. This is less than the
317 mg/g found in Aurantiochytrium sp. [120]. Still, it might be worth examining other
members of the Thraustochytriaceae for squalene production and optimizing cultivation
parameters further, especially as growth and biomass density are equally important for
high total yields, as also Aasen et al. [80] stated. To our knowledge there has been no
description of squalene in T. kinnei, and T. aggregatum. The results show that even within
clades of closely related species, the variance in productivity may be high. High differences
in squalene production by closely related strains belonging to Aurantiochytrium and Hondea
were described [125].

Studies showed that squalene synthesis depends on the nitrogen source and that
yeast extract concentrations of 2.5 or 6 g/L were optimal concerning squalene content
and yield in Aurantiochytrium sp*. [121,126]. However, evaluating such values in isolation
from other parameters is difficult. A mixture of different nitrogen sources positively influ-
enced squalene content and yield in Aurantiochytrium* sp. BR-MP4-A1 [121]. The model
developed for T. striatum N5997 generally implied a higher yeast extract concentration
of 15 g/L as beneficial for high squalene content. However, such a high yeast extract
concentration did not increase the biomass yield, and thus optimal squalene yield was
estimated at 8.2 g/L yeast extract. The opposite correlation was shown for the glucose
concentration. Here, the squalene content was predicted to be high when no glucose was
provided in the medium, but growth was low. This contrasts studies that found glucose
concentrations of 20-30 g/L to be optimal for squalene yield and content in A. mangrovei
and Aurantiochytrium sp.* [79,126]. Again, a cross-genus comparison must be considered
with caution.

There are also contrasting studies about the temporary course of squalene formation.
Squalene content was reported to increase over 1 to 8 days of the experiment [122] or to
decrease slightly between day 4 and 12 [119]. Other studies showed a rapidly decreasing
squalene content after the initial stage of cultivation [79,127], which was correlated to
lipid accumulation [127]. Increased squalene and carotenoid content were reported in
A. limacinum B4D1* by adding methanol or butanol, which was correlated to a change in
lipid composition, especially a decrease in docosahexaenoic acid (DHA) [108,128]. Squalene
is the first step in sterol synthesis [124] and necessary for membrane building. Squalene
synthesis was correlated to other factors such as temperature, carbon and nitrogen source,
dissolved oxygen, and NaCl concentration [124,126], some of which also impacted the lipid
profiles [129]. Squalene synthesis is very likely connected to fatty acid and carotenoid synthesis.
A deeper understanding of the interrelations and corresponding optimization could improve
productivity even further. The activation and inhibition of certain enzymes in the metabolic
pathways of squalene is another approach to improving its production [79,130]. It is likely
that optimal conditions regarding relative and total squalene productivity also vary between
the different species of the Thraustochytriaceae, as seen in the different literature results.

3.6. Comparison of Growth and Target Molecule Synthesis on Solid and in Liquid Medium

Several strains were tested on their biomass, squalene, and carotenoid productivity in
liquid and solid cultures. In liquid culture, the maximum cell density achieved was 1.1 g/L
in Thraustochytriidae sp. N4994d. Between 4.0 and 7.9 g/L was reported for T. aureum ATCC
34304 [93,100,131-133]. Cultivation of Aurantiochytrium sp.* yielded biomass densities
between 6.25 and 27 g /L [94,134-137] but also up to 154 g/L [72]. Generally higher biomass
densities of up to 65-200 g/L and productivities of around 5-8 g/L*h were reported for
A. limacinum and Schizochytrium sp. [84,85,96]. Other genera of the Thraustochytriaceae,
e.g., Ulkenia, Oblongichytrium, Botryochytrium, and species such as T. kinnei and T. aggregatum
have been scarcely studied for their productivity. For the strains studied here (N4994d,
N6006d, N5658a, and N1001), the biomass density on solid medium was higher than in
liquid culture. On solid medium, a maximum yield of 1.8 g/L was reached (T. aureum
N6006d on medium 7). The best-growing strain in the DoE yielded 27 g/L (T. aureum
N6007e on medium 8). The higher productivity and density of thraustochytrids on solid
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media might be correlated to their natural behavior in the marine environment. They
build biofilms and decompose marine detritus, and increasing cell densities were measured
on decaying matter [138-140]. A biofilm-based cultivation approach might be useful to
enhance productivity, reduce media volumes, space for cultivation, and thus increase
production efficacy. Such cultivation designs have already been proposed for microalgae
cultivation [141-144].

The production of the target molecules depended on the state of the medium. Gener-
ally, more carotenoids were produced on solid medium but less squalene and vice versa.
Moreover, the carotenoid profile of the strains changed. A solid medium might also be
a stress factor because the availability of nutrients and oxygen availability is limited to
diffusion. The close proximity of the cells might induce competition for resources and
space. Lower water availability and air exposure might lead to dry stress. An increased
production of carotenoids might be a countermeasure.

3.7. Effect of the Medium Composition on the Metabolites

Comparison of the target molecule content of selected strains on three different media
(DoE 6, 9, and 15) showed that for most strains, the highest carotenoid contents were yielded
in the medium with high glucose and low yeast extract concentration (medium 15). The
squalene content was generally lower under these conditions, as predicted by the carotenoid
regression and optimization of T. striatum N5997. In contrast, squalene and carotenoid
content in the medium with low glucose and yeast extract concentration (medium 6) were
higher and lower, respectively. Thus, conditions that support squalene synthesis obstructed
carotenoid synthesis and vice versa. Thraustochytriidae sp. N5670c and N4994d were
an exception to this pattern as the highest measured carotenoid levels were observed in
medium 6, indicating that exceptions to that rule are possible.

Medium 15, which favored the production of carotenoids, generally also influenced the
extract yield positively, indicating a positive correlation between fatty acids and carotenoid
synthesis. The highest extract yields were obtained from T. aureurn N6006d and 5985.
The fatty extracts show that these strains from this clade might be used as a co-producer
of fatty acids and carotenoids. Various authors already revealed a high fatty acid and
docosahexaenoic acid content in T. aureum [93,100,131-133,145].

Farnesyl pyrophosphate is a starting point for the synthesis of carotenoids, and squa-
lene and sterols. Likewise, the common precursor acetyl-CoA is also the starting point
for fatty acid synthesis [80,108]. Environmental and nutritional conditions might induce a
switching between all those pathways. In addition, carotenoid patterns changed depending
on the medium composition, showing that understanding the underlying mechanisms is
crucial for exact predictions.

Evaluation has shown that carotenoid synthesis in thraustochytrids was dependent
on the strain and the medium composition. Strains belonging to T. aureum and Thraus-
tochytriidae sp. synthesized a high carotenoid content and might be promising genera for
biotechnological carotenoid production. However, in T. aureum, large differences between
some of the strains were observed. Strains belonging to S. aggregatum produced relatively
more squalene than the other strains.

