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Kurzfassung

1. Kurzfassung

Das Lebensmittel Fisch hat seit Jahrtausenden eine grofle Bedeutung fiir den Menschen,
aufgrund seiner Nihrstoffzusammensetzung, der globalen Verfiigbarkeit und teilweise
leichten Zuginglichkeit. Fisch als lebenswichtige Quelle der menschlichen Erndhrung steht
aufgrund der Uberfischung vor Herausforderungen, was die Entwicklung der Aquakultur
und nachhaltiger innovativer Fiitterungsstrategien anregt.

Die Arbeiten dieser Dissertation konzentrierten sich auf eine verringerte Abhingigkeit von
Fischmehl und Fischol in der Fischhaltung durch den Einsatz von Mikroorganismen-
biomasse als alternativem Rohstoff. Ziel war es, durch neue Futtermittel eine vergleichbare
oder bessere Fischfiletqualitit als herkdmmliche Fischfilets zu erreichen. Nach Auswahl der
Mikroorganismen folgte die Entwicklung verschiedener Futtermittel, welche in einer
zweistufigen Studie an Zandern (Sander Iucioperca) und Regenbogenforellen
(Oncorhynchus mykiss) getestet wurden.

Die Zusammensetzung des finalen Futters umfasste die Arten Rhodotorula glutinis,
Crypthecodinium cohnii und Arthrospira sp., womit die Halfte des herkdmmlichen
Fischmehl- und Fischolgehalts im Futtermittel ersetzt werden konnte. Die an Zander und
Regenbogenforellen durchgefiihrten Untersuchungen zeigten, dass das auf Mikro-
organismen basierende Futtermittel das Wachstum und die Qualitdt der Speisefische
aufrechterhilt, die mit herkommlichen Futtermitteln fiir Regenbogenforellen vergleichbar
sind. Beim Zander besteht weiterhin Optimierungsbedarf, da das Futtermittel zu einer
verminderten Wachstumsleistung fiihrte. Die sensorische Bewertung der Fischfilets beider
Spezies ergab nur geringfiigige Unterschiede in Textur, Geruch und Geschmack, was auf
das Potenzial fiir eine breite Marktakzeptanz hinweist. Die Arbeiten betonen die Bedeutung
neuer, nachhaltiger Futtermittelzutaten und deren Potential in der Aquakultur.



Abstract

2. Abstract

The fish as a food has a huge importance to human nutrition for thousands of years, due to its
nutrient composition, global availability and, in some cases, easy accessibility. Fish as an
essential source of human nutrition faces challenges due to overfishing, giving rise to the
development of aquaculture and sustainable alternatives, such as innovative fish feed
ingredients.

The studies in this dissertation focused on reducing the dependence on fishmeal and fish oil
by using a microorganism biomass mixture as alternative ingredient. The studies presented
aimed for a comparable or better quality of fish fillet than conventional fish fillet by using the
new feed. After the selection of microorganisms, various feed formulations were developed,
which were further investigated in a two-stage study on pike-perch (Sander lucioperca) and
rainbow trout (Oncorhynchus mykiss).

The composition of the final feed included the species Rhodotorula glutinis, Crypthecodinium
cohnii, and Arthrospira sp., which were able to replace half of the conventional fishmeal and
fish oil content in feed. The studies showed that the microorganism-based feed maintains
growth and quality of rainbow trout that was comparable to conventional rainbow trout feeds.
There is still a need for optimization when it comes to pike-perch, as the feed led to reduced
growth performance. Sensory evaluation of pike-perch and rainbow trout fillets revealed
minor differences in texture, odor, and taste, indicating potential for wider market acceptance.
These studies emphasize the importance of new, sustainable feed ingredients and their
potential in aquaculture.



Einleitung

3. Einleitung

Die Anfinge der Aquakultur gehen bis weit ins Altertum zuriick. In vielen Teilen der Erde
wurde bereits zu dieser Zeit die Wichtigkeit von Fisch fiir die menschliche Erndhrung erkannt.
So wurden zu jener Zeit Teiche zur Fischhaltung angelegt und Methoden zur Fischzucht
entwickelt. Im ,,europédischen Raum* erlang Fisch als Lebensmittel weitere grofle Bedeutung
im Mittelalter aufgrund der Zugénglichkeit und des christlichen Weltbilds, insbesondere aber
der Fastenzeit. Auch heutzutage ist Fisch ein wichtiges Lebensmittel. Das spiegelt sich in
Food Trends wie dem Pescetarismus oder dem Seaganismus wider, ebenfalls heben
Erndhrungsempfehlungen die Bedeutung von mehrfach ungesittigten Fettsduren besonders
den Omega-3-Fettsduren hervor, die im Fisch in hohen Konzentrationen vorhanden sind.

Seit Mitte des 20. Jahrhunderts verzeichnet die Aquakultur, auch Aquafarming genannt, eine
rasante Entwicklung, da diese als mogliches Werkzeug zur Wahrung der weltweiten
Erndhrungssicherheit angesehen wird. Die globalen Produktionsmengen aus dem industriellen
Fischfang stagnieren seit den 1990er-Jahren, wihrend die Weltbevolkerung stetig steigt. Der
mit der steigenden Bevolkerung einhergehende wachsende weltweite Nahrungsmittelbedarf
erfordert neue Losungen. Aquatische Lebensmittel wie Fisch erfreuen sich aufgrund ihrer
Néihrstoffzusammensetzung, biologischen Wertigkeit und Zugénglichkeit grofer Beliebtheit.
Die Uberfischung durch die industrielle Fischerei hat zu einem dramatischen Riickgang vieler
Fischbestinde gefiihrt. In diesem Kontext wurden Fangverbote und Fangquoten fiir
verschiedene Arten festgelegt und regelmifig reevaluiert, um die wilden Bestinde zu
schiitzen. Infolgedessen sind verschiedene Innovationen vorgenommen worden, um die
Produktion aquatischer Lebensmittel zu steigern. Daher bedarf es neuer Prozesse, um die
Abhéngigkeit der Aquakultur von der Fischerei zu 16sen. Die Aquakultur ist eine
Fischproduktionsart, die insbesondere seit den 1980er Jahren durch die Durchfluss- und
Kreislaufsysteme grolen Aufschwung bekam. Im Vergleich zur traditionellen
Teichwirtschaft, bei der einst Naturfutter, Tiermehle und Schlachtabfille verwendet wurden,
hat sich seither in der Aquakultur vieles verdndert. So vereinfachte die Fiitterung mit Pellets
die Aquakultur erheblich.

Seit Mitte der 1950er haben sich Pellets aufgrund ihrer Vorteile wie Handhabung, Dosierung
und Gewdsserbelastung gegentiiber Naturfutter und ,,Nassfutter” durchgesetzt. Neben der Art
der Futterdarreichung wurden seither auch die Inhaltsstoffe den Bediirfnissen der Tiere
angepasst. Die Futtermittelzutaten Fischmehl und Fischol gelten als bedeutende Zutaten und
stehen nur begrenzt zur Verfiigung. Seit den 2000er Jahren sind die Preise fiir Fischmehl und
Fischol aufgrund des steigenden Bedarfs in der Fischfutterproduktion kontinuierlich
gestiegen, wihrend die Produktionskapazitit stagniert. Um die Binnenaquakultur von der
Hochseefischerei zu 16sen, ist es daher unabdingbar Fischmehl und Fischol im Futter zu
ersetzen.

In den letzten Jahrzehnten wurden die Anteile von Fischmehl und Fischol im Fischfutter
bereits erheblich reduziert. Forschungsgruppen versuchen weiterhin, diese Anteile vollstdndig
oder teilweise zu substituieren, wobei hauptsichlich eine einzige Zutat verwendet wird.
Pflanzenole, Tierfette und Algenextrakte wurden beispielsweise als Ersatz fiir Fischol
verwendet, wihrend Tierknochenmehle und Pflanzenextrakte als Ersatz fiir Fischmehl
verwendet wurden. Neben speziell fiir diesen Zweck angebauten Zutaten wurden auch
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Produkte aus Neben- und Reststromen der Lebensmittelindustrie getestet, um so nachhaltigere
Fischfuttermittel zu entwickeln.

Bei der Formulierung von Futtermitteln muss darauf geachtet werden, dass der Energiebedarf
und die Makronéhrstoffe des neuen Futters den Bediirfnissen der Fische entsprechen, um
mogliche Nihrstoffliicken zu vermeiden. Die resultierende Néhrstoffzusammensetzung
wurde bislang nur begrenzt beriicksichtigt, hat aber im Laufe der Zeit an Bedeutung
gewonnen. Eine Mischung verschiedener Zutaten ermdglicht einen leichteren Ausgleich von
Nahrstoffliicken, da die Zusammensetzung besser variiert werden kann. Die verringerten
Leistungsparameter der Fische im Vergleich zu konventionell gefiitterten Fischen wurden
daher haufig den Inhaltsstoffen der neuen Futtermittelzutaten zugeschrieben. Ebenfalls an
Bedeutung gewinnt die Anreicherung mit Inhaltstoffen, die einen zusitzlichen Mehrwert
primér fiir den Menschen generieren sollen. Hierzu gehdren mehrfachungesittigte Fettsduren
wie Omega-3- und Omega-6-Fettsduren genauso wie Carotinoide und Antioxidantien.
Dahinter steht die Idee, dass die Verwendung einer Mischung zur Substitution von Fischmehl
und Fischoél einen positiven Einfluss auf die Wachstumsleistung der Fische und infolgedessen
auf die menschliche Erndhrung haben kann.
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4. Theoretischer Hintergrund
4.1. Problematik der industriellen Fischerei

Fisch und andere aquatische Lebensmittel nehmen eine herausragende Stellung in der
globalen Erndhrung ein, was auf diverse Faktoren zuriickzufiihren ist. Aufgrund seiner
Nahrstoffzusammensetzung ist Fisch eine bedeutende Quelle essenzieller Makro- und
Mikronéhrstoffe fiir den menschlichen Bedarf (Kapitel 4.4). Angesichts seiner historischen
Bedeutung ist es kaum {berraschend, dass Fisch seit Jahrtausenden zu den
Grundnahrungsmitteln der Menschen gehoren. Der élteste Industriezweig der Fischerei ist die
Fangfischerei, welche sich derzeit in die Hochseefischerei, Kiistenfischerei und
Binnenfischerei gliedert.'> In Anbetracht der verfiigbaren wirtschaftlichen Ressourcen und
Technologien werden Fischereierzeugnisse weltweit genutzt, um das Leben von Millionen
von Menschen zu sichern.>*

Aktuell leben etwa 8,2 Milliarden (Mrd.) Menschen auf der Erde (Stand Juni 2024). Somit hat
sich die Weltbevolkerung in den letzten siebzig Jahren (1950er; 2,7 Mrd. Menschen) nahezu
verdreifacht.>®

Mit diesem Bevolkerungswachstum ist ein gesteigerter Nahrungsmittelbedarf verbunden. Um
diesen Bedarf zu decken, wird Fisch beziehungsweise Fischerei als mogliche Losung
betrachtet. Der Stellenwert von Fisch als Lebensmittel wird auch durch die steigenden
Produktionszahlen der vergangenen Jahrzehnte unterstrichen. In den 1950er Jahren stammte
der Fischereiertrag fast ausschlieflich aus der Binnen und Meeresfischerei, wobei die
Gesamtjahresproduktion etwa 20 Millionen (Mio.) Tonnen betrug. Bis in die 1980er Jahre
stieg die jahrliche Produktion aus der Fischerei. Seitdem liegt diese weltweit im Durchschnitt
zwischen 85 und 95 Mio. Tonnen Fisch pro Jahr.?

Dieser Zuwachs resultierte aus der Industrialisierung der Fischerei, die zu einer stetigen
Steigerung der Fangquoten gefiihrt hat. Ein weiteres Ergebnis der zunehmenden
Fischproduktion ist die damit einhergehende Zunahme des Beifangs. Beide Phdnomene haben
die Uberfischung der Meere gefordert und werden bereits seit den 1960er Jahren beobachtet
und sowohl in der Wissenschaft als auch den Medien thematisiert.” Die Erndhrungs- und
Landwirtschaftsorganisation der Vereinten Nationen (englisch: Food and Agriculture
Organization of the United Nations, FAQO) klassifiziert Meeresbesténde, die kollabiert sind,
tiberfischt werden oder sich im Erholungsprozess befinden, als ,,nicht nachhaltig genutzt*.
Der Anteil der ,,nicht nachhaltig genutzten™ Meeresbestdnde stieg von 10% im Jahr 1974 auf
34,2% im Jahr 201731

Um dieser Ausbeutung der Meeresressourcen entgegenzuwirken und das Risiko der
Ausloschung von Arten zu mindern, wurde die Aquakultur als nachhaltiges Konzept
entwickelt und ausgebaut. Seit den 1980er Jahren dient die Aquakultur verstdrkt als
Produktionsquelle aquatischer Organismen. Diese Entwicklung spiegelt sich auch in den
jéhrlichen Produktionszahlen wider. Wahrend die Ertrdge aus der Fischerei von 1986 bis 2018
stagnierten, stieg der durchschnittliche Ertrag der Aquakultur im gleichen Zeitraum um mehr
als das Fiinffache.*!" Doch was genau verbirgt sich hinter dem Begriff ,nachhaltige
Aquakultur” und welche Potentiale bietet sie?
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4.2. Aquakultur

Die Aquakultur wurde erstmals im Jahr 1988 von der FAO als kontrollierte Erzeugung
aquatischer Organismen definiert. Diese Definition umfasst eine breite Palette von
Organismen, darunter Fische, Weichtiere, Krebstiere sowie Pflanzen, wozu auch Algen
gezihlt werden.'? Dieser Wirtschaftszweig, der auch als Aquafarming bezeichnet werden
kann, unterscheidet sich von der Fischerei, die das Ernten von aquatischen Lebewesen vor
allem aus dem Meer durch das Abfischen oder Fangen beschreibt (Wildfang). Die Aquakultur
erstreckt sich iiber verschiedene Wasserhabitate, einschliefllich Sii3-, Salz- und Brackwasser,
und erfolgt in verschiedenen Systemen wie z.B. (Natur-)Teiche, Zuchtbecken, Netzgehege,
Kreislaufanlagen oder auch Meereskifige. Der Hauptzweck der Aquakultur liegt in der
Aufzucht von Organismen fiir die Lebensmittelindustrie. Dariiber hinaus werden die so
aufgezogenen Tiere fiir die Erzeugung von Setzlingen in der Fischzucht, als Zierfische und
fiir die allgemeine Arterhaltung genutzt. AuBBerdem wird die Aquakultur zur Gewinnung von
Substanzen aus Algen verwendet, die Anwendung in der chemischen, pharmazeutischen oder
Futtermittelindustrie finden um beispielsweise Carotinoide oder Treibstoffe herzustellen.!>!3
Die Aquakultur befasst sich nicht nur mit der Haltung der Organismen, sondern auch mit deren
Schlachtung und Verarbeitung.