It seemed that carotenoid and squalene production somehow canceled each other,
both in terms of their dependency on opposing medium composition and condition and
depending on the production capability of the strain. Most strains that produced higher
amounts of squalene did not synthesize high amounts of carotenoids and vice versa.
Ulkenia spp. and T. striatum represented a compromise between squalene and carotenoid
synthesis, but T. striatum yielded higher biomass.

3.8. Unknown Metabolites

Unknown substances with absorption properties in the visible spectrum were detected,
and some of them were assigned to further carotenoids: Unknown 1 had a similar absorp-
tion spectrum and mass to micromonal [1,146], but this carotenoid was described in the
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green algal order Mamiellales [147] but not in thraustochytrids. Unknown 2 and 3 had a
UV /Vis absorption spectrum similar to echinenone and adonixanthin [1,148]. In unknown
2, the mass peak at m/z 566.4 resembled the exact mass of 2- or 3-hydroxyechinenone
of m/z 567.42 [M+H]*. The second mass peaks at m/z 549.8 might have resulted from
cleavage of the hydroxyl group and is similar to the exact mass of echinenone of m/z
551.43 [M+H]". 2 and 3-hydroxyechinenone have a similar Amax to echinenone [1,148].
3-hydroxyechinenone and 3’-hydroxyechinenone were described as intermediates in the as-
taxanthin synthesis pathway in vitro [149], which was accepted and adapted for cyanobac-
teria and thraustochytrids [83,148]. Because of similarities of the masses, unknown 2 might
be 3-hydroxyechinenone or 3’-hydroxyechinenone but cannot be further differentiated.
Unknown 3 might be either adonixanthin or an enantiomer or constitutional isomer of
hydroxyechinenone, but it is questionable because of missing reliable mass data. It was
excluded that these substances were diastereomers of echinenone, since the retention times
of the Z-forms are usually longer than that of the all-E-form. The occurrence of these sub-
stances is plausible because they are part of the carotenoid metabolism. Unknown 4 had a
characteristic double peak with a shoulder. It was similar to those of y-carotene and rubix-
anthin [1,148,150]. Due to its late retention time and the fact that y-carotene might be part
of the carotenoid synthesis chain as in Xanthophyllomyces dendrorhous [151,152], it is more
likely to be y-carotene.

One group of substances with similar and very characteristic UV/Vis absorption
spectra was only present in O. minutum N5995. Unknown C is possibly protoporphyrin IX.
Its main observed mass was m/z 563.33, which is similar to the mass of protoporphyrin
IX with m/z 563.27 [M+H]*. Their absorption spectra were also similar [153-155]. It was
accompanied by smaller peaks with similar absorption spectra, which were possibly also
porphyrins [156-158].

3.9. Morphology

The different Thraustochytriaceae were heteromorphic. One major characteristic of
the genus Ulkenia is its amoeboid cell stage. Its cell wall either disappears or the protoplast
leaves the cell wall through a small opening [64]. This was observed in strains closely
related to U. visurgensis and U. profunda. It was described that species belonging to the
genus of Ulkenia only formed small colonies [64], which was basically confirmed here.
Ulkenia was also characterized by a highly refractive cell boundary in these experiments.
It has been described in the literature as having a discrete cell wall, which was thin
during growth, but also thick membranes were observed [64,159,160]. T. aureum was
described to form large conglomerates [161] with globose or subglobose cells [101] and
diameters up to 17 [101] or 65 um [161]. Except for the larger diameters, these observations
were confirmed here. Schizochytrium aggregatum forms cell clusters and globose cells
with diameters between 6 and 12 um [162]. These may grow by its special ability to
perform successive binary division [63] and were described to end in an amorphous mass
by Goldstein and Belsky [162]. In this experiment, S. aggregatum 561bx, N2820a, and
5999 formed large cell clusters, sometimes with larger individual cells than reported in
literature. In some media, mainly number 3, bipartition was observed by the appearance
of such amorphous cell clusters. In BITMG, intracellular bodies were observed in all
three strains. These might have been the described vacuole-like structures or lipid bodies.
Schizochytrium sensu lato, especially Aurantiochytrium, is known for its high fatty acid
content [163]. Reports about fatty acids in S. aggregatum are scarce, nevertheless they have
been described, although not in high amounts [132,164]. Yokoyama and Honda described
that Oblongichytrium sp. formed large cell clusters and was characterized mainly by the
ellipsoidal form of its zoospores [63]. In these experiments, O. minutum N5995 and 5996 also
formed large cell clusters, but no zoospores were observed. Both strains, especially 5996,
were characterized by their generally small cells. T. kinnei (N1476c, N1694d) formed large
cell agglomerates, whereas almost no cell clusters were observed in T. aggregatum (N4930a,
4992b) and only very few in Thraustochytriidae sp. (N5670c and N4994d). The older studies
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on the Thraustochytriaceae, which investigated T aggregatum [160,165] among others, were
mostly performed with pollen cultures, which are not comparable to the experimental
design here. Goldstein already summarized the problem of varying morphology under
different culture conditions in 1973 [166].

Residual cell walls were found in several strains and genera. The literature distin-
guishes between two types of persistent cell walls: the cell wall that remains after the
release of a protoplast and the persistent cell wall after the release of zoospores. The
remaining cell wall after protoplast release was reported in Ulkenia. sp. [64], which was also
observed in this study. Likewise, at least some of the cell walls observed in T. striatum N5997
are likely due to this phenomenon. All described protoplasts were perfectly round and
indistinguishable from other cells once they completely had left the cell wall. The amoeboid
form described for Ulkenia spp. and T. striatum [64,167,168] was not observed. In T. striatum,
disappearing and persistent cell walls after the release of zoospores were reported [169-171].
Therefore, the observed walls might be attributed to the release of protoplasts and spores.
Empty cell walls in the cultures of T. aureum N6007e and T. kinnei N1476c might also be
persistent sporangial walls like described for T. aureum and T. kinnei [101,172,173]. In T. kinnei,
hatching cells were observed, which has not yet been described in the literature.

Sporangia were observed only rarely in most strains. Exceptions were Thraustochytriidae sp.
N5670c and N4994d but with very small sporangia. Their closest relative in the phylogenetic
analysis was Labyrinthulochytrium spp. To date, only two strains, Labyrinthulochytrium arktikum
and haliotidis, have been described. They reproduced by binary division and formed even smaller
sporangia (7.8-8.9 um) than observed here, containing three to eight zoospores [110,111].

Zoospores were not observed at all. According to Goldstein and Belsky, zoospores keep
their swimming motility for 15 min to 3 h after their release from the zoosporangium [162].
lida et al. reported that they saw zoospores only in the early growth phase of T. aureum but
not anytime later [100]. It is therefore likely that the timing of microscopy (13 days after
inoculation) was too late. Thraustochytriaceae can also produce aplanospores, just like
Aplanochytrium [67,174]. So, it is possible that under the given conditions, only aplanospores
were released, which would explain the very small cells in some of the cultures.

Structures that resembled smaller “empty cells” floated freely in the medium of most
strains. However, their refraction was slightly different, they were perfectly round and closed,
whereas the previously described cell walls often were irregularly shaped and damaged.