Um die Qualitdt und Nachhaltigkeit der Aquakultur zu gewahrleisten, hat die Européischen
Union (EU) verschiedene Verordnungen (VO) und Durchfithrungsverordnungen (DVO)
erlassen, darunter die VO zur gemeinsamen Fischereipolitik (VO 1380/2013), die VO {iber
die Produktion und Kennzeichnung von o6kologischen/biologischen Erzeugnissen (VO
2018/848), die DVO fiir die Produktion von Tieren und Meeresalgen in der
okologischen/biologischen Aquakultur (DVO 2020/464)."4'¢ Dariiber hinaus existieren
verschiedene Zertifikate mit unterschiedlichen Anforderungen an Haltung und
Nachhaltigkeit, die fiir Verbraucher hilfreich sind und auf Verpackungen sowie auf Etiketten
von loser Ware beworben werden. Zu diesen Zertifikaten gehoren z.B. das internationale
Aquaculture Stewardship Council (ASC), das Best Aquaculture Practices (BAP), welches von
der Global Aquaculture Alliance (GAA) festgelegt wird oder auch das EU-Bio-Logo und das
deutsche Naturland-Siegel fiir 6kologische Aquakultur.

Der globale Aquakultursektor wuchs, gemessen an der Gesamtproduktion aquatischer
Produkte, von 1980 bis 2012 jahrlich um etwa 8%. Seit 2013 iibersteigt die Produktion
aquatischen Produkte in Aquakulturen die Produktion aus Wildfingen. Von 1980 bis 2019 hat
sich die Produktion aquatischer Produkte in der Aquakultur fast um den Faktor 7 vergrofert,
wobei der Hauptbeitrag von der Zucht von SiiBwasserfischen und aquatischen Pflanzen
stammt.'”> Auch in der europidischen Agquakultur stieg das Produktionsvolumen von
SiiBwasserfischen im Zeitraum 2018 — 2019 um 8%.!7

Der Grofteil der aquatischen Produktion dient der humanen Erndhrung und wird in frische
oder lebende Fischvermarktung sowie in verarbeitete Produkte wie Fischkonserven unterteilt.
Ein weiterer erheblicher Anteil wird fiir die Herstellung sogenannter Non-Food-Produkte wie
Fischmehl oder Fischdl genutzt. 2019 wurden etwa 20 Mio. Tonnen (etwa 11% der
Gesamtproduktion) fiir Non-Food-Produkte verwendet.!! Fischmehl und Fischol werden
tiberwiegend fiir die Herstellung von Futtermitteln verwendet (Kapitel 4.5.2). Bei der
Betrachtung der Jahre 2018 und 2019, war 2018 ein ertragreicheres Jahr als 2019. Hier wurden
222 Mio. Tonnen fiir MNon-Food-Produkte verwendet, was einem Achtel der
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Gesamtproduktion (Fischerei und Aquakultur) oder etwa einem Viertel der
Fischereiproduktion entspricht.?

Kritikpunkte in diesem Kontext beziehen sich auf die Tatsache, dass durch die Zufiitterung in
offenen Gewissern zu viele Nahrstoffe, Parasiten und Medikamente wie Antibiotika in das
Okosystem gelangen und diese negativ beeinflusst werden. Daher ist besondere
Aufmerksamkeit auf die sogenannte Biosecurity erforderlich, da Krankheiten bei aquatischen
Organismen eines der schwerwiegendsten Hindernisse fiir die Ausweitung und Entwicklung
einer nachhaltigen Aquakultur sind.'® Eine erfolgreiche Aquakultur ist daher das Resultat der
optimalen Anpassung an die spezifischen Bediirfnisse der geziichteten Organismen,
einschlieBlich Umweltfaktoren wie Sauerstoff und Nihrstoffgehalt des Wassers sowie
geeigneter SchutzmaBnahmen fiir Jungtiere oder angemessener Futtermittel.'’

Wihrend die Fischereiproduktion global steigt, sinken die Ertrdge in Deutschland (2016: etwa
460.000 t; 2022: 400.000 t). Derselbe Trend ist in den Produktionszahlen der deutschen
Aquakultur sichtbar (2016: 19.000 t; 2022: 18.0001).2° In der deutschen Agquakultur
konzentriert sich die Produktion hauptsdchlich auf SiiBwasserfische wie Karpfen, Forelle
(Bachforelle, Lachsforelle und Regenbogenforelle), Saibling und Aal.?°

4.3. Untersuchte Fische
4.3.1. Zander (Sander lucioperca)

Die Gattung Sander gehort zur Unterfamilie Luciopercinae, innerhalb der Familie der
Percidae (Barsche) und gehort somit zur Ordnung Perciformes (Barschartigen). Dieser
Gattung werden derzeit fiinf Spezies zugeordnet. Zu den europidischen Vertretern dieser
Gattung gehoren Sander (S.) lucioperca LINNAEUS zusammen mit S. volgensis GMELIN
und S. marinus CUVIER. In der vorliegenden Arbeit wird im Folgenden der Begriff ,,Zander
synonym fiir Sander lucioperca LINNAEUS verwendet.

Zander zeichnen sich durch ihren langgestreckten, schlanken Korper aus, der zwei separate,
aufrechtstehende Riickenflossen besitzt, wobei die vordere Riickenflosse ausgeprigte
Stachelstrahlen aufweist (Abbildung 1). Die Oberseite des Korpers ist griinlich gefarbt,
wihrend der Bauch und der Bereich bis zur Seitenlinie eher weillich sind. Zander zeichnen
sich weiterhin durch ihre GroBe (bis zu 1,3 Meter) und ihr Gewicht (bis zu 10 kg) aus.?!
Aufgrund ihres niedrigen Fettgehalts, gehoren Zander zu den Magerfischen. Das Filetfleisch
ist von weiller Farbe und von fester Konsistenz. Dariiber hinaus wird das Filets als zart mit
einem geringen Gritenanteil beschrieben, was sie zu beliebten Speisefischen macht.?

Zander sind urspriinglich in klaren Gewéssern sowie in Brackwasserhabitaten, von China bis
zur Elbe und von Schweden iiber Finnland bis Russland, beheimatet. Aufgrund von
Besatzmaflnahmen im 19. Jahrhundert sind Zander heute auch in vielen groBlen Fliissen in
Deutschland und Europa anzutreffen. In den letzten Jahrzehnten hat die Aquakultur als
Aufzuchtmethode fiir Zander an Bedeutung gewonnen. Hierfiir werden vorwiegend Becken
und Teiche verwendet. Des Weiteren werden Zander als Nebenfische in der Karpfenzucht
eingesetzt. %34
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Abbildung 1 Zander (Sander lucioperca), Altonaer Fischmarkt April 2023 (Foto: M.
Schafberg).

Zander sind SiiBwasserfische und erndhren sich als pelagische Karnivore insbesondere
piscivor. Sie orten ihre Beute vorrangig mit Hilfe ihres ausgepréigten Geruchs- und Sehsinns,
der besonders gut ans Dammerungslicht angepasst ist. Thre Beutefische sind in der Regel
kleinere Fische, deren Grofenordnung sich nur wenig mit zunehmender Korpergrofle des
Zanders #dndert. Ein Mangel an Beute fithrt vermehrt zu Kannibalismus, der in allen
Lebensstadien auftreten kann. Die Verwendung von Trockenfuttermitteln in der Zanderzucht
und -haltung ist aufwendig, da eine schrittweise Umstellung von Lebendfutter auf
Trockenfutter erforderlich ist, um rentable Uberlebensraten zu gewihrleisten. Zudem haben
duBere Gegebenheiten wie Besatzdichte und Temperatur einen erheblichen Einfluss auf den
Verlauf der Haltung, weshalb Zander im Allgemeinen als sensibel und anspruchsvoll in Bezug
auf ihre Futtermittel betrachtet werden.!%%>

Im Jahr 2000 betrug die Gesamtproduktion von Zandern in Europa (ohne GroBbritannien und
Russland) durch Fischerei und Aquakultur 6.306 Tonnen, wobei der Anteil aus der
Aquakultur lediglich 5% ausmachte. In den Jahren von 2009 bis 2019 (mit Ausnahme von
2016) verzeichnete die Zanderproduktion in der Aquakultur eine deutliche Steigerung, wobei
die Menge von 4.800 auf 41.500 Tonnen anstieg. Im Jahr 2019, einem besonders ertragreichen
Jahr fiir die Zanderproduktion, betrug der Anteil der Aquakultur an der Gesamtproduktion
17%, wobei etwa 41.500 Tonnen in der Aquakultur erzeugt wurde. Im Jahr 2020 hingegen
sank die Menge auf etwa 11.400 Tonnen.

Die Anzahl der Aquakulturbetriebe, die Zander ziichten und halten, steigt in Europa.
Aufgrund der Haltungsart bieten diese Betriebe eine Moglichkeit, die Artenvielfalt in der
Binnenfischerei erfolgsversprechend auszuweiten.?¢28

Die Zanderproduktion in Deutschland ist im Vergleich zu anderen Landern gering. Im Jahr
2020 wurden in Deutschland insgesamt 55.529 kg Zander in der Aquakultur erzeugt, was
0,3% der Gesamtproduktion an Fischen entspricht. Der Preis fiir 1kg Zander im
Direktverkauf lag in den Jahren 2011 bis 2019 durchschnittlich bei 16,95 € (£ 2,60 €). Im
Einzelhandel hingegen war der durchschnittliche Kilopreis im selben Zeitraum etwa 40%
geringer und betrug 11,81 € (+ 3,18 €). Die Preise fiir Zander variieren in Deutschland
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erheblich und sind abhéngig von Faktoren wie Region, Vertriebsweg (z.B. Direktverkauf oder
Einzelhandel), Zeitpunkt und touristischer Aspekte. Signifikante Preisschwankungen im Jahr
2020 konnen mit den Auswirkungen der COVID-19-Pandemie auf verschiedene
Lebensbereiche in Zusammenhang stehen. !!-2023

4.3.2. Regenbogenforelle (Oncorhynchus mykiss)

Die Regenbogenforelle (Oncorhynchus mykiss WALBAUM) gehort zur Gattung der
Pazifischen Lachse (Oncorhynchus), innerhalb der Familie der Salmonidae (Lachsfische),
somit sind sie Teil der Ordnung Salmoniformes (Lachsartigen).

Regenbogenforellen sind robuste Kaltwassertische, die schnell wachsen. Sie zeichnen sich
durch einen langlichen Korper mit einer Riickenflosse und einer sogenannten Fettflosse aus
(Abbildung 2). Im Vergleich zu Bachforellen wirken Regenbogenforellen gedrungener. Thr
Korper hat eine grau-silbrige Farbe, entlang der Seitenlinie verlduft ein leuchtend rotes Band.
Auflerdem befinden sich dunkle Tupfen auf Kopf, Riicken und Schwanz, die zum Bauch hin
abnehmen. Regenbogenforellen kénnen eine GroBe von weit iiber einem Meter und ein
Gewicht von bis zu 10 kg erreichen.?! Sie sind Karnivore, aber nicht ausschlieflich auf
natiirliche Nahrung wie Insekten oder kleinere Fische angewiesen, sondern fressen auch
Futtermittelpellets.”’?° Regenbogenforellen verstoffwechseln Kohlenhydrate schlecht und
benstigen daher eine hohere Proteinzufuhr durch ihre Nahrung. Seit den 1990er Jahren wird
der Protein- und Fettanteil nicht mehr ausschlieBlich durch Fischmehl und Fischol gedeckt,
sondern vermehrt durch alternative Rohstoffe ersetzt. Die Verwendung von Futtermittelpellets
ermoglicht auch die Zugabe von Zusatzstoffen wie Astaxanthin, um die Farbung des Fleisches
insbesondere bei Lachsforellen zu steuern. Im Handel erwartet der Verbraucher weiles bis
pinkfarbenes, festes Fleisch und einen charakteristischen Geschmack, wihrend Gelb- oder
Griinfirbungen der Filets unerwiinscht sind.'*?!

Regenbogenforellen haben ihren Ursprung in den pazifischen Gewidssern Amerikas und
wurden erst im 19. Jahrhundert aus Nordamerika nach Europa importiert. Die in Deutschland
derzeit geziichteten Regenbogenforellen sind das Ergebnis von Kreuzungen folgender drei
Unterarten, Cutthroat-Forelle, Shasta-Forelle und Steelhead-Forelle. Diese Unterarten
unterschieden sich in ihrer Pigmentierung (Farbgebung und Punktierung) und ihrem
Laichverhalten (standorttreu oder anadrom, Friith- oder Spitlaicher). Seit dem Import von
Regenbogenforellen wurde mit der Haltung dieser in Teichen begonnen und im Laufe der Zeit
optimiert."’

In Europa erfolgt die traditionelle Forellenzucht in (Erd-)Teichen. Dariiber hinaus werden
FlieBkanile, Becken oder auch Netzgehege fiir die Zucht verwendet. Seit den frithen 2000er
Jahren steigt die Nachfrage nach Bio-Forellen im europiischen Raum.!” Regenbogenforellen
zishlen zu den bedeutendsten Speisefischen in Europa.'® Im Jahr 2000 wurde in Europa (ohne
GroBbritannien und Russland) eine Gesamtmenge von 193.931 Tonnen Regenbogenforellen
durch Fischerei und Aquakultur produziert. In den Jahren 2000 bis 2020 betrug der Anteil der
durch Aquakultur produzierten Regenbogenforellen nahezu 100%. Von 2009 bis 2019
verzeichnete die Produktion von Regenbogenforellen in der Aquakultur erhebliche
Steigerungen (1.539.507 bis zu 16.164.198 Tonnen) im Vergleich zu den Jahren 2000 bis
2008 (Durchschnittsproduktion 224.135 Tonnen pro Jahr). Deutschland erzeugte im Jahr 2019
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etwa 7.800 Tonnen Regenbogenforellen in der Aquakultur, was etwa 0,05% der gesamten
ht 111920

europdischen Produktion entspric

Abbildung 2 Regenbogenforellen (Oncorhynchus mykiss); hier mit der Handelsbezeichnung
Lachsforelle, Altonaer Fischmarkt April 2023 (Foto: M. Schafberg).

Im Jahr 2020 wurden in Deutschland 6.035 Tonnen Regenbogenforellen in der Aquakultur
erzeugt, was 32,5% aller erzeugten Fische in Deutschland entspricht. Somit stellen Regen-
bogenforellen den gréBten Anteil an in Deutschland erzeugten Fischen dar. In den Jahren von
2011 bis 2019 betrug der Durchschnittspreis fiir 1 kg Regenbogenforelle im Direktverkauf
7,20 € (+ 0,55 €). Im gleichen Zeitraum lag der durchschnittliche Kilopreis im Einzelhandel
etwa 30% geringer bei 5,55 € (= 0,71 €).'

4.4. Qualititsparameter von Fischen

Fische sind eine bedeutende Quelle fiir wichtige Nahrstoffe in der menschlichen Erndhrung.
Zu diesen Nahrstoffen zdhlen Proteine (15-22%), Iod, verschiedene Vitamine (Vitamin A, D,
E, K und B-Vitamine), Spurenelemente und Fett (0,6-26%), insbesondere mehrfach
ungesittigte Fettsduren wie Omega-3-Fettsduren. Fische werden anhand verschiedener
Merkmale kategorisiert, wie ihrer Korperform (Rund- oder Plattfische), ihrem Lebensraum
(StB- oder Salzwasser; Warm- oder Kaltwasser), Fried- oder Raubfische oder ihrem
Fettgehalt (Fettfische oder Magerfische). Magerfische wie Kabeljau oder Zander haben einen
Fettgehalt von weniger als 1%, wihrend Fettfische wie Aal, Hering oder Lachs einen
Fettgehalt von mehr als 10% besitzen.'> Regenbogenforellen, mit einem Fettgehalt von 4 bis
7%, sind in dieser Einteilung dazwischen anzusiedeln. Dariiber hinaus stellen Fische eine
hochwertige Proteinquelle dar, deren Proteine leicht verdaulich sind. Der Kohlenhydratanteil
in Fischfilets ist mit weniger als 0,3% vernachlissigbar.'*

StiBwasserfische und Salzwasserfische unterscheiden sich maBgeblich im Gehalt an mehrfach
ungesittigten Fettsduren (englisch: polyunsaturated fatty acids; PUFA). Sullwasserfische
bilden PUFA grofitenteils selbst, wihrend marine Fische PUFA genauso wie Carotinoide nicht
selbst synthetisieren. Salzwasserfische nehmen diese Substanzen iiber ihre Nahrung durch

10
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Primérproduzenten (Algen und Phytoplankton) oder durch Sekundérproduzenten
(Zooplankton) auf. In Deutschland werden vorwiegend Karpfen, Zander und
Regenbogenforellen produziert, diese gehdren zu den PUFA-armen Binnenfischen.*® Da diese
Fische vorrangig in Aquakulturen produziert werden, bedeutet das, dass PUFA iiber das
Futtermittel in die Fische gebracht werden konnen bzw. miissen. Die Futterkontrolle in
Aquakulturen ist einfacher zu handhaben als in der See- oder Binnenfischerei. So wird in
diesen Spezies ein entsprechender Mehrwert fiir die menschliche Erndhrung geschaffen.

Um die Einhaltung der Qualitédtsstandards auf dem européischen und deutschen Markt zu
gewdhrleisten, wurden Parameter festgelegt, die im Zusammenhang mit der allgemeinen
Sorgfaltspflicht und Verantwortung des Lebensmittelunternehmers fiir die Sicherheit seiner
Produkte stehen.’'™ Diese Parameter konnen grob in (mikro-)biologische und chemische
Aspekte unterteilt werden. Diese dienen insbesondere der Uberpriifung der Verkehrsfihigkeit
der Produkte im Hinblick auf die Erhaltung der Verbrauchergesundheit und -sicherheit, sowie
Aspekte, die die Deklaration betreffen (Tabelle 1).4648

Tabelle 1 Ausschnitt méglicher Parameter zur Uberpriifung der Qualitiit von Fisch *¢*
(Mikro)biologische Chemische Parameter Deklarationstiuschung
Parameter
Krankheitserreger: Schwermetalle z.B. Uberpriifung der Fischart
Salmonellen, Vibrionen, Quecksilber, Blei, Cadmium,

Listerien oder auch Arsen
Hygieneindikatoren: E. Histamin und andere biogene Herkunftsangaben
coli Amine
Verderbniserreger: Fliichtige stickstoffhaltige Nicht gekennzeichneter
Pseudomonaden, Basen (TVB-N), Wasserzusatz
Enterobacteriaceae, Trimethylamin-Stickstoff
Hefen, Schimmelpilze (TMA-N)
Parasiten Riickstéinde von Arzneimitteln | Differenzierung von wild,
wie Antibiotika oder 6kologisch, konventionell
Triphenylmethanfarbstoffen
Verschiedene Sensorische Uberpriifung der
Priifverfahren Néhrwertangaben
Strahlenbehandlungsnachweis
Toxine wie Avermectine und
Domoinsdure
Pestizide und Schadstoffe wie
Dioxine, PCB, PAK,
Organozinn-Verbindungen
Nicht zugelassene
Zusatzstoffe wie Nitrit, Nitrat,
Kohlenmonoxid

Viele dieser Parameter stehen in unmittelbarem Zusammenhang mit den Umgebungs-
bedingungen wihrend der Haltung oder des Fangs (wie Schwermetalle oder
Krankheitserreger). Andere Qualititsparameter priifen auf Verderbnis (z.B. Pseudomonaden).
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Im Gegensatz dazu stehen Parameter, die auf die Zusammensetzung der verwendeten
Futtermittel zuriickzufiihren sind (wie die Grundzusammensetzung oder Carotinoide). Dies
unterstreicht die Bedeutung der sorgfiltigen Auswahl und Uberwachung von Futtermitteln in
den unterschiedlichen Zucht- und Haltungskulturen.

4.5. Fischhaltung und Fischfutter

Obwohl Fischzucht und Fischhaltung seit mehreren Jahrhunderten betrieben werden, ist die
Verwendung von Fischfuttermitteln in Form von Pellets, wie sie heute bekannt sind, noch
keine 100 Jahre alt.

Insbesondere in der europdischen Fischhaltung hat die Aufzucht von Karpfen eine
herausragende Rolle gespielt. Die Karpfenteichwirtschaft ist in Europa weit verbreitet und
verfligt tiber eine lange Tradition, weshalb sie intensiv erforscht wurde. Karpfen wurden
bereits in der Antike im heutigen siideuropdischen Raum gehalten. Ihre Verbreitung nahm im
8. Jahrhundert deutlich zu, als auf Anweisung von Karl dem GroB3en (747 — 814 n.d.Z., Ko6nig
des Frankenreichs) vermehrt Karpfen im Herrschaftsgebiet (heutiges westliches Europa) von
Fischern geziichtet wurden. Im Spétmittelalter, insbesondere im 14. und 15. Jahrhundert,
wurde das Wissen tiber die Teichwirtschaft durch verschiedene Monchsorden
weiterverbreitet. Teiche wurden so konzipiert, dass sie den Zuchttieren nicht nur ideale
Bedingungen boten, sondern auch deren natiirlicher Nahrung, wie zum Beispiel Bodentieren,
Plankton oder kleineren Fischen. Zum gegenwiértigen Zeitpunkt wird natiirliche Nahrung nur
noch bei wenigen Fischarten oder in bestimmten Aufzuchtstadien verwendet. Zudem wurden
seinerzeit Restprodukte aus der Landwirtschaft und Viehzucht in der Fischaufzucht
eingesetzt.'%*

Die Entwicklung von Trockenfutter fiir die Fischaufzucht und -haltung begann vor etwa
100 Jahren in den USA. Seit Mitte des 20. Jahrhunderts werden (pelletierte) Futtermittel als
Alleinfutter, in Kombination mit Naturnahrung oder Mischfuttermitteln unterschiedlicher
Zusammensetzung verwendet. Fiir die Beifiitterung wurden verschiedene Getreidesorten,
Hiilsenfriichte, Kartoffeln, Mais oder auch Reststrome, wie Biertreber, Soja- oder Rapsschrot,
genutzt. Mischfutter umfassen verschiedene Darreichungsformen, darunter Pellets und andere
gepresste Futterformen, ebenso wie Trockenfutter. Aufgrund ihrer Praktikabilitdt und
optimierten Zusammensetzung haben sich Mischfutter seit den 1950er Jahren als
Alleinfuttermittel etabliert. Der Anteil an Fischmehl und Fischol im Fischfutter ist seitdem
riickldaufig, obwohl diese bis in die 1990er Jahre als primére Rohstoffe dienten, um den
Protein- und Fettgehalt im Futter zu decken. !’

Bisher hat sich das Vorgehen bewdhrt, die Zusammensetzung der Futtermittel sowie die
zugefiitterte Futtermenge stets an den spezifischen Nahrstoffbedarf der betreffenden Fischart,
threm Alter und der Haltungsart anzupassen. Hierbei erlangt insbesondere das Verhéltnis
zwischen Protein- und Fettanteil sowie der Gesamtkaloriengehalt des Futters eine erhebliche
Bedeutung. Dies liegt daran, dass viele Getreidesorten, die zur Beifiitterung als Alleinfutter
verwendet werden, zwar den Energiebedarf der Fische decken kénnen und teilweise den
Rohproteingehalt bereitstellen, jedoch nicht das erforderliche Spektrum an Aminosduren
abdecken.!
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4.5.1. Konventionelle Futter

Gegenwirtig werden konventionelle Fischfutter unter Beriicksichtigung der jeweiligen
Fischart, des Alters und/oder der Haltungsart (Kreislaufanlage, offene Teiche, etc.) entwickelt
und angeboten. Hierbei umfassen die Varianten unter anderem Brutfutter, Mastfutter,
Laichfischfutter oder auch spezielle Futter. Diese speziellen Futter enthalten funktionelle
Zutaten wie Pigmente oder Substanzen mit positiven physiologischen Effekten. Derzeit sind
konventionelle Futter {iberwiegend in Form von Pellets oder Granulaten erhiltlich, wobei die
verwendete PelletgroBe vom jeweiligen Alter bzw. GroBe der Fische abhingt.’*? Dariiber
hinaus werden verschiedene Zusatzstoffe verwendet, um z.B. die Haut- oder Fleischfarbe zu
dandern oder Stoffe wie f-Glucane, Vitamine, Spurenelemente oder Aminosduren, um die
Gesundheit der Fische zu unterstiitzen.’*>** Ferner gibt es Zusatzstoffe wie diverse Enzyme,
um die Verdaulichkeit der Futtermittel zu verbessern. 2+

Beispielhaft setzt sich ein pelletiertes Mastfutter fiir Regenbogenforellen aus einer Vielzahl
von Zutaten zusammen (hier in alphabetischer Reihenfolge): Blutprodukte, Einzelzell-
proteine, Fischmehl, Getreideprodukte, marine Nebenprodukte, nicht-marine Neben-
erzeugnisse, pflanzliche Proteine, pflanzliche Ole, verarbeitete tierische Proteine, verarbeitete
tierische Ole sowie Vitamine und Mineralstoffe.’*? In der Aquakultur werden derzeit
Futtermittel verwendet, bei denen der kombinierte Anteil von Fischmehl und Fischdl bis zu
50% der Gesamtzusammensetzung ausmacht. %>’

Im Gegensatz dazu enthélt ein Mastfutter fiir Zander weniger Komponenten (in alphabetischer
Reihenfolge): Fischmehl, Fischol, Getreideprodukte, pflanzliche Proteine sowie Vitamine und
Mineralstoffe. Die pflanzlichen Proteine und Ole in diesem Futter stammen oft aus Quellen
wie Soja, Raps, Sonnenblumen und anderen Leguminosen. Aufgrund der gestiegenen
Nachfrage nach Fischerzeugnissen in den letzten Jahrzehnten hat sich der Bedarf an
Fischmehl und -6l erh6ht, was zu steigenden Preisen gefiihrt hat. Aus diesem Grund gibt es
seither Bestrebungen, den Anteil an Fischmehl und Fischél in den Futtermitteln weiter zu
reduzieren oder sogar ginzlich zu ersetzen. %>

Das Mastfutter fiir Regenbogenforellen weist im Vergleich zum Zandermastfutter einen
geringeren Rohproteingehalt auf, verfligt jedoch tber einen hoheren Gehalt an
Kohlenhydraten und Rohfett (Tabelle 2). Dariiber hinaus sind Spezialfutter erhiltlich, die
beispielsweise die dullere Erscheinung der Fische beeinflussen. Solche Futtermittel enthalten
eine erhohte Konzentration an Carotinoiden, die die Pigmentierung der Fischhaut oder des
Fleisches verdndern. Sie finden Anwendung in der Haltung von Zierfischen oder
Speisefischen wie Lachsforellen.®

In Abschnitt 4.2 wurden bereits Regulierungen von 6kologischen/biologischen Erzeugnissen
aus Aquakulturen erwdhnt. So wird u.a. die Besetzdichte, sowie detaillierte Kriterien zur
Produktion und zu Haltungssystemen (z.B. Erdteiche) in der DVO 2020/464 néher
beschrieben.!® In der VO 2018/848 wird in Artikel 6, Artikel 9, Artikel 11 und Artikel 16
i.V.m. Anhang II Teil III und IV auf die Produktionsvorschriften von Tieren aus 6kolo-
gischen/biologischen Aquakultur eingegangen.'” So diirfen bei der Herstellung z.B. nur
pflanzliche Zutaten, die aus der 6kologischen Landwirtschaft stammen, verwendet werden
und keine gentechnisch veridnderten Organismen. !> Nicht karnivore Fische sind auf das
natiirlich vorkommende Nahrungsangebot ihres Habitats angewiesen. Erst wenn dieses nicht
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Tabelle 2 Nihrwertdeklaration von jeweils zwei Mastfuttern fiir Regenbogenforellen und
Zander (Alleraqua und Biomar) mit einem Durchmesser von 6 mm -5

Forelle Zander
Efico Enviro Aller Amber Efico Siema Aller Ivory
9320 Advanced | Regenbogenforelle 970 — Bic%mar Ex — Aller
— Biomar — Aller Aqua Aqua
Rohprotein [%] 38-41 40 54 54
Rohfett [%] 31-34 28 20 20
Kohlenhydrate
(NfE) [%] 12,1-18,1 18,4 11,4 8.2
Rohzellulose
[%] 099_298 291 0,9 0,9
Asche [%)] 4,1-6,1 5,6 9.3 8.9
Totaler
Phosphor [%] 0,9 1,0 1,5 1,1
Bruttoenergie
[MJ] 24,4-26.,4 24,0 22,4 22,2

ausreichend ist, diirfen Okologische/biologische Futtermittel zur Zufiitterung eingesetzt
werden.’*! Bei der Verwendung von Fischmehl und Fischol (Anhang II Abschnitt IT Nir.
3.1.3.3. der VO 2018/848) in der Fiitterung von karnivoren Aquakulturtieren diirfen diese aus
folgenden Quellen stammen: aus Uberresten der Verarbeitung von Fischereierzeugnissen aus
der Aquakultur; aus Uberresten nachhaltiger Fischerei, welche fiir den menschlichen Verzehr
geeignet ist und aus ganzen Fischereierzeugnissen, die nicht fiir den menschlichen Verzehr
bestimmt sind.!> Darauf basierend haben die einzelnen Okoverbinde weitere Richtlinien
verfasst, um ihre Prinzipien zur nachhaltigen Aquakultur durchzusetzen.®%¢!