Generally, Thraustochytriaceae are known to form an ectoplasmic net
(EN) [63,64,67,161,174-176], which could be confirmed. Compared to ENs in the liter-
ature, the nets obtained in these experiments seemed underdeveloped, which might
be attributable to the nutrient-rich media. ENs play a part in digestion and nutrient
intake [176-178]. They were finer when no food source was present, and nutrient concen-
tration in the medium was high [175]. Knot-like features in the ENs of Schizochytrium and
Oblongichytrium were observed. Iwata and Honda described that the EN of Schizochytrium
thickens once it attaches to a food source [175]. Similar knot-like features have been recorded
in T. striatum, T. kinnei, and Aplanochytrium sp., but the authors did not describe the struc-
ture [67,176]. In strains related to T. kinnei and O. minutum, oblong, branched cellular sub-
structures were observed. Weete et al. documented similar structures in Aurantiochytrium sp.
ATCC 26185*. They discussed that these structures were associated with lipid bodies and lipid
synthesis and showed that they became internalized in the growing lipid bodies [179].

Vacuole-like substructures were observed in different strains. Similar compartments
were described in Schizochytrium sensu stricto, Oblongichytrium, Aurantiochytrium, and
Mucochytrium quahogii. However, the authors could not define their function [63,180,181].

Taxonomy based on morphology only was not possible in this group. Although strains
from the same clade had a similar appearance even under different medium conditions
and sometimes showed very specific characteristics, cross-clade assessment was difficult.
Strains that were only distantly related shared common traits, which were not present in
closer relatives. Moreover, the expression of many features depended on the medium, but
the variability of different strains under different conditions also aggravated classification.
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3.10. Synopsis

Most of the analyzed Thraustochytriaceae were located in the first major branch of the
phylogenetic tree.

Eleven strains belonged to the genus Ulkenia sensu stricto, as described by
Yokoyama et al. [64]. They were divided into two main branches, as also described else-
where [62,64,87,89-91,99]. One contained strains closely related to U. profunda, and the
other contained strains near U. visurgensis. Carotenoid cluster analysis revealed three
main clusters containing Ulkenia spp. with high similarity to the phylogenetic tree. One
of them contained the strains belonging to U. profunda, while the other two contained
strains related to U. visurgensis. Morphology showed some unique properties of this genus,
such as “hatching” and perfectly globose cells. Three strains belonging to Ulkenia spp.
showed a significant need for higher salinities for growth in the DoE experiments, which
was especially pronounced in two strains belonging to U. profunda (N5905 and N562%).

Thraustochytrium is a polyphyletic genus and contained most (33) of the analyzed
strains in four different clades, belonging to the species T. kinnei, aureum, striatum, and
aggregatum. Although they were distributed across the phylogenetic tree, the general
placement of each clade was consistent with literature data.

Strains related to T. kinnei synthesized medium amounts of squalene but no carotenoids.
Their morphology was most often unobtrusive with the special characteristics of oblong,
branched cellular substructures under certain conditions. T. kinnei was most closely related
to S. aggregatum in this phylogeny and elsewhere [87,89-91]. Strains related to S. aggregatum
resembled T. kinnei only in that carotenoid production was low and squalene content was
intermediate. They differed in that S. aggregatum had higher biomass yields. They were quite
distinct from the other clades based on 18S rRNA phylogeny and carotenoid cluster analysis.

Most strains in the clade of T. aureum excelled by high biomass yield, high carotenoid
content, but very low squalene content. Possibly, they are also potent fatty acid producers.
T. striatum N5997 was the closest relative to strains of this clade. The closest neighbors (based
on 185 rRNA genes) to T. striatum were the clades of T. aureum, Thraustochytriidae sp., and
Ulkenia. Similar relationships were also reported by other authors [65,78,81,87,90]. T. striatum
N5997 also showed a comparably high biomass yield and carotenoid content. In contrast to
T. aureum, it exhibited elevated squalene levels. However, its carotenoid composition was
more similar to strains belonging to Ulkenia, which was distantly related. Like in Ulkenia spp.,
the phenomenon of “hatching” cells was observed in T. striatum. Due to their high biomass
and carotenoid yields, T. aureum and T. striatum might be interesting for further investiga-
tion. T. aggregatum was quite isolated in the phylogeny, which was also displayed by other
researchers [63,64,78,87-89]. It synthesized no carotenoids but was characterized by a rapid
color change from white to red at varying cultivation conditions and small and well-dispersed
cells in the morphological observations. Therefore, its distant position in the 185 rRNA
sequence-based phylogeny was reinforced by its other characteristics.

Three strains assigned to Thraustochytriidae sp. were in the first instance related to
Labyrinthulochytrium spp. and more distantly related to Phycophthorum sp. and Ulkenia spp.
They were also closely related to Thraustochytriidae sp. M4-103*, which was shown to be
related to L. haliotidis and Ulkenia spp. [88]. However, a closer proximity of L. haliotidis
to T. kinnei than to U. profunda was also described [68,88,182]. The carotenoid patterns of
strains related to Thraustochytriidae sp. were shown to be similar to those of members of
T. aureum, although their phylogenetic relationships were quite distant.

Strains classified as O. minutum were located in the second major branch of the den-
drogram. A clear phylogenetic distinction from most of the other members of Thraustochy-
triaceae has been reported quite often [63—65,78,87-90]. No carotenoids were measured in
these strains, but the production of substances that were assigned to porphyrins was ob-
served. O. minutum was rearranged in 2007, formerly known as Schizochytrium minutum [63].
Based on the recorded characteristics, it was very different from the strains assigned to
S. aggregatum, which produced small amounts of carotenoids, differed in morphology, and
were located in the other major branch of the phylogenetic tree.
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4. Materials and Methods
4.1. Chemicals and Reagents

Analytical grade acetone (SupraSolv) and acetonitrile (hypergrade) were obtained
from Merck (Darmstadt, Germany). Ethanol and tris(hydroxymethyl)aminomethane
(TRIS) (>99.9%) were provided by Carl Roth (Karlsruhe, Germany), and formic acid
(99% ULC/MS) by Biosolve (Valkenswaard, Netherlands). Standards of all-E-astaxanthin
(SML0982, >97%), all-E-canthaxanthin (PHR1239, 96.7%), all-E-lutein (PHR1699, 85.6%),
all-E-B-carotene (PHR1239, 97.6%), and squalene (442785, analytical standard) were pro-
vided by Sigma-Aldrich (Taufkirchen, Germany). All-E-zeaxanthin (10009992, >98%) was
provided by Cayman Chemical (Ann Arbor, MI, USA). All-E-lycopene (0031, >95%), all-E-
echinenone (0283, >95%), 9Z-canthaxanthin (0380.1, >95%), all-E-phoenicoxanthin (0391),
all-E-antheraxanthin (0231, >95%), all-E-violaxanthin (0259, >95%), all-E-rhodoxanthin
(0424, >95%), and astaxanthin monopalmitate (1017, >95%) were obtained from CaroteNa-
ture (Miinsingen, Switzerland).