4.5.2. Fischmehl und Fischol

Fische sind als Kaltbliiter wechselwarme Lebewesen. Sie verwenden die aufgenommene
kalorische Energie nicht zur Aufrechterhaltung der Korpertemperatur, sondern setzen diese
nahezu ausschlieBlich fiir ihr Wachstum ein.!*®? Fische verwerten Proteine und Fette
effizienter als Kohlenhydrate, welche sie artspezifisch in unterschiedlichem Mafle verdauen
konnen.'” Fischmehl und Fischél sind begrenzt verfiigbare Rohstoffe, die hauptsichlich aus
Proteinen und Fetten bestehen. Sie finden vorwiegend Verwendung in Futtermitteln fiir Fische
und andere Tierarten wie Schweine und Gefliigel.

Fischmehl zeichnet sich durch einen hohen Proteingehalt und eine hohe biologische
Wertigkeit ihrer Aminosdurezusammensetzung aus. Im Gegensatz dazu unterscheidet sich
Fischol durch sein Fettsdaureprofil, insbesondere durch das Vorkommen essenzieller,
mehrfach ungesittigter Fettsiuren, von anderen pflanzlichen Fetten.’”®® Besondere
Bedeutung kommt dabei den Omega-3-Fettsduren wie a-Linolensdure (ALA),
Docosahexaensdure (DHA) und Eicosapentaensidure (EPA) sowie den Omega-6-Fettsduren
wie Linolsédure, y-Linolensdure und Arachidonsdure zu. In der Humanerndhrung sind diese
mehrfach ungesittigten Fettsduren von grofer Bedeutung und dienen unter anderem als
Antioxidantien, als Vorstufen von korpereigenen Entziindungshemmern wie Eicosanoiden
oder als Bestandteil von Phospholipiden in Zellmembranen.?
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Diese Rohstoffe werden in der Regel aus Wildfingen gewonnen, wobei pelagische und
bodenlebende Fischarten, die iiblicherweise nicht fiir den direkten menschlichen Verzehr
geeignet sind oder verwendet werden, hiufig als Quelle dienen. Dariiber hinaus stammen
geringe Mengen aus der Verarbeitung von Fischereierzeugnissen sowie Verschnitten oder
Beifiingen.’*>"-% Ausgehend von 100 kg Rohstoff werden etwa 21 kg Fischmehl und 3 bis
6 kg Fischol erzeugt.®®

Die weltweite Produktion von Fischereierzeugnissen und Aquakulturprodukten hat sich in den
letzten 30 Jahren nahezu verdoppelt (1990: etwa 110,7 Mio. Tonnen Lebendgewicht; 2020:
177.8 Mio. Tonnen Lebendgewicht).> Um die Wirtschaftlichkeit der Aquakultur zu sichern
und auszubauen, steigt die Nachfrage nach geeignetem Futter, weswegen Fischmehl und
Fischol vermehrt benétigt werden.®®%7 Das Abfischen aquatischer Lebewesen zur Herstellung
von Fischmehl und Fischdl beeintrichtigt erheblich die Okosysteme und fiihrte zur
Uberfischung verschiedener Fischarten.®®®” Die Produktion von Fischmehl und Fischol
schwankt von Jahr zu Jahr, abhiingig von den gefangenen Fischarten.® Im Jahr 2020 betrug
die Fischmehl- und Fischolproduktion etwa 9% der Gesamtproduktion von Fischerei-
erzeugnissen weltweit, was etwa 16 Mio. Tonnen entspricht. Davon werden 86% des
Fischmehls und 73% des Fischols in der Aquakultur verwendet. Die verbleibenden Mengen
an Fischmehl und Fischol finden unter anderem Verwendung in der Tiererndhrung (fiir
Schweine und Gefliigel) sowie in der menschlichen Erndhrung als Nahrungsergdnzungs-
mittel.? In der Europ#ischen Union werden jihrlich etwa 0,40 — 0,60 Mio. Tonnen Fischmehl
und 0,12 - 0,20 Mio. Tonnen Fischol produziert. Zwischen 2009 und 2020 nahm der
Verbrauch von Fischmehl in der EU um etwa 40% ab, rund 0,45 Mio. Tonnen.>®

Ein weiteres Problem im Zusammenhang mit Fischmehl und Fischdl ist deren Preis. Bis 2006
lag der Preis fiir eine Tonne Fischmehl im Durchschnitt bei etwa 400 — 500 US-Dollar. Im
Jahr 2007 kam es zu einem ersten Preisanstieg, der erstmals die Marke von 1.000 US-Dollar
pro Tonne Fischmehl iiberschritt. Dieser Preisanstieg setzte sich fort und erreichte im Februar
2013 seinen Hohepunkt von 1.900 US-Dollar. Seitdem liegt der durchschnittliche Preis fiir
Fischmehl bei etwa 1.500 US-Dollar.%®

Fiir eine nachhaltige Aquakultur sind innovative Ansétze erforderlich, um Fischmehl und
Fischdl ganz oder teilweise zu substituieren.®” Viele Kombinationen von Zutaten wurden
bereits getestet, um den Mangel an essenziellen Nahrstoffen aus diesen Ressourcen
auszugleichen oder um einen zusétzlichen Mehrwert zu generieren. Dariiber hinaus ist der
Geschmack des Futters nicht zu vernachldssigen, denn auch Fische fressen nicht alles. Tabelle
3 zeigt eine Auswahl verschiedener Ansitze, darunter viele pflanzenbasierte Alternativen,
einschlieBlich Algen, sowie Reststoffe aus verschiedenen Industrien. In den letzten
Jahrzehnten wurde vermehrt auf verschiedene Mikroorganismen gesetzt, da diese
kosteneftizienter als Fische produziert werden kénnen und somit eine Moglichkeit zur
Reduzierung des Drucks auf die natiirlichen Besténde bieten.3*7%-1%

Das Problem geeignete Fischmehl- und Fischolsubstitute zu finden, besteht weiterhin. Die
Forschung hat bereits vielversprechende Ansétze gezeigt (Tabelle 3), jedoch hat sich bis heute
keines der Konzepte in der Aquakulturpraxis etabliert.*70-1%
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Tabelle 3 Auszug von bereits verwendeten Ersatzstoffen bzw. Zutaten bei der Fiitterung von

verschiedenen aquatischen Spezies

Art
Atlantischer Lachs
(Salmo salar)

Brasse

(Rhabdosargus sarba
und Sparus aurata)
Garnelen

(Litopenaeus vannamei
und Macrobrachium
rosenbergii)

Karpfen

(Cyprinus carpio)
Konigsbarsch
(Rachycentron canadum)
Muscheln

(Haliotis laevigata,
Mercenaria mercenaria
und Panopea generosa)
Regenbogenforelle
(Oncorhynchus mykiss)

Rote Goldbrasse
(Pagrus major)
Stachelmakrele

(Seriola quinqueradiata)
Steinbutt

(Psetta maxima)
Schnapper

(Lutjanus guttatus)
Tilapia

(Oreochromis spp.)

Wolfsbarsch
(Dicentrarchus labrax)

16

54,70-110

Ersatzstoff/Zutat

Leindottersl und -mehl, Erbsenproteinkonzentrat,
Schizochytrium sp., Tetraselmis chuii, Arthrospira
platensis, Chlorella vulgaris

Spirulina sp., Pflanzenproteinmischungen

Verschiedene Mikroorganismen (Haematococcus
pluvialis, Thalassiosira weissflogii, Nannochloropsis
sp, Spirulina platensis, Chlorella vulgaris and Azolla
pinnata), StiBlupinenmehl, Reisproteinkonzentrat,
Sojadl, Gefliigelfett und Leinsamendl

Spirulina platensis

Sojamehl, Hefeprotein

Dunaliella salina, Arthrospira maxima, Ulva lactuca,
Spyridia filamentosa, Schizochytrium sp., Spirulina
sp., Isochrysis galbana, Chaetoceros gracilis

Pflanzen und Pflanzenextrakte (Maca, Erbsen-,
Ackerbohnen- und Rapspflanzenprotein,
Sojaproteinkonzentrat, Mandeln, Pistazien),
Farbstoffe (Astaxanthin, Canthaxanthin, Annatto),
verschiedene Mikroorganismen (Phaffia rhodozyma,
Backerhefe, Spirulina platensis, Xanthophyllomyces
dendrorhous, Algen), Insektenmehl (Hermetia
illucens und Tenebrio molitor)

Leindottersl

Pflanzendl (Raps- und Palmél), Algenmehl
(Aurantiochytrium sp.)

Extrudierte Lupinen- und Rapssaatmehl,
Sojabohnen- und Leinsamenol
Sojamehl

Fischereinebenprodukte, Wasserpflanzen,
Nebenprodukte der Landtierindustrie, Olsaaten,
Getreide, Spirulina platensis, Schizochytrium sp.,
Nannochloropsis oculata

Pflanzenmehle und -6le, Mikroorganismenmehle,
Hefen

Referenz
70-72,110

73,74

75-81

82

83-85

86-88

89-100

101

102

103,104

105

106-108

54,109
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4.5.3. Mikroorganismen

Mikroorganismen (MO) haben aufgrund ihrer vielfiltigen Zusammensetzung ein grofBes
Potential, Fischmehl und Fischol in Fischfuttermitteln zu ersetzen. MO sind in der Regel
mikroskopisch kleine Einzeller, die sowohl Prokaryoten als auch Eukaryoten umfassen. Zu
den MO gehoren Algen, Bakterien (genauer Archaea- und Eubacteria), Pilze (einschlie8lich
Hefen und Schimmelpilze), Protozoen und Viren. MO verfiigen iiber verschiedenste
Eigenschaften: manche haben negative Effekte auf ihre Umgebung, indem sie Lebensmittel
verderben oder Gesundheitsgefahren durch Toxine verursachen; andere haben positive
Effekte, indem sie Nihrstoffe freisetzen bzw. umwandeln. Diese Wirkungen werden seit
Jahrtausenden zur Herstellung verschiedener Lebensmittel genutzt wie bei Bier, Essig, Kése,
Salami und Sauerkraut sowie in der Futtermittelherstellung fiir beispielsweise Silage. Die
Kultivierung von MO erfolgt durch die Optimierung der Verfahrenstechnik einfach und
effizient. Die so erhaltenen Inhaltsstoffe und Stoffwechselprodukte stehen daher seit langerem
im Fokus, potentielle Quellen fiir gesundheitsfordernde Substanzen fiir Mensch und Tier zu
sein 111112

Die EU reguliert die Verwendung von MO sowohl als Futtermittel gemafl VO (EG) Nr.
767/2009 (Inverkehrbringen und Verwendung von Futtermitteln) als auch als
Futtermittelzusatzstoffe gemah VO (EG) Nr. 1831/2003 in Verbindung mit Anhang 1.'!3!14
In der Positivliste der Einzelfuttermittel werden unter Punkt ,,08. Andere Pflanzen, deren
Erzeugnisse und Nebenerzeugnisse® Zutaten wie Seealgenmehl, Spirulina-Algen, Chlorella-
Algen, Schizochytrium limacinum-Algen und Tetraselmis-Algen aufgefiihrt. Dartiber hinaus
sind verschiedene andere MO unter Punkt ,,14. Proteinerzeugnisse aus Mikroorganismen™
aufgefiihrt, darunter E. Coli, Hefen und andere Pilze. Diese Produkte kénnen auch in
Mischfuttermitteln kombiniert werden, da Mischfuttermittel als .,[..] eine Mischung aus
mindestens zwel Einzelfuttermitteln, mit Futtermittelzusatzstoffen oder ohne Futtermittel-
zusatzstoffe [...]* definiert sind.!!* Dariiber hinaus sind im europiischen Futtermittelregister
(englisch: Feed Material Register, Tabelle 4) registrierte Futtermittelrohstoffe aufgefiihrt,
auch hier sind verschiedene MO gelistet.'!>

Die Verwendung von MO in der Aquakultur zielt darauf ab, positive Effekt auf die
aufgezogenen Organismen oder deren Umgebung zu erzielen. Seit vielen Jahrzehnten werden
Binnenfische mit PUFA-angereichertem Futter gefiittert, um einen zusétzlichen Mehrwert in
der Humanerndhrung zu bieten. Dariiber hinaus werden Mikroalgen verwendet, um die
Fleischfarbe der Fische zu modifizieren oder zu intensivieren.’®

Um Fischmehl und Fischol vollstindig durch MO zu ersetzen, ist es erforderlich, dass die
eingesetzten Organismen einen entsprechenden Anteil an Proteinen und Fetten haben. Die
Metabolisierung der wertgebenden Néahrstoffe wiederum ist abhéngig von der Produktions-
weise, der Prozessfithrung und den verwendeten Substraten.
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Tabelle 4 Ubersetzung aus dem Englischen - Auszug aus dem EU Futtermittelregister nach !'°
Stand 14. Mai 2024.

Zutatenbezeichnung Beschreibung

Chlorella Alge Getrocknete Chlorella pyrenoidosa (Griinalge) als
mikrofeines Pulver

Prozessierte Braunalgen Erzeugnis, das durch die Verarbeitung von Meeresalgen,
insbesondere der Braunalgenart Padina, gewonnen wird

Meeresalgenmehl Erzeugnis, das durch chemische Hydrolyse von Meeresalgen,

insbesondere Braunalge Ascophyllum nodosum und Rotalgen
gewonnen wird

Spirulysat Spirulysat; Bezeichnung fiir einen kalten Extrakt aus frischen
Spirulina-Mikroalgen (Arthrospira platensis), der reich an
Phycocyanin ist, dem blauen Fotopigment, das von den Algen
fiir ihren internen Prozess der Fotosynthese verwendet wird;
Kein Losungsmittel (auBBer Wasser)

Haematococcus pluvialis Aus Haematococcus pluvialis-Algen gewonnene Biomasse,

Zellen die als hochwertiges Futtermittel verwendet wird

Spirulina, getrocknet Getrocknete Alge; Mikroalge der Arten Spirulina maxima und
Spirulina platensis; Rohasche

AFA8000-Yarrowii Carotinoidhefen, wie Yarrowia Lipotica

Fermentierte Pflanzen Erzeugnis, das durch Fermentation von Alkohol-, Essigsdure

und Milchsduregirung aus einer ganzen getrockneten Pflanze
gewonnen wird, deren Produktion auf Saccharose vergérende
Hefen zuriickzufiihren ist

4.5.4. Cyanobakterien und Algen

Algen werden in der Regel aufgrund ihrer dufleren Merkmale, wie ihrer Gré8e (Mikro- oder
Makroalgen) und ihrer Farbe (Braun-, Rot- und Griinalgen), niher klassifiziert.!'® Mikroalgen
umfassen ein- und mehrzellige Organismen, die sich in Bezug auf ihre Morphologie (Grof3e,
Pigmentierung, Zellwandaufbau), ihren Stoffwechsel (aerobe, anaerob, photosynthetisch,
nicht-photosynthetisch), ihrem Lebensraum (StiBwasser, Salzwasser, Luft oder auch
Bodenalgen) und daraus resultierend ihrer allgemeinen Zusammensetzung erheblich
unterscheiden.!'” Aufgrund ihrer blau-griinen Erscheinung, ihrer Gréfe und Form werden
Cyanobakterien ebenfalls hiufig als Mikroalgen bezeichnet.!'® Mikroalgen sind potentielle
Rohstoffquellen fiir verschiedene bioaktive Substanzen sowie primédre und sekundére
Metabolite. Daher sind der Proteingehalt, der Fettgehalt, das Fettsdureprofil (hohe Gehalte an
Omega-3- und Omega-6-Fettsduren) oder auch Vitamine hier von besonderem Interesse fiir
verschiedene Branchen (Lebensmittel, Futtermittel, Kosmetik, Pharmazie und Chemie).
Derzeit werden nur wenige Arten kommerziell genutzt, dazu gehoren z.B. Botryococcus,
Chlorella, Dunaliella, Haematococcus und Spirulina.''®'?° Kommerziell erhltliche
Mikroalgen werden in getrockneter Form als Pulver oder Kapseln vermarktet.

Griinalgen sind Eukaryoten und gehoren zur Untergruppe Chlorophyta. Diese Algen zeichnen
sich durch Merkmale wie den Chloroplasten, Zellkerne und zellulosehaltige Zellwénde aus.
Diese Algen erscheinen griin, da sie durch die Kombination der enthaltenen Chlorophylle
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(Chlorophyll a und Chlorophyll b) in ihren Plastiden (Chloroplasten) griines Licht
reflektieren. Thre Morphologie ist mannigfaltig von kugelformig bis zu Stidbchen und sie treten
einzeln oder in Aggregationsverbdnden auf. Bekannte SiiBwasservertreter sind Chlorella
vulgaris und Scenedesmus sp.'?"'%

Eine weitere Gruppe sind die Rotalgen, die sich von den Griinalgen unter anderem durch ihre
Plastidpigmente unterscheiden. Die Plastiden der Rotalgen, auch Rhodoplasten genannt,
verleihen ihnen ihre rote Farbung. Dartiber hinaus enthalten sie Chlorophyll a, Carotinoide
und Phycobiline und nutzen diese zur Photosynthese.!?3

Crypthecodinium cohnii (C. cohnii) sind marine heterotrophe Eukaryoten und gehéren zu den
Dinoflagellaten, welche den symbiontischen Rotalgen zugeordnet werden.!?*!2> Der Fett-
anteil von C. cohnii betrdgt mehr als ein Fiinftel ihrer Trockenmasse, wobei sie grofle Mengen
an Docosahexaensiure (DHA) produzieren, bis zu 30-50% des Gesamtfettgehalts.!2*!26
C. cohnii ist nicht auf Photosynthese angewiesen, so konnte in den letzten Jahrzehnten die
Zelldichte im Labormafstab durch die Verwendung von Bioreaktoren und verschiedene
Kohlenstoffquellen auf bis zu 100 g/L gesteigert werden. 26127

Cyanobakterien haben eine blau-griine Erscheinung, aufgrund dieser sie frither
falschlicherweise als ,,Blaualgen® bezeichnet wurden. Sie sind photosynthetische
Prokaryoten, die neben Chlorophyll a auch Phycocyanin als akzessorisches Pigment
verwenden. Die Morphologie von Cyanobakterien ist ebenfalls vielfiltig, von einzelnen
Zellen bis zu Aggregationen, die sich faden-, kugel- oder stabchenformig anordnen. Sie
unterscheiden sich von Griinalgen durch ihre Zellmembran, die aus vier Schichten besteht,
deren Hauptbestandteil u.a. Peptidoglucane sind und keine zellulosehaltigen Zellwinde
besitzen. 28130

Die bekanntesten Vertreter der Cyanobakterien sind die Gattungen Spirulina sp. und
Arthrospira sp., die oft falschlicherweise synonym verwendet werden. Sie unterscheiden sich
in Merkmalen wie der Struktur ihrer interzelluldren Septen, der Verteilung von Poren in den
Zellwianden und der Auspragung ihrer Helixwindungen. In jiingerer Zeit wurde festgestellt,
dass Spirulina platensis und Spirulina maxima genetisch eher zur Gattung Arthrospira zu
zuordnen sind.'?13!

In dieser Arbeit wird daher folgend der Begriftf ,,Arthrospira sp.* verwendet. Arthrospira sp.
enthélt etwa 58 bis 73% Proteine und 6 bis 8% Fett in der Trockenmasse. Dariiber hinaus sind
sie reich an Pigmenten, Vitaminen, PUFA und Antioxidantien 30-4.93-97.128.131-134

4.5.5. Fetthefen

Hefen sind ubiquitdre eukaryontische Organismen, die zur Gruppe der Pilze gehoren. Diese
lassen sich in die Abteilungen Ascomyceta und Basidomyceta teilen. Viele Hefen sind
fakultativ anaerob und nutzen vielfiltige Kohlenstoffquellen, was zu einer Vielzahl an
Stoffwechselprodukten fiihrt.'*> Diese Eigenschaften haben in verschiedenen Industrie-
zweigen, darunter Lebensmittel, Futtermittel, Pharmazie und Chemie, Anwendung gefunden.
Beispiele hierfiir sind die Produktion von Bio-Alkoholen und alkoholische Getridnke durch
Saccharomyces cerevisiae, die Herstellung von Weichkése oder Salami durch Penicillium
camemberti oder die Produktion von Antibiotika durch Penicillium notatum. Hetfen sind auch
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wichtige Quelle fiir Proteine, Fette (inkl. PUFA), Vitamine oder Polysaccharide wie
B-Glucane, die bereits in Futtermischungen verwendet werden (Tabelle 4).

Sogenannte ,,Fetthefen™ wie Yarrowia lipolytica, Rhodotorula glutinis, Rhodosporidium
toruloides, und Lipomyces lipofer bilden auBlergewohnlich hohe Lipidgehalte (> 20%
Trockenmasse). Studien haben gezeigt, dass Yarrowia lipolytica sogar Gehalte bis zu 80%
ihrer Trockenmasse produzieren kann.'*%!37 Diese Hefen eigenen sich daher zur Einbringung
von den genannten Ndihrstoffen in Futtermittel und somit zur Verbesserung der
Fischgesundheit.'3%!% SiiBwasserfische kénnen anschlieBend die Linolenséure der Hefen in
PUFA umwandeln.’>!3140 Rhodotorula glutinis (R. glutinis), als eben solch eine Fetthefe,
gehort zur Ordnung der Sporidiobolales, zur Klasse der Microbotryomyceten und zum Stamm
der Basidomyceta. R. glutinis wurden bereits aus Ozeanen, Gewdéssern, Boden, Gras, Luft,
menschlicher Haut und Fikalien isoliert."*%!*! Die Zellen dieser Hefe sind kugelférmig bis
linglich geformt und erscheinen aufgrund ihrer Carotinoid-Gehalte rot bis gelblich.!40-142
R. glutinis ist bekannt flir seine hohen Gehalte an B-Carotin, Lipiden, Proteinen und
Vitaminen.!*!* Diese Spezies kann Lipidgehalte von iiber 60% ihrer Trockenmasse
produzieren, wobei die vorherrschenden Fettsiuren Palmitinsiure (10-30%), Olsdure
(> 60%), Linolsdure (5-25%) und Linolensdure (6-8%) sind.!**!%> Diese Eigenschaften
machen R. glutinis zu einer vielversprechenden Zutat, als Substitut fiir Fischmehl und -61.

4.6. Instrumentelle Analytik und Statistische Datenanalyse

Die allgemeinen Grundlagen der in dieser Arbeit verwendeten Methoden zur Identifizierung
und Quantifizierung entsprechen den gingigen Analyseverfahren zur Aufkldrung von
Naturstoffen. Lesern mit Interesse an der Lebensmittelanalytik, Chromatographie,
Massenspektrometrie und photometrischen Methoden wird empfohlen, sich beispielsweise
die Biicher ,,.Lebensmittelanalytik® oder ,,Instrumentelle Analytik und Bioanalytik: Biosub-
stanzen, Trennmethoden, Strukturanalysen, Applikationen“ zu konsultieren.!>!4¢147 Die
verwendeten Analysemethoden kénnen den Publikationen aus Kapitel 6 entnommen werden.
Autbau und Funktionen der jeweiligen Gerite werden daher nicht genauer erldutert. Diese
Informationen koénnen ebenfalls der jeweiligen Publikation (Kapitel 6) und in einschlédgig
bekannter Literatur nachgeschlagen werden. Zur Beurteilung der Parameter beziiglich der
Qualitét der Fische wihrend der Fischhaltung wird z.B. ,,Das Lehrbuch der Teichwirtschaft™
empfohlen.'”
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5. Problemstellung und Zielsetzung der Arbeit

Die Verwendung von Fischmehl und Fischol stellt die Aquakultur vor 6kologische und
6konomische Herausforderungen. Die steigenden Kosten fiir diese Zutaten in den letzten
20 Jahren und ihre nicht-nachhaltige Gewinnung erfordern die Entwicklung einer innovativen
Losung. Bisherige Versuche, Pflanzen und Mikroorganismen (z.B. Zooplankton, Pilze und
Bakterien) als Ersatz zu verwenden, fiihrten zumeist zu unzureichender Nahrstoffversorgung
und minderer Qualitdt der erzeugten Fische. Dieses Problem erfordert eine umfassende
Untersuchung, um eine nachhaltige Alternative zu entwickeln, die nicht nur die Kosten senkt,
sondern auch eine hochwertige Erndhrung fiir die Fische und nachfolgend auch fiir die
Menschen gewihrleistet. 4814

Das Ziel der vorliegenden Arbeit bestand in der Untersuchung der Frage, ob eine
Teilsubstitution (50%) von Fischmehl und Fischdl in Futtermitteln durch eine Mischung
verschiedener Mikroorganismenbiomassen zu Fischen bzw. Fischfilets gleichwertiger
Qualitdt fiihrt, wie es durch konventionelle Fischfuttermittel i.d.R. der Fall ist. Die
Nahrstoffzusammensetzung des Fischfuttermittels sollte sich hierbei an die Mastphase bei der
Haltung von Zander und Regenbogenforellen richten.
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Abbildung 3 Beschreibung der Futtermittelentwicklung.

Die Entwicklung dieses Futtermittels sollte {iber einen mehrstufigen Prozess erfolgen
(Abbildung 3). Konkret sollten folgende Aspekte betrachtet werden:

1. Rohstoffscreening
Zunidchst wurden die Rohstoffe charakterisiert und MO ausgewihlt, um die Protein-
und Lipidliicke auszugleichen, die durch die Reduktion entstanden sind. Hierfiir
sollten die Grundzusammensetzung und die antioxidative Aktivitdt der
Mikroorganismen untersucht werden.
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2. Fiitterungsstudie Kleinmafstab

Um sicherzustellen, dass die Verwendung der Futtermittelmischungen hochwertige
und gesunde Fische hervorbringt, sollten zundchst umfangreiche Studien im
Kleinmafistab an Regenbogenforellen und Zandern durchgefiihrt werden. Hierfiir
sollten vier Mischungsverhéltnisse der MO im Futter {iber etwa 60 Tage an ca. 150
Individuen pro Spezies getestet und mit zwei weiteren Futtermitteln (Standard- und
Kontrollfutter) verglichen werden. Diese Vergleichsfuttermittel sollen sowohl
Aussagen tiiber den Einfluss der Mikroorganismen als auch die gewihlte
Futtermittelrezeptur erméglichen. Zunéchst sollte untersucht werden, ob beide Spezies
die Futtermittel annehmen. Darauf aufbauend sollten der Einfluss des
Mischungsverhéltnisses der Mikroorganismen auf die Wachstumsleistung und die
Qualitdtsparameter der Fische vergleichend untersucht werden. Zu diesen Parametern
gehorten u.a. Gewichts- und Groflenzunahme, Futterquotient, Lebergewicht und -
farbe genauso wie der Protein- oder Fettgehalt. Fiir die Entwicklung eines
erfolgreichen Futtermittels sollte zusidtzlich die antioxidative Aktivitdt und das
Fettsdureprofil untersucht werden. Am Ende des Studienzeitraums sollte zusitzlich die
Filetfarbe bewertet werden.