Premium Sea Salt was obtained from Dupla Marin (Grafschaft-Gelsdorf, Germany),
yeast extract, meat peptone, agar, NaHCO3, MnCl, x 4 H,O, cobalamin, biotin, and thiamin
hydrochloride were provided by Carl Roth (Karlsruhe, Germany). MgSO4 x 7 HyO,
KH,POy, FeClz x 6 HyO 9 mg/L, ZnSO,4 x 7 HyO, CoSO4 x 7 H,O, CuSOy4 x 5 HyO,
NaOH (>98%), and HCl (37%) were obtained from Merck (Darmstadt, Germany), and
riboflavin from AppliChem (Darmstadt, Germany).

4.2. Culture Collection

The 60 strains used were all part of the former “Kulturensammlung mariner Pilze
Bremerhaven” (KMPB) of the Alfred-Wegener-Institut fiir Polar und Meeresforschung
(Bremerhaven, Germany). It was originally established in the 1970s and contains strains,
some of which have already been described [61,62,88,92,105,168,183-186]. This collection
is now part of the Flensburg strain collection of marine fungi (mFSC). The following
strains were used: 154f*, 561bx*, 1450d, 1462d*, 1465d*, 1471d, 1471f, 1472e, 1473e, 1476b,
1485a, 1518e, 1526d, 1527a, 1527¢c, 1531c, 3041c*, 4992b*, 5985%, 5996*, 5999*, N557a, N561b,
N1001, N1438e*, N1476c*, N1694d* (accession number: 1.34668), N1709d*, N2820a*, N2845c¢,
N4930a, N4930b, N4994b, N4994d*, N4995d*, N5589c*, N5594d*, N5629¢e*, N5658a*, N5661,
N5670c*, N5676f, N5905*, N5976*, N5995*, N5997*, N5998*, N6000b*, N6001b, N6002a,
N6005a, N6006d*, N6006e, N6007e*, N6421, N6422, N6423, N6424, N6523, and Sakar7*.
The asterisks indicate the 30 strains used for 185 rRNA gene analysis, growth and terpene
studies. All other strains were analyzed only regarding their 18S rRNA genes. Some strains
were analyzed in earlier works [187,188].

4.3. Culture Media, Cultivation, and Harvest

The following media were used for the maintenance of the cultures: B1TM, BITMG
and AS. The basis of BITM was adapted according to Gupta et al. [189] and included
sea salt 30 g/L, yeast extract 1 g/L, meat peptone 1 g/L, trace element solution 1 mL/L
and vitamin mix 1 mL/L. BITMG included sea salt 15 g/L, yeast extract 5 g/L, meat
peptone 5 g/L, glucose 10 g/L, trace element solution 1 mL/L, and vitamin mix 1 mL/L.
The AS medium included sea salt 28.5 g/L, glucose 1 g/L, casein peptone 1.8 g/L, trace
element solution 1 mL/L and vitamin mix 1 mL/L. Its pH was adjusted to 6.9 with 1 M
HCl before sterilization. Media for the design of experiments (see below) were prepared
likewise but with agar 12 g/L. Their pH was adjusted with 1 M NaOH or 1 M HCL.

The trace element mix was adapted from Lee Chang et al. [190]: MgSO,4 x 7 H,O
200 mg/L, KHpPO4 200 mg/L, NaHCO;3 100 mg/L, MnCl, x 4 HO 9 mg/L, FeCl3 x 6 H,O
9mg/L, ZnSO4 x 7 HyO 1 mg/L, CoSO4 x 7 HyO 0.34 mg/L, and CuSO,4 x 5 HO 0.2 mg/L.
It was prepared by autoclaving a stock solution of each component individually and combin-
ing them under sterile conditions to the final concentration. The vitamin mix was prepared
based on Bahnweg [92] for a final concentration in the medium of: cobalamin 5 nug/L, biotin
10 ug/L, thiamin hydrochloride 10 pg/L, and riboflavin 10 pg/L. All vitamins were prepared
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individually in stock solutions. Filter sterilized (0.2 um) stocks were combined and diluted
to their final concentrations with sterile millipore water. Trace elements and vitamins were
added sterilely to the culture media after autoclaving and cooling.

The used strains were defrosted from cryopreservation (—80 °C) and suspended in
either 20 mL B1TM, BITMG or AS liquid medium, and brought into culture in Erlenmeyer
flasks. They were incubated at 20 °C and 70 rpm for 7-14 days in the dark. If the growth
was sulfficient, i.e., the medium had become turbid or visible pellets had been formed, the
first passage was performed after seven days. Otherwise, the cultures were cultivated
under the same conditions until observable growth. The inoculation volume for each
passage was 1 mL. The cultures were passaged every 7-9 days until the culture was either
harvested for DNA analysis or used to inoculate the design of experiment (DoE) media and
morphology experiments. For DNA analysis, either an aliquot of 1 mL was taken from the
culture and transferred to a reaction tube, or the whole broth was transferred to a 20 mL
Falcon tube and centrifuged at 1000 x g for 5 min. Subsequently, most of the supernatant
was removed; the cell pellet was resuspended and transferred to a reaction tube. Storage
until the next steps was at —21 °C.

For inoculation of the DoE, 400 puL of the 7-9 day old culture was transferred on each
petri dish containing one of the described DoE media (see below). The same medium
used for the liquid cultures served as a positive in form of solid agar. BITMG was used
as positive control for N6006d, 561bx, 154f, N4995d, N2820a, N4994d, N6007e, N1694d,
N5998, N1709d, 1465d, N1476¢, 4992b, 5985, 5999, N5658a, N5997, N5594d, 3041c, N5589¢,
N5976, N5670c, and Sakar7. BITM was used for N5995, N5629¢, N5905 and AS was used
for 5996 and N6000b. Cultures were incubated for 13 days in the dark at 20 °C. Subsequent
harvesting was performed by scraping the biomass with a spatula and weighing directly
into lysis tubes type C (Macherey Nagel, Diiren, Germany). The biomass was deep-frozen
at —21 °C until further processing.

4.4. 185 rRNA Gene Characterization and Phylogeny

In a first step, DNA was extracted from the harvested cell pellet. Therefore, the
Quick-DNA Microprep Kit (Zymo Research, Freiburg, Germany) was used, and an adapted
version of the protocol “solid tissue samples” was followed. First, 100-150 pL biomass was
added to 500 uL Genomic Lysis Buffer from the kit in a lysis reaction tube type C (Analytik
Jena, Jena, Germany). Cell disruption was performed using a vibration mill (Retsch GmbH,
Haan, Germany) at a frequency of 27 Hz and a duration of 2 x 3 min with a break of 30 s in
between. The lysate was centrifuged at 10,000 g for 5 min. Further steps were executed
according to the manufacturer’s protocol.