. Rezepturiiberarbeitung

Die gewonnenen Erkenntnisse der Studie im KleinmaRstab bildeten die Grundlage zur
Entwicklung der finalen Futtermittelrezeptur. Die Herstellung des Futtermittels
erfolgte mittels Extrusion, einem Prozess, bei dem verschiedene Kréfte (besonders
Temperatur und Druck) auf die Rohstoffmischung wirken, um Pellets zu formen.
Diese Krifte haben einen betréchtlichen Einfluss auf die Inhaltstoffe des Futtermittels
wie den Vitaminen oder Antioxidantien. Daher sollte auch untersucht werden, ob es
Verdnderungen in der antioxidativen Aktivitdt auf dem Weg vom Rohstoff zum
fertigen Pellet gibt.

. Fiitterungsstudie Pilotmaf3stab

In der Pilotstudie wurden ebenfalls Regenbogenforellen und Zander untersucht, wobei
der Untersuchungszeitraum etwa vier Monate betrug und ca. 400 Individuen pro
Spezies untersucht wurden. Diese Individuen wurden in jeweils zwei Becken pro
Futtergruppe (Standard-, Kontroll- oder Testfutter) aufgeteilt. In dieser Studie wurden
ebenfalls die gleichen Wachstums- und Qualitdtsparameter wie in der Studie im
Kleinmafistab untersucht. Neben der optischen Bewertung sollte dariiber hinaus ein
Sensorikpanel die Fischfilets bewerten und vergleichend einordnen. Dies sollte der
Priifung dienen, ob sensorische Auftilligkeiten durch das neue Futtermittel auftreten
und mogliche Verbraucher vom spéteren Kauf abhalten konnten.
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6. Kumulativer Teil der Dissertation

Im Folgenden werden die Ergebnisse der vorliegenden Dissertation in Form von
wissenschaftlichen Originalpublikationen dargelegt. Diese wurden in den Fachzeitschriften
European Food Research and Technology, Aquaculture und Foods in den Jahren 2018 bis
2021 publiziert.!3%-152

Die jeweiligen Mitwirkenden sind in den Autorenangaben aufgefiihrt, ebenso wie die
Zusammenarbeit mit anderen Instituten.

Die Veroffentlichungen umfassen die Etappen zur Entwicklung eines geeigneten
Fischfuttermittels mit einem teilsubstituierten Fischmehl- und Fischolanteil, welcher durch
eine Mischung verschiedener Mikroorganismenbiomassen ersetzt wurde. Der erlduterte
Prozess (Abbildung 3) begann mit der Auswahl der ersten Testfutter und wurde weitergefiihrt
in ihrer Verwendung in einer kleinen Fiitterungsstudie iiber ca. 60 Tage an
Regenbogenforellen (Oncorhynchus mykiss) und Zander (Sander lucioperca) (Publikation I).
Aus den Erkenntnissen der Wachstumsleistung wurde die Zusammensetzung des finalen
Futters abgeleitet. Weiterhin wurde die Verdnderung der antioxidativen Aktivitdt der
einzelnen Rohstoffe iiber verschiedene Verarbeitungsschritte bis ins fertige Futter untersucht
(Publikation II). Dieses Futtermittel fand anschlieBend Verwendung in einer viermonatigen
Pilotstudie mit einer Anzahl von ca. 400 Testindividuen. Nachfolgend wurden die
Wachstumsleistungen der Regenbogenforellen (Publikation II) und Zander (Publikation III)
mit verschiedenen Qualitdtsmerkmalen der Fischfilets korreliert. AbschlieBend wurden die
Ergebnisse der sensorischen Beurteilung der Fischfilets beider Spezies dargestellt und im
Verbraucherkontext eingeordnet (Publikation III).
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6.1. Partial fishmeal and oil substitution with a microorganism mix as an
innovative diet for rainbow trout (Oncorhynchus mykiss) and pike-
perch (Sander lucioperca) (Publikation I)

Partial fishmeal and oil substitution with a microorganism mix as an innovative diet for
rainbow trout (Oncorhynchus mykiss) and pike-perch (Sander lucioperca)

Michaela Schafberg, Karin Loest, Ute Meister, Elke Kurth, Andreas Miiller-Belecke, Sascha Rohn

European Food Research and Technology 2018, 244, 127-143
Impact Factor: 2.06 (2018)
DOI: 10.3390/foods10081799

Synopse

Die Verwendung von Fischmehl und Fischol in Fischfutter wird aufgrund folgender Aspekte
als nicht nachhaltig angesehen. Fischmehl und -61 werden oft aus Wildféingen oder Beifang
hergestellt. Da groBe Mengen fiir die Aquakultur benétigt werden, ist bereits ein eigener
Industriezweig entstanden. Die intensive Fischerei nutzt fiir die Herstellung von Fischmehl
und Fischol unter anderem kleine, oOlreiche Arten. Dieses Abfischen hat negative
Auswirkungen auf die Okosysteme und die Artenvielfalt. Fischmehl und Fischél sind wichtige
Quellen fiir (essenzielle) Aminosduren und Fettsduren, die fiir das Wachstum und die
Gesundheit der Fische unverzichtbar sind. Die Mengen, die zur ausschlieBlichen Fiitterung
mit Fischmehl und Fischol in der Aquakultur benétigt werden, kénnen nicht durch die
Fischerei abgedeckt werden. Die Verwendung von Fischmehl und Fischdl in Fischfutter fiihrt
daher zu einem =zusétzlichen Rohstoffwettbewerb zwischen Futtermittelindustrie und
menschlicher Erndhrung. In Anbetracht dieser Herausforderungen widmen sich bereits seit
Jahrzehnten zahlreiche Studien mit der Erforschung von nachhaltigen Alternativen, wie
beispielsweise pflanzliche Proteine und Ol oder auch Algen.

Gegenstand der vorliegenden Publikation ist eine Studie zur teilweisen Substitution von
Fischmehl und Fischol durch eine Mischung aus Mikroorganismenbiomassen. Diese Studie
untersucht die Auswirkungen von vier Testfuttern mit unterschiedlichen Verhéltnissen der
Mikroorganismen zueinander auf die Wachstumsparameter und die Nahrstoffzusammen-
setzung von Regenbogenforellen und Zandern. Das Ziel war das optimale Mischungs-
verhiltnis von Arthrospira sp., Rhodotorula glutinis, Crypthecodinium cohnii im Fischfutter
zu ermitteln, um die Halfte des Fischmehl- und Fischolanteils zu ersetzen. Zu diesem Zweck
wurden diese vier Testfutter mit einem konventionellen Standardfutter und einer weiteren
Kontrolle verglichen. Hierfiir wurden verschiedene Kriterien wie Wachstums- und
Schlachtkorperparameter, aber auch chemisch-analytische Parameter wie antioxidative
Aktivitidt oder Carotinoidgehalt festgelegt. Mit Hilfe dieser Kleinstudie konnten Aussagen
tiber das mogliche optimale Mischungsverhéltnis, {iber die Futterakzeptanz der Fische und
Qualitdtsunterschiede der Fischfilets gemacht werden.

Die Arbeiten dieser Publikation wurden in Kooperation mit verschiedenen Einrichtungen
durchgefiihrt: Das Institut fiir Getreideverarbeitung GmbH (IGV) kultivierte die
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Cyanobakterien ,Arthrospira sp.“. Am Institut fiir Angewandte und Molekulare
Mikrobiologie der Technischen Universitit Berlin wurde die Fetthefe ,,Rhodotorula glutinis
kultiviert. Das Institut fiir Bioverfahrenstechnik der Technischen Universitit Berlin kultivierte
die Rotalge ,,Crypthecodinium cohnii*. Die Testfutter und ein Vergleichsfutter wurden am
IGV hergestellt. Die Fiitterungsstudien sowie die Aufnahme der Wachstums- und
Schlachtkorperparameter wurden am Institut fiir Binnenfischerei Potsdam-Sacrow (IfB)
durchgefiihrt.

Die Analytik und die statistische Auswertung wurden an der Universitdt Hamburg am Institut
fiir Lebensmittelchemie in Hamburg durchgefiihrt. Der eigene Anteil an dieser
Veroffentlichung wird mit 40% angegeben.

This article was originally published in European Food Research and Technology, 244, 127-
143 by Schafberg, M., Loest, K., Meister, U., Kurth, E., Miiller-Belecke, A. & Rohn, S.,
Partial fishmeal and oil substitution with a microorganism mix as an innovative diet for
rainbow trout (Oncorhynchus mykiss) and pike-perch (Sander lucioperca), 2018, Copyright
Springer Nature (2017), https://link.springer.com/article/10.1007/s00217-017-2939-6
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Abstract Fishmeal and oil are regarded as byproducts
resulting from fish processing. However, the procedures
are hypothesized to be an ecological harm for maintaining
the balance of the aquatic ecosystems. This study aimed at
characterizing an innovative algae—yeast mix for a partial
substitution of fishmeal and oil in fish feed. The microor-
ganism mix consisted of the cyanobacterium Arthrospira
sp., the microalgae Crypthecodinium cohnii, and the yeast
Rhodotorula glutinis to create a balanced nutritional com-
position with an enrichment of bioactive compounds for
inducing positive health effects in selected fish species.
Such a modification can also be interpreted in terms of a
positive (human) nutritional effect. From an ecological
point of view, all these microorganisms can be cultivated
without minimum effort. In fish feeding trials, pike-perch
(Sander lucioperca) and rainbow trout (Oncorhynchus
mykiss) were taken for evaluating the feed acceptance, fish
health, and fish filet quality. The study revealed a success-
ful feed development, which resulted in healthy organisms
depending on the species and compared to conventionally
fed organisms.
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Introduction

Seafood, especially fish, is one of the most important
sources for polyunsaturated fatty acids (PUFA) for achiev-
ing the daily recommendation for human nutrition. Aqua-
culture is a promising starting point for the enrichment of
a nutritional added value in edible fish for ensuring this
accomplishment. The content of PUFA in inner land aqua-
culture fish originates from the composition of the fish
feed, with a typical content of fishmeal and oil up to 50%
of the ingredients. However, fishmeal and oil are globally
traded, but very limited resources. Both raw materials are
generally produced from wild-caught, pelagic or demersal
fish, or bycatch [1, 2].

The application of fishmeal and oil for fish feed is highly
criticized by European consumers. The production of fish-
meal and oil in Europe is forbidden and in general ques-
tionable because of non-sustainable reasons. The ecosys-
tem suffers from overfishing and eradication. The import
of fishmeal and oil from Latin America is legal, but sup-
ports the local exploitation. The overfishing problem is just
shifted regionally, but not solved.

The increasing demand for fishmeal and the limited
amount of resources points out that it is important for a
sustainable aquaculture that innovative ideas have to be
developed. However, many combinations of ingredients
have already been tested to balance the lack of indispen-
sable nutrients. In some studies, fishmeal and/or oil have
been completely or partly substituted. For example, Lund
et al. [3] replaced fishmeal with organic plant proteins for
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trout, and @verland et al. [4] substituted fishmeal with
pea protein concentrate or soy meal in feeds for Atlantic
salmon (Salmo salar). The fishmeal substituted diet, which
was reduced by 17-23%, had no negative effects on the
health (growth performance, digestibility, or carcass) of the
fishes. Radhakrishnan et al. [5] substituted fishmeal in the
diets of Macrobrachium rosenbergii postlarvae with differ-
ent amounts of Spirulina platensis, Chlorella vulgaris, or
Azolla pinnata. These formulated diets led to an enhanced
vitamin C and E concentrations in the hepatopancreas and
muscle tissue [5].

When considering the partial substitution of fishmeal for
breeding rainbow trout, the use of one component such as
nut meal (almond and pistachio), Spirulina meal, extracted
algae, or mussels led to a good growth performance and
fish health [6]. Teimouri et al. [7] also showed that the addi-
tion of Spirulina platensis (2.5-10%) revealed correlations
between the blood carotenoid concentration and the weight
gain, final weight, and the specific growth rate (SGR). The
correlation between the blood carotenoid concentration and
the feed conversion ratio (FCR) showed negative effects.
The high blood carotenoid concentration levels led to high
carotenoid concentrations in the filet as well.

Another study demonstrated that supplementing with
2.5-10% Spirulina platensis and 50 mg Astaxanthin kg™
effected the skin and filet pigmentation. The higher the
concentration of S. platentis, the more redness and yellow-
ness were detected. The addition of 7.5% S. platensis was
recommended as the concentration at which no adverse
effects on fish growth occurred and which acted well as an
alternative natural carotenoid source for a desired pigmen-
tation [8].

As further promising ingredients, yeasts have also been
already considered in the past. Grain distillers dried yeast
as protein replacement for fishmeal in rainbow trout feeds
was studied as well [9]. The control feed contained 42%
protein and 20% fat. Those parts were substituted with con-
centrations from 25 to 100% grain distillers dried yeast.
25-37.5% grain distillers dried yeast diets led to no sig-
nificant differences in fish compared to the control. Higher
substitutions showed generally lower health and production
performances [9].

The use of proteins, e.g., deriving from yeasts or plants
such as soybean meal, soybean isolate, hemp seed meal for
cobia (Rachycentron canadum) or organic pea, horsebean,
and rapeseed plant protein concentrates for rainbow trout
for fishmeal replacement was examined as well [3, 10, 11].
Lunger et al. [11] showed that substitutions over 50% had
negative effects of the fish health performance (muscle
ratio, visceral somatic index, and hepatosomatic index). In
general, the negative effects result from a lack in nutrients.
Lund et al. [3] explain that the addition of amino acids for
organic rainbow trout is not allowed, and therefore, a fully
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balanced nutrition could not be reached in this case. The
red yeast (Phaffia rhodozyma) diet reduced the oxidative
stress in rainbow trout and was a good source for the accu-
mulation of pigments in the filet [12]. Nakano et al. [12]
suggested that the antioxidant activity resulted from the
high astaxanthin concentration.

Consequently, it seems to be necessary to develop a feed
that combines several natural raw materials with their spe-
cific advantages. Mixtures are important to accomplish full
nutritive potential of fishmeal and oil, because the replace-
ment by single components was not sufficient [4-6, 9—12].
However, a feed consisting of other ingredients than fish-
meal or oil can create off-flavors, consequently leading to
consumer’s rejection.