The PCR reaction mixture consisted of the following components: 25 uL. DreamTaq
Green PCR Master Mix (Thermo Scientific, Waltham, MA, USA), 23 uL nuclease-free water
(Carl Roth, Karlsruhe, Germany), 1 uL. DNA template, 0.5 puL forward primer (100 M) and
0.5 uL reverse primer (100 uM). For PCR, primers T18S1F and T18S5R [95] were used. The
amplification was performed similarly as described by Burja et al. [95], using a Mastercycler
gradient thermocycler (Eppendorf, Hamburg, Germany). Initial denaturation was at 95 °C
for 180 s. Thirty cycles were performed of 30 s at 95 °C, 30 s at 56 °C (annealing), and
90 s at 72 °C. Final extension was conducted at 72 °C for 10 min. The PCR products were
checked by gel electrophoresis, and well-amplified sequences were sequenced by Sanger
sequencing. Non-sufficient PCR products were discarded, and the original DNA was again
amplified with primers F and RA2 [191] with the identical PCR program and FA1 [191]
and SR-11 [192] with an adapted annealing temperature at 49 °C. Sanger sequencing was
carried out at the Institute for Clinical Molecular Biology (IKMB) at Kiel University. In
addition to the primers used for PCR, the following primers were used for sequencing:
FA2, FA3, R, RA1, RA3 [191], and SR-6 [192].

The sequences were assembled with ChromasPro (version 2.1.9, Technelysium Pty Ltd.,
South Brisbane, Australia). In addition to these sequencing data, 18S rRNA gene sequences
from closely related species found by a BLAST search, further members of the families of the
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Thraustochytriaceae and Labyrinthulaceae and strains used as outgroup* were retrieved
from the GenBank database. They were added to the alignment and the phylogenetic
tree to increase robustness and informative value, and to enable a well-founded and
meaningful discussion (NCBI accession numbers AB022103.1, AB022104.1, AB022106.1,
AB022108.1, AB022109.1, AB022110.1, AB022111.1, AB022112.1, AB022113.1, AB022116.1,
AB126669.1, AB290355.1, AB290575.1, AB290576.1, AB290577.1, AB355410.1, AB355411.1,
AB355412.1, AB636147.1, AB810962.1, AB810968.1, AB810969.1, AB810977.1, AB973514.1,
AB973517.1, AB973524.1, AB973531.1, AB973545.1, AB973546.1, AB973561.1, AB973564.1,
AB973565.1, AJ415519.1%*, A]J519935.1, AY705753.2, DQ023615.1, DQ367049.1, DQ367050.1,
DQ374149.1, EF114348.1, FJ004948.1, FJ821482.1, F]J799799.1, FR875335.2, GQ452862.1%,
HQ228958.1, HQ228964.1, HQ228969.1, HQ228980.1, JQ281514.1%, ]X993839.1, JX993841.1,
KF500513.1, KT598545.1, KT598546.1, KT716334.1, KX160007.1, KX379459.1, KX430103.1,
1.34054.1, L34668.1, MF872140.1, MG099001.1, MG799152.1*, MK615597.1, MN382127.1,
MT484273.1, and U21338.1). All successfully assembled sequences that belonged to the
Thraustochytriaceae were aligned using the Clustal W algorithm. The phylogenetic tree
was based on the maximum-likelihood algorithm and the nucleotide substitution model by
Tamura and Nei [193]. Missing gaps were treated by partial deletion, i.e., positions with less
than 95% site coverage were eliminated. The final dataset contained 86 sequences and 1378
base positions. The phylogeny was tested using the Bootstrap method with 1000 replicates
and rooted using the outgroup. Alignment and tree building were performed with MEGA
11 (Molecular Evolutionary Genetics Analysis version 11, Tamura, Stecher, and Kumar
2021 [194]). All obtained sequences were deposited in the NCBI GenBank database under
accession numbers given in Table S1.

4.5. Design of Experiment and Model Regression—Growth Studies

A two-step approach was used to determine the optimal growth parameters. First, a
series of different media was created using a statistical experimental design. The recipes
were prepared as solid media, inoculated, and incubated with different strains. Different
models were calculated based on the biomass yield and compared. The most applicable
model was used to evaluate the growth behavior of the different strains.

For the design of experiments, four variables were chosen: Glucose (060 g/L), yeast ex-
tract (0.5-15 g/L), pH (6.5-7.6), and additional potassium dihydrogen phosphate
(0-0.5 g/L) to a base concentration of approximately 0.06 mg/L. In an additional set of
experiments, which was used only for a smaller number of strains, the salt concentration
(15-30 g/L) was used as a further variable (Table 4). Constant parameters were temperature
(20 °C), trace element solution (1 mL/L), vitamin mix (1 mL/L), agar (12 g/L), and, for the
first set of experiments, salt concentration (15 g/L). It was expected that some strains were
oligotroph, so the design was established in two subsets: For better coverage of the area
with lower concentrated media components, the first subset of 6 media was calculated with
reduced media components, using a Latin hypercube algorithm and space-filling design.
The second subset of six additional media was created with the above concentrations and a
space-filling design (all JMP PRO, version 16.0.0, SAS Institute Inc., Cary, NC, USA). Addition-
ally, three runs with nearly extreme (high or low) amounts of glucose and yeast were added
(Table 4 No. 13, 14, 15). As a response, the biomass yield was used.

The obtained results were regressed using the standard least squares method with dif-
ferent models (JMP PRO). All experiments executed without further addition of salt were
regressed by the following two approaches: quadratic (Equation (1)), reduced quadratic in-
cluding one interaction term (glucose and yeast extract) (Equation (2)), and reduced quadratic
including the interaction terms of glucose and yeast, glucose and pH, glucose and phosphate,
yeast extract and pH, and yeast extract and phosphate (Equation (3)). Y is the yield, X; rep-
resents the glucose concentration, X the yeast extract concentration, X3 the pH, and X, the
phosphate concentration. a is the intercept, b;, c;, and d;; are model coefficients.
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Table 4. Overview of media composition of the experimental design for growth model establishment.
Asterisks indicate media additionally prepared with a salt concentration of 30 g/L.

Number Glucose(g/L) Yeast Extract (g/L) KH,PO4(g/L) pH
1 10.0 2.3 0.50 6.9
2 2.0 14 0.00 7.3
3 0.0 3.2 0.40 7.6
4 4.0 5.0 0.21 6.5
5 6.0 0.5 0.30 7.5

6* 8.0 4.1 0.10 72
7 27.5 14.8 0.05 6.7
8* 58.8 129 0.08 7.6
9 55.4 6.1 0.46 74
10 329 11.7 0.21 7.0
11 16.4 11.0 0.44 74
12 46.8 8.8 0.32 7.0
13 * 05 0.5 0.20 72
14* 0.5 15.0 0.28 7.0
15* 60.0 0.5 0.15 7.3
4 4
Y=a+) bX;+) cX? 1)
i=1 i=1
4 2
Y=a+) bX;+ Y ;X2 +dpnXiXo %)
i=1 i=1
4 2

Y=a+ Z b,‘X,‘ + Z C,‘Xi2 + d12X1X2 + d13X1X3 + d14X1X4 + d23X2X3 + d24X2X4 (3)
i=1 i=1

The adjusted coefficients of determination were used to compare the different models.
T-tests were applied to identify the statistical significance of the model parameters. The
generally best describing-model was model 2. It was chosen for deeper investigation,
and the influence of the parameters on yield was tested for significance. The gradient
descent algorithm was used to numerically calculate the optimal medium composition.
Different strains were compared by their predicted optimized yield. The influence of the
salt concentration (regressor X5) on the growth of the strains was analyzed by the extension
of model 2 by the linear influence of the salt concentration (Equation (4)) and by direct
comparison of the growth on DoE media 6, 8, 13, 14, 15 with a low (15 g/L) and high
(30 g/L) salt concentration.