The aim of the present study was the characterization of
an innovative mix of microorganisms to compensate any
nutritional limitations that might occur when using only a
single component. Based on a typical fish feed recipe, fish-
meal and oil were replaced to 50% by a mixture of three
microorganisms for a better nutrient composition.

The great variety of yeasts offers a multitude of spe-
cific compounds that can be used in feed mixes. Especially,
yeast species that overexpress lipids can be used to enhance
the amount of PUFA in the feed and consequently in the
animals. These organisms have a high lipid content (up to
80% w/w) and a high protein content [14, 15]. Freshwa-
ter fish can transform the linolenic acid of the yeasts into
PUFA [13]. High contents of g-glucans, several B vita-
mins, and antioxidants, typically present in yeast strains
might also lead to a better fish health [14, 15]. In preceding
tests with different yeasts (e.g., Yarrowia lipolytica, Rhodo-
torula glutinis, Rhodosporidium toruloides, Cryptococcus
curvatus, Trichosporon pullulan, and Lipomyces lipofer),
only R. glutinis provided the required characteristics for the
feed mixes [16]. To balance the lack of lipids (because of
the reduction of the fish oil), they were used as the main
lipid source. The cyanobacterium Crypthecodinium coh-
nii was used to enrich the PUFA content in the feed (and
correspondingly in the fish). It came to use because of its
potential to produce high amounts of docosahexaenoic
acid (DHA) [17-20]. As new protein source, cyanobacte-
ria and microalgae have been considered because of their
high contents of protein, amino acids, biological value, and
fatty acid profile with a good w3- to w6-fatty acid ratio,
and antioxidants [5-8, 21-23]. Besides the desired char-
acteristics, microalgae are rich in bioactive, antioxidant
components which can support feed stability [24-26]. By
varying the composition of Arthrospira sp., R. glutinis,
and C. cohnii, different innovative feed mixes were pro-
duced and tested in two fish feeding trials. Feed mixes were
tested in pike-perch (Sander lucioperca) and rainbow trout
(Oncorhynchus mykiss) under mast farming conditions
and compared with a commercially available feed. Feed
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and fish quality were characterized and evaluated in terms
of different parameters such as nutritional composition,
growth parameters, and from a consumer-oriented per-
spective (human nutritional quality). Furthermore, the fish
filet color was determined to estimate the future consumer
acceptance.

Materials and methods
Raw materials and feed processing
Raw materials

Arthrospira sp. were produced and harvested by the Institut
fiir Getreideverarbeitung GmbH (IGV), Nuthetal, Germany.
Arhrospira sp. was cultivated photoautotrophic in a 1500 L.
tubular photobioreactor PBR 2000 from IGV. The cyano-
bacteria were harvested in a modified Zarrouk’s medium
under outdoor conditions, i.e., under natural sunlight
(with day and night changes), with a pH-value of 9.5, and
at a temperature over 25 °C. The system was additionally
heated and/or artificial illuminated to balance the seasonal
temperature fluctuations and overnight respiration losses.
R. glutinis was purchased from the Department of Applied
and Molecular Microbiology of the Technical University of
Berlin, Germany. The lipid yeast was fermented in a biore-
actor with sucrose as main substrate, carbon excess, nitro-
gen limitation, and continuous stirring. Under these condi-
tions, the lipid accumulation was maximized to >35% dry
weight. C. cohnii was from the Department Bioprocess
Engineering of the Technical University of Berlin. The cul-
ture (CCMP 316) was obtained from the Provasoli-Guillard
National Center of Marine Phytoplankton, Maine, USA.

C. cohnii was cultivated heterotrophic in a 200 L single-
use bioreactor Cell-tainer (CELLution Biotech BV. Win-
terswijk Brinkheurne, The Netherlands) [20].

The resulting feed mixes M1—4 varied in their amount of
Arthrospira sp., R. glutinis, and C. cohnii in the extruded
pellets (Table 1). Therefore, the microbial biomasses were
dried to simplify the handling for the manufacturing of
each pellet premix.

Feed processing

Each raw material was ground to a fine powder, mixed, and
extruded. The requirements for the pellets were a particle
size of 3-5 mm, slowly sinking velocity in the fish tank
(sink speed of 12-20 s/m water column), high water stabil-
ity, and a bulk weight <0.5 t/m?.

The extrusion was performed on a single screw lab
extruder 20DN from Brabender GmbH & Co. KG (Duis-
burg, Germany) linked to a universal machine UMCS5 from
Stephan Machinery GmbH (Hameln, Germany). After the
drying process at 35-40 °C for 16-18 h, the extrudates
were coated with fish oil in a drum mixer. The pellets were
stored in light and air shielded plastic bags at room tem-
perature until the feeding study.

Fish feed

Two controls (I and C) and four different feed mixes (M1-
4) were tested. The standard (I) was an industrial feed:
ALLER METABOLICA (4.5 mm; Prod. No. 41400342)
was purchased from Aller Aqua GmbH, Golssen, Germany.
Control I served as a comparison to show the normal fish
performance of a commercially available feed. The con-
trol diet (C) and the four test diet mixes (M1-4) based on

Table 1 Fish feed compositions

calculated for 1 kg final feed Diet Control 1 Mix 1 Mix 2 Control 2 Mix 3 Mix 4

pellets (kg) Ingredient
Fish meal 70 0.375 0.189 0.189 0.375 0.189 0.189
Arthrospira sp. (DW) - 0.129 0.129 - 0.194 0.097
Rhodotorula glutinis (DW) - 0.065 0.097 — 0.032 0.097
Crypthecodinium cohnii (DW) - 0.065 0.032 - 0.032 0.065
Wheat 0.140 0.140 0.140 0.140 0.140 0.140
HP-shredded soy extract 0.120 0.120 0.120 0.120 0.120 0.120
Pea protein 0.100 0.100 0.100 0.100 0.100 0.100
Hemoglobin powder 0.050 0.050 0.05 0.050 0.050 0.050
Feather meal hydrolys. 0.050 0.050 0.05 0.050 0.050 0.050
Monoca-Phosphat (Catk) 0.020 0.020 0.020 0.020 0.020 0.020
Aqua-Mix/F 0.5 0.004 0.004 0.004 0.004 0.004 0.004
Cholinchlorid 60% 0.020 0.020 0.020 0.020 0.020 0.020
Fish oil 0.136 0.068 0.068 0.136 0.068 0.068
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a well-established recipe of vitafeed Spezialfuttermittel-
werk Beeskow GmbH (Beeskow, Germany), C consisted of
37.5% fishmeal and 13.6% fish oil. For M1-4, 50% fish-
meal and oil were reduced to a half and substituted with
different amounts of Arthrospira sp., R. glutinis, and C.
cohnii (Table 1). Control C had the function to show that
this basic recipe led to normal fish performances. In addi-
tion, it should ensure that only the effects of the substitu-
tion can be evaluated (compared to M1—4). The final pellets
had a size of 4 mm and were slowly sinking. Every feed
was produced in cooperation with IGV GmbH and vitafeed
Spezialfuttermittelwerk Beeskow GmbH (Sfw), Beeskow,
Germany.

Fish feeding trials
Experimental setup

Feed mixes were tested with rainbow trout (Oncorhynchus
mykiss) and pike-perch (Sander lucioperca) under labora-
tory conditions. The fish feeding experiment was split into
two feeding trials (Table 2) with four different diets per
trial. In the first feeding run, both fish species were fed
for 57 days. In the second feeding run, the rainbow trout
was fed for 50 days and the pike-perch for 63 days. Tri-
als were performed at the Institute of Inland Fisheries in
Potsdam-Sacrow (IfB) from December 2013—-August 2014.
With regard to stocking density, oxygen provision, and
rearing water, parameters were controlled and adjusted to
levels in accordance with the demands of the reared spe-
cies. All feed ingredients used were of food or feed grade,
wherefore no special requirements were needed. The fish
harvesting is based on the codes of good practice for food
producing fish.

The rainbow trouts were approx. 11 months and were
obtained by a culture from Saxony-Anhalt (Germany).
Pike-perch fingerlings were descended from the IfB’s own

Table 2 Experiment design of the feeding study

Diet feed Feeding batch name
S. lucioperca O. mykiss
First feeding run
Control 1 PP-C1 RT-C1
Mix 1 PP-M1 RT-M1
Mix 2 PP-M2 RT-M2
Industry 1 PP-11 RT-I1
Second feeding run
Control 2 PP-C2 RT-C2
Mix 3 PP-M3 RT-M3
Mix 4 PP-M4 RT-M4
Industry 2 PP-12 RT-12
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cultures. The fingerlings were approx. 6 months and were
dry feed adapted.

13 fishes (90 g = 8% for both rainbow trout feeding
runs, 145 g & 15% for the first pike-perch feeding run and
108 g + 8% for the second feeding run) were initially put
into three 150 L glass aquaria integrated in recirculation
aquaculture systems and acclimated for 2 weeks before the
populations were automatically fed every 4 h for the whole
trial period.

The water temperature was maintained at 16 °C for rain-
bow trout and 22 °C for pike-perch. Lighting was reduced
to 12 h/day to avoid stress.

The typical marketing weight of rainbow trout and pike-
perch is approx. 1 kg after 12 months of farming. As this
feeding study was only 1.5-2 months, the final weight for
the market was not focused.

Fish samples

At the beginning (day 0), on day 28, and at the end of
the trial, the fishes of cach tank were weighed and their
length was noted. Finally, fish were removed from the
tanks, anaesthetized and killed in accordance with the
German Animal Welfare Act. Organs were removed and
the fish were filleted. Livers and intestinal fat were col-
lected for further analysis. All samples were collected in
plastic bags and stored at —20 °C until analysis.

Fish health parameters and indices

The following parameters were calculated for all diets:
specific growth rate was calculated according to Busacker
[27]. The feed conversion ratio (FCR) describes the
amount of feed (in kg) needed to produce 1 kg fish. Feed-
ing intensity is defined as the weight of the applied feed
without any feed remains as the percentage of the actual
fish biomass. Fulton [28] described the so-called condi-
tion factor (k-factor) as the ratio between the weight and
length to the cube and multiplied with 100. The hepato-
somatic index (HSI) indicates the ratio of liver weight to
fish mass, whereas the intestinal fat somatic index (IFSI) is
the ratio of intestinal fat weight to fish mass. The color of
the liver and the filets was characterized by the CIE 1931
color space, originally described by [29-31]. This study
describes a color difference (dE) as the distance to the
value of the tissue if the fishes fed with I1 and I2. If the
dE value is more than 1, it is defined as a visible change in
color.

Chemical-analytical methods

For the analysis of the metabolic compounds, fish filets
from each aquarium were pooled and analyzed.
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Chemicals

2,2'-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), disodium hydrogen phos-
phate, Supelco® 37 Component FAME Mix, Fremy’s salt
(Potassium nitrosodisulfonate), gallic acid, lysozyme
(70,000 U mg~"), menhaden fish oil, methanol, monobasic
potassium phosphate, potassium persulfate, sodium sul-
fate, and Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-
2-carboxylic acid) were purchased from Sigma-Aldrich
Chemie GmbH (Taufkirchen, Germany). Acetyl chloride,
Folin—Ciocalteu’s reagent (FC-reagent), and n-heptane
were obtained from Merck KGaA (Darmstadt, Germany).
Ethanol and trichloroacetic acid were provided from Carl
Roth GmbH + Co. KG (Karlsruhe, Germany) and sodium
carbonate was purchased from Griissing GmbH (Filsum,
Germany). Acetone, Hydrochloric Acid (37%), and pet-
rol ether (boiling range 40-60 °C) were purchased from
Chemsolute, TH Geyer GmbH & Co. KG (Renningen, Ger-
many). All chemicals used in the experiments were of ana-
lytical grade and all aqueous solutions were prepared with
ultrapure deionized water.

Determination of fat content and the fatty acid profile

The fat content and the fatty acid profiles were analyzed by
a set of methods according to methods of § 64 of the Ger-
man Food and Feed Code (LFGB) [32]. The fat content of
the feed mixes and the fish filets was analyzed according to
§ 64 method LFGB L17.00-4. The results were expressed
as g fat 100 g~! biomass.

Determination of the fatty acid profile The fatty acid pro-
file of the feed mixes and the fish filets was determined as
fatty acid methyl esters (FAME) according to the methods
of the German Society for Fat Science e.V. (DFG) in DGF
C VI 10a and 11b with slight modifications [33]. 10-15 mg
extracted fat was mixed with 2 mL methanolic acetyl chlo-
ride solution (95:5, v/v) and refluxed for 60 min at 80 °C.
The extract was mixed with 10-15 mL saturated NaCl solu-
tion in a separating funnel. After cooling, the extract was
mixed with 1 mL demineralized water and 2 mL n-heptane
and then shaken for 30 s. The upper phase was collected,
dried over Na,SO, and injected into the GC or stored at
—20 °C until GC analysis.

The fatty acid composition was determined
by GC-FID on a DB WAX capillary column
(60 m x 0.25 mm x 0.25 pum) installed on a Hewlett-
Packard 5890 gas chromatograph (Agilent Technologies
Inc., Santa Clara, USA) equipped with FID, a Hewlett-
Packard 7673 controller, and a PC. The initial oven
temperature was 100 °C, held for 1 min, increased to
190 °C at a rate of 5 °C min~! and held for 14 min and

increased to 250 °C at a rate of 5 °C min~!, and held for
30 min. The carrier gas was nitrogen with a flow rate of
0.95 mL min~! with constant pressure of 155 kPa. The
injector was set at 270 °C and the detector was set at
300 °C. The split was 50 mL min~' and the split ratio
was 30:1.

Fatty acids, respectively, the FAME were identified
by comparing their retention times with a the fatty acid
methyl ester standard (‘FAME 37’) and with menhaden
fish oil as standard for determining omega-3 and omega-6
fatty acids. Each fatty acid was expressed as % of total
fat content.

Determination of fat-associated compounds/pigments

The pooled fish filet samples were lyophilized and 1.2 g
lyophilized filets were milled with a swing mill MM 301
(Retsch GmbH, Haan, Germany) with steel balls. These
samples were used for the determination of the chloro-
phyll and carotenoid content as well as for the estimation
of the color values (L*a*b*, yellowness index, whitening
index).