5 2
Y=a+Y biX;+ Y X} +dnXi Xz ©
i=1 i=1

4.6. Extraction and UHPLC Analysis of Carotenoids and Squalene

The harvested biomass was disrupted in acetone to extract carotenoids and squalene.
Therefore, up to 1.5 g of wet biomass was put into lysis tubes type C (Analytik Jena,
Jena, Germany or Macherey Nagel, Diiren, Germany). An amount of 500 uL acetone was
added, and the cells were broken mechanically in a vibration mill (MM 2000, Retsch, Haan,
Germany) at 27 Hz for 3 min. After subsequent centrifugation at 10,000 x g, the supernatant
of the samples was transferred to a centrifuge tube, and 500 uL of fresh acetone was added
to the lysis tube. This procedure was repeated until the supernatant and the residual
biomass were colorless, but at least three times. The solvent of the combined supernatant
was evaporated under a gentle stream of nitrogen at 40 °C. The remaining extract was
dissolved in 250 to 500 pL acetone and filtered (0.45 um, PTFE) into amber vials.

Qualification and quantification of carotenoids and squalene were performed by
UHPLC using an ACQUITY Arc system by Waters (Milford, MA, USA) equipped with a
sample manager (FTN-R), a quaternary solvent manager (R), an UV/Vis detector (2998
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PDA Detector), and a mass spectrometer (Acquity QDa Detector). A C18-column (Cortecs
C18 2.7 um, 90 A, 3.0 x 100 mm, Waters, Milford, MA, USA) was operated at 40 °C. The
injection volume was 5 pL. The starting conditions were 70% millipore water (A) and 30%
acetonitrile (B), containing 0.1% formic acid. Within 4 min, the gradient increased linearly
to 90%B:10%A. This ratio was held isocratically for 5 min. Then B was increased linearly to
100% over 2.5 min and held for another 16.5 min. After a total of 28 min, the initial ratio
was restored for 4 min to regenerate starting conditions. Flow velocity was 0.5 mL/min.
Samples with a high extract content sometimes required additional cleaning of the column
by running 100% acetonitrile at 60 °C for at least 30 min. Optical spectra were measured
in a range of 200 to 800 nm, and carotenoid and squalene peaks were compared to the
retention times of the standards. Data were analyzed and quantified at their determined
absorbance maxima at 200 nm (squalene), 441 nm (violaxanthin), 448 nm (lutein and
antheraxanthin), 452 nm (B-carotene), 454 nm (zeaxanthin), 461 nm (echinenone), 466 nm
(9Z-canthaxanthin), 471 nm (lycopene), 475 nm (canthaxanthin), 477 nm (phoenicoxanthin
and astaxanthin monopalmitate), 479 nm (astaxanthin), and 488 nm (rhodoxanthin). The
mass spectrometer with electrospray ionization (ESI) was operated in positive mode with a
cone voltage of 15 V and a probe temperature of 600°C, measuring in a range of m/z 150
to 1250. For further accuracy, the mass of selected carotenoids was observed by selected
ion recording (SIR) at m/z 537.4 [M+H]* (B-carotene), 551.4 m/z [M+H]* (echinenone),
m/z 565.4 [M+H]* (canthaxanthin), and m/z 597.4 [M+H]" (astaxanthin). Besides the
major all-E-astaxanthin peak, peaks with UV /Vis absorption spectra corresponding to
Z-astaxanthin isomers [195-200] that were additionally accompanied by peaks with the
mass of astaxanthin in SIR were assigned to astaxanthin diastereomers. Their quantities
were estimated using the quantification of all-E-astaxanthin, corrected by factors adjusting
the different extinction coefficients published by Bjerkeng et al. [201], namely 1.20 for
9Z-astaxanthin, 1.56 for 13Z-astaxanthin, and 1.11 for the di-Z-isomers. Astaxanthin
monopalmitate was detected by comparison of spectra and retention time with a standard.
The carotenoid part was quantified using the calibration curve for all-E-astaxanthin. If no
further information is given, the name of the carotenoid always stands for its all-E-isomer.

For identification and quantification, standards were used at concentrations of
0.2-50.0 pg/mL in acetone. Calibration curves were adjusted to the concentration range
of the substance in the samples. Blank acetone was applied for zero-value determination. Lin-
ear regression of the calibration data was performed by the ordinary least squares method, and
the calibration was forced through zero. The content of unknown carotenoids was estimated
by a mean calibration of all analyzed carotenoid standards. Dereplication was performed by
comparison of retention times, UV / VIS absorption-, and mass spectra.

4.7. Target Molecule Content, Composition, Cluster- and Regression Analysis

The ability of the strains to produce carotenoids and squalene was evaluated using
samples from the growth studies. 1-4 plates per strain were selected based on the strongest
coloration and the highest biomass for a detailed comparison. These were harvested
separately from the others, and the biomass was directly transferred into lysis tubes after
weighing. The biomass of all other plates was collected into one lysis tube after weighing.
Samples were extracted and measured. For the calculation of target molecule content on a
dry weight basis, a generalized cell dry weight (CDW) was assumed. It was determined
in the experiments for the effect of medium composition (see below). The mean content
of the target molecules was calculated using the harmonic mean. Cluster analysis of the
obtained patterns was performed using the k-means algorithm and hierarchical clustering
(JMP PRO). Due to possible differences in scale and variability, datasets were standardized
for both approaches. For strain T. striatum N5997, all 15 plates were harvested and analyzed
separately to regress squalene and carotenoid content (ug/mg) and yield (ug/L) on various
growth parameters. To increase explanatory power, model 2 of the growth regression was
extended if necessary. In this manner, models specifically adjusted to describe the growth
and target molecule production of this specific strain were developed.
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4.8. Morphology

Strains from different clades in the created phylogenic tree were used for morphologi-
cal analysis (Sakar7, N6000b; N5994d, N5589c N5629¢, N5905, N5658a; N5670c, N4994d;
N6007e, N6006d; 561bx, N2820a, 5999; N147c, N1694d; N4930a, 4992b; N5997; 5996, N5995).
To record their physiological appearance under different cultivation conditions (different
amount of yeast extract, glucose, phosphate, and different pH), the experiment was per-
formed in four liquid media derived from the DoE (number 3, 6, 12, and 14). BITMG was
used as a positive control. The experiment was carried out in 12 well microtiter plates
with 2.5 mL medium per well. The inoculation was performed with 80 uL from 7-day-old
liquid stock cultures. To allow uniform air diffusion, the wells in the center of the plates
functioned as blanks. The plates were incubated for 13 days in the dark at 20 °C with-
out shaking. Subsequently, the first step was a microscopic evaluation using an inverted
microscope (Eclipse TS100, Nikon, Tokyo, Japan). The plates remained sealed, and no
samples were taken, so the reticular structures remained undamaged. In the next step,
a conventional microscopic assessment (Carl Zeiss Microscopy GmbH, Jena, Germany)
was carried out. Various criteria were considered for evaluating the morphology: cell size,
cell form, agglomeration behavior, formation and properties of ectoplasmic nets (EN), the
appearance of sporangia and spores, and extracellular and intracellular structures.

4.9. Effect of Medium Composition on the Target Molecules

DoE experiments 6, 9, and 15 were repeated with selected strains (N5670c, N4994d,
N6000b, N1001, N5589¢, N5594d, N5658a, 5996, N2820a, 5999, N6006d, 5985) to quantify
the target molecules on a CDW basis. They were performed similarly to the DoE but in
multiple executions for a higher biomass yield. The biomass was harvested, measured,
filled into micro-reaction tubes, and frozen at —80 °C before freeze-drying (Alpha 14,
Christ, Osterode, Germany) for 24 h at 37 Pa. The weight of the biomass was recorded
before and after drying, and CDW was calculated. Extraction and measurement of the
target molecules were performed as described above.

4.10. Comparison of Biomass Yield and Target Molecule Content in Cultures Cultivated in Liquid
and on Solid Medium

To compare the biomass growth and carotenoid synthesis, selected strains (N6006d,
N4994d, N5658a, N1001) were cultivated on medium 7 from the DoE. It was either prepared
with 12, 14, and 18 g/L agar or without agar. Inoculation was performed similarly to the
previous experiments from the liquid stock cultures. Liquid cultures inoculated with 1 mL
from the stock culture were cultivated in Erlenmeyer flasks with 20 mL medium on an
orbital shaker at 80 rpm. Solid and liquid cultures were incubated for 13 days in the dark
and at 20 °C. Harvest of the cultures from the solid media was performed as described for
the DoE. As no color difference between the solid media was visible, these were combined.
The cultures from the flasks were transferred into centrifuge tubes and centrifuged for 5 min
at 4000 x g. The supernatant was discarded and replaced with distilled water. The sample
was resuspended by vortexing for 30-60 s. Centrifugation and washing steps were repeated
twice. Afterward, the supernatant was discarded, the cell pellet was resuspended in 0.5 mL
distilled water, transferred in glass tubes, and frozen at —80 °C prior to freeze-drying
(Alpha 14, Christ, Osterode, Germany) for 24 h at 37 Pa.

5. Conclusions

The family of Thraustochytriaceae is very heterogeneous in its characteristics and
traits. Although members possess many common features in their morphology, growth
behavior, and metabolite patterns, these are not necessarily correlated to the phylogenetic
clades based on 18S rRNA analysis. Within the described clades, some strains that were
identical based on their 185 rRNA genes exhibited different characteristics. The carotenoid
composition of T. aureum N5998 differed substantially from those of the other strains of
this clade, although its 185 rRNA was genetically identical to two of them. We agree with



Mar. Drugs 2023, 21, 204

33 of 41

the statement of Dellero et al. [125] and argue that gene-based analysis, especially using
the short 18S rRNA information, is not able to predict the exact behavior and potential of
individual strains.

A deeper understanding of the relation of these organisms might be achieved mainly
by two aspects: First, there needs to be an enhanced awareness of the variability of this
group, and there is a necessity to precisely classify existing genera and species to allow
coherent comparison. 18S rRNA analysis is a useful tool for a general classification in
terms of family and genus. A rearrangement, as performed for species formerly belong-
ing to Ulkenia, Schizochytrium, and Thraustochytrium [63,64,202], might also be helpful
for other clades of the polyphyletic genus Thraustochytrium to allow better distinction.
Second, the variety of Thraustochytriaceae is still underexplored. Recent discoveries of
new genera, species [88,96,110,125,181,203], and strains, especially members of the genus
Aurantiochytrium, were described [78,89,99,120,204]. Additionally, the high number and
variability of novel isolates displayed in the phylogenetic tree published by Ueda et al. [91]
indicates that the Thraustochytriaceae may contain more species and genera, which either
have new characteristics or bridge the gaps between others. A comprehensive and correct
denomination of novel species is crucial for a distinguished and meaningful discussion.

18S rRNA phylogenetic analysis allowed the distinction of the strains and assigned
them to eight different clades. Carotenoid cluster analysis revealed that a fine classifica-
tion at a species level was possible but failed to reflect the overall context of the phylo-
genetic tree based on 185 rRNA gene comparison. Strains belonging to T. aureum and
Thraustochytriidae sp. showed the highest carotenoid content. Most strains of T. aureum
also yielded high biomass. Squalene was found in variable concentrations in all strains.
The conditions that favored carotenoid and squalene production were largely mutually
exclusive. T. striatum N5997 produced squalene and carotenoids at intermediate levels and
built high biomass, which might be a good compromise for a combined production.

The results of these experiments indicate that Thraustochytriaceae offer more potential
for biotechnological applications than just the genus Aurantiochytrium. Closer examina-
tion of other clades for their ability to synthesize carotenoids, squalene, and fatty acids
might help to find new production organisms. Subsequently, bioprocess, metabolic, and
genetic engineering approaches will provide a basis for a sustainable production using the
fascinating group of Thraustochytriaceae.
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//www.mdpi.com/article/10.3390/md21040204/s1, Figure S1: Carotenoid composition of the ana-
lyzed strains grown on media with a high salinity (30 g/L); Figure S2: Carotenoid composition of
Thraustochytrium striatum N5997 on various DoE media; Figure S3: Morphology of various strains
observed in medium 3 after cultivation in microtiter plates; Figure S4: Morphology of various strains
observed in medium 6 after cultivation in microtiter plates; Figure S5: Morphology of various strains
observed in medium 12 after cultivation in microtiter plates; Figure S6: Morphology of various strains
observed in medium 14 after cultivation in microtiter plates; Table S1: Assignment of the investigated
strains based on sequence similarity to strains in the NCBI database on the basis of their 185 rRNA
gene data; Table S2: Coefficients of determination and p-values of model 1-3 for the regression of
growth data; Table S3: Estimated model coefficients, p-values, and optimized parameters of model 2
for all analyzed strains regarding maximal biomass yield; Table S4: Biomass yield of the analyzed
strains on the DoE media; Table S5: Carotenoid content and proportion in the analyzed strains
used for cluster analysis; Table S6: Cluster means of carotenoid composition obtained from k-means
clustering; Table S7: Carotenoid content and proportion in the analyzed strains in the DoE with a high
salt concentration (30 g/L); Table S8: Carotenoid and squalene content and carotenoid proportion in
T. striatum N5997 depending on the medium composition; Table S9: Extract content in dependency of
strain, medium composition and medium solidity; Table S10: Carotenoid content and proportion in
strains cultivated on different solid media; Table S11: Carotenoid content and proportion in strains
cultivated on medium 7 in either liquid medium (liquid) or in form of agar (solid); Table S12: Review
of strains reported in the literature by comparison with the phylogenetic analysis of our study.
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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 19" 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 f-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 CO, (SC-CO,) 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-CO, 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-CO,. There are several techniques
for cell disruption. Mechanical disruption such as grinding has become widely used on a larger scale
[317,384]. SC-CO, 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-CO; extraction, increasing the challenge for the downstream process.

SC-CO, 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 CO, 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-CO; has been described as an environmentally friendly, nontoxic, and ‘green’ solvent, which can be
applied in many processes [385]. Nevertheless, SC-CO, 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, f-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 f-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 S-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 f-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, Al 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 Al, 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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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.

Input Output
Inlet Spray Feed Cooling Biomass Hi)i;z)l;v::gs Astaxanthin content Outlet
temperature flow rate conc. recavery per biomass recovery temperature

Run (°c) (NL/h) (%) - (g/L) (g) (%) (% w/w) SD* (%) °C
Before 99.4 1.32 0.03 -

1 140 500 5 no 99.4 1.2 6.04 1.17 0.04 88.6 99
2 160 500 10 no 99.4 0.56 2.82 1.08 0.07 81.8 98
3 160 600 15 no 99.4 1.03 5.18 1.06 0.05 80.3 80
4 180 400 10 no 99.4 4.6 23.01 1.14 0.07 86.4 112
4.2 180 400 10 no 99.4 493 251 - 134
5 140 400 5 no 99.4 3.78 1954 121 0.003 91.7 95
6 160 400 5 no 99.4 392 1851 1.1 0.04 83.3 124
7 120 500 no 99.4 043  2.09 11 0.03 83.3 85
8 180 600 10 no 99.4 0.18 0.9 0.91 0.03 68.9 111
9 180 500 10 no 99.4 231 12.02 1.15 0.15 87.1 122
10 180 400 5 no 99.4 281 14.12 1.16 0.04 87.9 134
11 180 400 15 no 99.4 3.68 185 1.22 0.09 92.4 115
12 160 400 10 no 99.4 236 11.84 1.22 0.1 92.4 107
13 180 500 15 no 89.4 1.82 9.83 1.15 0.08 87.1 114
14 180 400 10 yes 99.4 4,74 23.41 - - 123
15 180 400 10 yes 49.7 2.58 24.62 - - 121
16 180 400 10 yes 198.7 6.13 15.2 - - 122

3SD = Standard deviation
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3 n = Number of measurements

®) Ax/H.p. = Proportion of astaxanthin in relation to total H. pluvialis biomass (% w/w)

°ISD = Standard deviation

9Sig = Indicates significant differences (0=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.

¢ Prop. = Proportion of astaxanthin isomers in relation to total astaxanthin (% w/w)

fIBM = Bead-milling

85D = Spray-drying

M ED = Freeze-drying

TVD = Vacuum-drying

1SC-CO2 = Supercritical CO, extraction

YHPH = High-pressure homogenization

" ND = No disruption

Table S3: Estimated model coefficients, p-values and optimized parameters regarding maximal
astaxanthin yield in spray-drying. Significant p-values (06=0.05) are highlighted bold.

Quadractic model +

Linear model Quadractic model interactions

coefficient  p-value coefficient p-value coefficient  p-value
a (Intercept) 1.8038 -0.1508 0.9095
b1 (Spray?) -0.001 0.0011 0.0046 0.2196 0.004 0.5303
b, (Feed®) 0.0096 0.0848 -0.0123 0.6699 0.0797 0.749
bs (Temp®) -0.0017 0.1054 0.0065 0.6521 -0.0094 0.8376
bi1 (Spray?) 0 0.1453 0 0.3004
b2, (Feed?) 0.0011 0.4536 0.0021 0.5842
bss (Temp?) 0 0.6002 0 0.8778
b1, (Spray*Feed) 0 0.8265
bz (Spray*Temp) 0 0.747
b,3 (Feed*Temp) -0.0005 0.6942
R? 0.7151 0.8122 0.8244
R? 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 (%)
‘Temp = Inlet Temperature (°C)
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Table S9. Extract content in dependency of strain, medium composition and medium solidity.

biomass amount extract amount extract
species strain DoE number  medium (mg) (mg) content (%)
6 solid 9.3 0.4 4.1
9 solid 16.3 0.7 4.3
N1001 15 solid 34.2 3.2 9.3
7 solid 60.8 33 5.4
7 liquid 27.9 1.4 5.2
6 solid 9.1 0.3 3.2
) ) N6000b 9 solid 22.3 0.6 2.8
U. visurgensis )

15 solid 37.4 5.6 14.9
6 solid 8.2 0.2 2.4
N5594d 9 solid 24.6 0.6 2.6
15 solid 31.9 3.2 10.1
6 solid 5.5 0.4 6.9
N5589c 9 solid 29.4 1.0 3.5
15 solid 26.7 4.2 15.5
6 solid 8.3 0.4 4.9
9 solid 24.5 0.8 3.5
U. profunda N5658a 15 solid 30.5 5.7 18.7
7 solid 43.0 2.3 5.4
7 liquid 9.8 0.4 3.6
6 solid 81.3 6.0 7.3
9 solid 94.3 48.2 51.1
N6006d 15 solid 92.7 39.0 42.0
T aureum 7 s.olic.i 93.9 11.4 12.2
7 liquid 40.4 1.8 4.5
6 solid 25.8 1.2 4.6
5985 9 solid 98.9 39.9 40.3
15 solid 78.4 23.9 30.5
6 solid 8.4 0.8 9.7
5999 9 solid 73.0 233 31.9
S. aggregatum 15 solid 73.9 25.8 34.9
6 solid 7.1 0.7 10.4
N2820a 9 solid 74.7 15.9 21.2
15 solid 62.3 20.6 33.0
6 solid 67.1 31 4.5
O. minutum 5996 9 solid 97.8 14.2 14.6
15 solid 32.0 3.2 10.0
6 solid 13.7 0.9 6.7
9 solid 45.4 2.7 6.0

N4994d 15 solid 1.0 - =
Thrausto- 7 solid 85.2 4.6 5.4
chytriidae sp. 7 solid 41.5 1.4 3.5
6 solid 13.2 0.7 5.1
N5670c 9 solid 72.3 3.2 4.5
15 solid 7.8 0.2 2.4
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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”.
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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), N5589¢ (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), 1476¢ (P), Thraustochytriidae sp.
N5670c (Q), N4994d (R), T. aureum N6006d (S), N6007e (T), and 5985 (U). Scale bars show 20 um.
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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), N5589¢ (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), 1476¢ (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), N5589¢ (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), 1476¢ (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), 1476¢ (P), Thraustochytriidae sp.
N5670c (Q), N4994d (R), T. aureum N6006d (S), N6007e (T), and 5985 (U).
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