Chlorophylls  Chlorophyll @ (Chl a) and b (Chl b) contents
were determined after solid—liquid extraction and calculated
according to Jeffrey and Humphrey [34]. The samples were
extracted four times with 5 mL aqueous acetone (90%).
The collected phases were combined and concentrated in
vacuo. The residue was re-suspended and analyzed. For the
determination, the extinctions at 450, 664, 647, and 750 nm
were monitored. The limit of detection (LOD) was 0.01 mg
100 g~! weight and the limit of quantification (LOQ) was
0.05 mg 100 g~! weight. The content was expressed as the
sum of Chl ¢ and Chl b in mg total chlorophyll 100 g=! dry
weight (DW).

Carotenoids For the determination of the carotenoid con-
tent, the filets were extracted according to Jaspars and Arnon
[35, 36] with slight modifications. The samples were extracted
four times in 90% acetone, centrifuged at 3900x g for 5 min
at 4 °C and extracts combined. All steps were carried out at
dim light and incubated on ice to avoid carotenoid degrada-
tion. The extinction at the wavelengths 450 and 750 nm was
monitored and the content was expressed in mg b-carotene
equivalent 100 g~ DW. The LOD was 0.01 mg 100 g~
weight and the LOQ was 0.05 mg 100 g~! weight.

Determination of antioxidant activity
For the analysis of the antioxidant activity, samples were
prepared with a two-step extraction. The extraction based

on a method described by Li [24] was used with the fol-
lowing modifications.
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Approximately, 5 g defrosted filets were weighed
into a tube containing 10 mL enzyme solution (0.4 mg
lysozyme mL~! Sgrensen buffer; pH 7.4) and mixed for
45 min at 37 °C. The tube was centrifuged at 3226 x g
for 15 min at 15 °C. The residue was re-suspended with
80% ethanol (v/v), stirred for a minute, and centrifuged
under the same conditions as before. Both supernatants
were analyzed for total phenolic content (TPC), being
also a well-known indication for antioxidant activity,
trolox equivalent antioxidant capacity (TEAC) as well
as radical scavenging activity with the electron paramag-
netic resonance spectroscopy (EPR). The total amount
was calculated as the sum of both extracts.

Determination of total phenolic content TPC was deter-
mined using the Folin—Ciocalteu methodology for 96-well
plate readers [37]. To avoid a residue that results from a
reaction between the proteins from the fish filet and the FC
reagent, the remaining proteins in the first extract fraction
were precipitated. The first fraction of the two-step extrac-
tion was diluted 1:2 with trichloroacetic acid (200 g L™1),
incubated on ice for 30 min, and centrifuged at 11,000x g
for 10 min at 5 °C. For the determination, the supernatants
were diluted with buffer 1:10. The fraction resulting from
the ethanolic extract was analyzed undiluted.

Into every well, 100 pL of tenfold diluted FC-rea-
gent was added to 20 pL sample. After 4 min, 80 L
sodium carbonate (75 g L") was added and incubated
for 2 h in the dark at ambient temperature. The absorb-
ance was measured at 760 nm with a plate reader (Syn-
ergy HT, BioTek Instruments Inc., Germany). The results
were expressed as mg gallic acid equivalents (GAE) g~!
biomass.

TEAC assay The antioxidant capacity was evaluated
using the methods described by Al-Duais and Li [24, 37]
with slight modifications. For the ABTS solution, an aque-
ous solutions of ABTS (1.1 g L™") and K,S,04 (0.38 g L™
were mixed one-to-one, shaken thoroughly, and incubated
in the dark for at least 14 h at room temperature before anal-
ysis. Then, the solution was diluted with water to obtain an
absorbance of 0.7 & 0.1 at 734 nm. Into every well, 200 pL
ABTS working solution was pipetted and 20 pL. sample
solution was added. After 6 min, the absorbance was moni-
tored at 734 nm with a plate reader (Synergy HT, BioTek
Instruments Inc., Germany). The results were expressed as
mg Trolox equivalents (TE) g~! biomass.

Electron paramagnetic resonance (EPR) spectros-
copy EPR analysis was performed on a Miniscope MS
200 (Magnettech GmbH, Berlin, Germany), based on a
method described by Fiol [38]. Fremy’s salt (0.27 mg L™hH
was prepared with Sgrensen buffer and mixed one-to-one
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with the sample in a reaction tube and measured. The
period of kinetic analysis took 30 min to reach a constant
minimum level of the signal. The radical reduction was
calculated as the signal area difference between t = 0 min
and = 30 min. The results were expressed as mg Fremy’s
salt equivalents (FE) g~! biomass.

Statistical analysis

Except SGR and FCR, which were determined on the
basis of aquaria, data were subjected to one-way analy-
sis of variance (ANOVA) using IBM® SPSS Statistic ver-
sion 22 to identify significant differences between the
new feed mixes and the commercially industrial standard
feed. Levene’s test was used to check for homogeneity of
variance within all treatments (Scheffé), and for the com-
parison of the two feeding runs, a two-tailed ¢ test was
applied for testing the significance. The significance level
was set at P < 0.05 and the values are expressed as the
mean =+ standard deviation (SD). All analyses were done
in triplicate.

Results and discussion

Already, there are an impressive number of studies, wherein
it was tried to substitute parts or the complete amount of
fishmeal and oil in different feeds for selected aquatic and
terrestrial organisms. However, the feed mixes tested herein
were the first feeds that combine several innovative raw
materials with their specific advantages.

Rainbow trout was used as test organism, as it repre-
sents a well-defined farmed fish, which has a high stress
tolerance and shows a low tendency for diseases. In addi-
tion, pike-perch represents a high value food fish, on the
base of its bright white, quite boneless filets with a deli-
cate flavor. Both species are predatory fish. Furthermore,
pike-perch is comparatively more carnivoric than rainbow
trout and not at all used to a vegetarian diet. Therefore, it is
hypothesized that adopting pike-perch to plant-based feeds
is more ambitious. The culture conditions for pike-perch
farming are also more complex, as pike-perch is more sen-
sitive and not as robust as rainbow trout. This intense care
and the slow growth often result in a comparatively expen-
sive price.

Growth and feed performance

The successful feeding trial is described by the growth
and feed performances in combination with post mortem
parameters such as the liver mass, or the HSI. All these
parameters are presented in Tables 3, 4, 5, and 6.
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Rainbow trout

In general, rainbow trout tends to excessive feed consump-
tion. However, the levels of the average feeding intensity
(FI) and maximum feeding intensity (FI,) had to be
restricted. Therefore, FI was limited to 1.5% and the FI,,
to 2.1%. The rainbow trout feeding batches did not show
significant parameter differences within each feeding run,
but between the two feeding runs (Table 3). Overall, the
differences between the first and second feeding runs were
smaller than for pike-perch (Table 4). The trend illustrates
that fish from feeding batches RT-C1 and RT-C2 showed the
lowest weight gain and specific growth rate (SGR). A com-
paratively better growth performance of rainbow trout was
induced by the feed mix M3 closely followed by M4. Both
diets led to organisms with a similar weight gain (~61 g),
length (~23 cm), k-factor (~1.10), SGR (~1.07% day_l),
and FCR (~1.25) with no significant differences compared
to the commercially available standard diet (RT-12).

When talking a look at the post mortem parameters of
rainbow trout, it was apparent that the average hepatoso-
matic indices of the rainbow trout were higher than the HSI
of all pike-perch feeding batches (Tables 3, 4). The liver
mass of fishes from the first rainbow trout feeding run was
higher (~2.41 g) than in the second feeding run (~1.75 g)
(Table 5). In the first feeding run, liver color of RT-M2 dif-
fered the most compared to RT-I1. RT-M2 showed the high-
est liver mass (2.87 g) accompanied by a low lightness, red-
ness, and yellowness value. These parameters showed that
the liver accumulated more adipose tissue. The filet color
was comparatively brighter (due to lightness and Chroma)
and not as yellow as fish filets from feeding batch RT-I1.

The second feeding run did not show significant dif-
ferences in the fishes’ liver color regarding lightness, red-
ness, yellowness, hue, and AE (Table 5). The liver masses
of the fishes from feeding batches RT-M3 and RT-M4 were
slightly higher than RT-I2 and RT-M4 also showed higher
yellowness values. The higher yellowness and lightness of
fish livers from the second feeding run indicated a possible
accumulation of fat in the liver. When characterizing the
filets from the first feeding run, no significant color vari-
ations were visible, even though the AE was higher than
1. In the second feeding run, the filet color from feeding
batches RT-M3 and RT-M4 showed a higher redness and
yellowness, but a lower lightness correspondingly result-
ing in lower AE because of the lower lightness difference
towards RT-12. However, this color variation of RT-M3 and
RT-M4 led to the visual impression of an orange touch.

Pike-perch

With regard to the pike-perch groups of the first feeding
run, the control diet (C1) led to the lowest fish performance

@ Springer

(Table 4). The fishes of the feeding batches PP-M1 and
PP-M2 also showed a very low weight gain (~24%) and
SGR (~0.53% day™') compared to the fishes of feeding
batch PP-I1.

However, in the second feeding run, fish resulting
from the feed mix M4 showed the second highest k-factor
besides the standard diets and had the highest SGR of all
feed mixes (Table 4). The SGR trend correlated with the
weight gain results (~42%) of feeding batch PP-M4.

Furthermore, feeding batch PP-M4 showed an FCR that
came quite close to the standard diet. Pike-perch has dis-
cerning consumption habits compared to rainbow trout, and
thus, the FI and the FI,, were not restricted. With regard
to metabolic consequences in those fishes, all four test diet
mixes illustrated a lower IFSI than the standard diets I1
and I2. In general, these parameters represented that only
the feed conversion of the innovative feed mix M4 led to
healthy organisms.

The liver masses of the innovative test diet mixes tended
to higher liver masses. These values are still in a normal
range and do no hint at pathological livers. The lightness
and the yellowness of the livers resulting from the feeding
batches PP-M1 to PP-M4 were higher than for the feeding
batches PP-I1 and PP-12, whereas redness was compara-
tively lower (Table 6). In addition, the livers from PP-M3
showed significantly higher values. Overall, the livers of
feeding batch PP-M3 were brighter than those from the
other feeding batches, suggesting a slightly higher accumu-
lation of fat. All pike-perch filets had negative redness val-
ues, correspondingly indicating a lightly green impression,
which was also visible (to the naked eye). There were no
differences in the yellowness and the yellow index.

When only considering the feed and growth perfor-
mance, feed mix C1 revealed the lowest performance for
both species in all feeding batches (Tables 3, 4). In contrast,
feed mix M4 led to the best performance for pike-perch
(PP-M4) and rainbow trout (RT-M4). This mix was charac-
terized by similar amounts of Arthrospira sp. and R. gluti-
nis (9.7%) and a high content of C. cohnii (6.5%) (Table 2).

In 2014, Hauptmann [9] described that the substitution
with grain distillers dried yeast for rainbow trout created
a reduced fish performance because of amino acid limi-
tation. In addition to the yeast (R. glutinis), the expected
amino acid deficiency could be circumvented by the inno-
vative organisms mix represented in M4. In the present
study, the color variation of rainbow trout and pike-perch
liver was only slightly affected being no evidence for a
feed inducted health problem. A reason, why consumers
tend to buy rainbow trout, is for its colorful, well tast-
ing filets, as well as for the low fat content and the com-
paratively cheap price. For example, the pigmentation
of salmonids contributes to the purchase decision of the
consumers. The pigmentation in farmed salmonid fish is
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Table 7 Analytical parameter of rainbow trout (O. mykiss) filets

RT-12

RT-M1* RT-M2? RT-I1 RT-C2° RT-M3P RT-M4°

RT-C1*

Feeding batch

1.32 £ 0.01 1.26 £ 0.03 1.35+£0.03 1.34 £ 0.01

1.30 £0.03
20.42 + 0.06

26.4

1.36 £0.01

1.34 £ 0.01

1.31 £0.01

Mineral content (g 100 g biomass™")

19.89 £0.13

26.2

19.89 £0.20

26.4

20.01 £0.22

26.5

20.22 £0.23

27.1

20.07 £ 0.03

27.0

20.38 £0.29

25.6

20.20 £ 0.17

26.0

Protein content (g 100 g biomass™')

Dry weight (g 100 g biomass™")

6.25 +0.21
<LOQ

6.36 +0.24
<LOQ

6.50 + 0.23*
<LOQ

6.77 +0.40
<LOD

6.33 +0.58
<LOD

6.54 +0.16
<LOD

6.81 +0.23 5.48 +0.33
<LOD

<LOD

Total fat content (g 100 g biomass™")

Total chlorophyll content (mg Chl 100 g

DW™!)

Total carotenoid content (mg bCE 100 g

<LOQ

0.051 £ 0.004 0.051 £ 0.004 0.055 £ 0.004 <LOQ 0.250 £ 0.020 0.371 £ 0.030

<LOQ

DWh
TPC (mg GA g biomass™")

0.18 £0.13
0.33 £0.09
0.66 £0.19

0.19 £0.07
0.33 £0.07
0.76 £ 0.30

0.16 + 0.05
0.41 +£0.05
0.62 +0.22

0.15 £ 0.04
0.39 £ 0.05
0.72 £ 0.24

0.19 £0.04
0.31 £0.03
0.88 £0.17

0.15£0.03
0.32+£0.12
0.82 +£0.16

0.19 £ 0.05
0.34 £0.08
0.82 £ 0.15

0.17 £0.08
0.29 £0.10
0.76 £ 0.30

TEAC (mg TE g biomass™")

Radical scavenging activity (mg FE g

biomass™!)

LOD limit of detection, LOQ limit of quantification, DW dry weight, bCE pB-carotene, GA gallic acid, TE trolox equivalent, FE Fremy’s salt equivalent

Significant levels: * p < 0.05; ** p < 0.01; *** p < 0.001

# Compared with fishes fed with feed mix 11
b Compared with fishes fed with feed mix 12

manipulated for many years. A lot of different feed addi-
tives are available to create deeper color saturation in the
filet for making them look like wild growing fish. Such an
accumulation can be provoked with a carotenoid-enriched
diet that improves the fish filet quality [39, 40]. The con-
sumer’s expectations regarding rainbow trout are bride
pink to orange filets, and the expectations regarding pike-
perch are a clean, bright white filet without any pigmenta-
tion. The lightness and the white index revealed a brighter
color for the pike-perch filets than for the filets from
rainbow trout (Tables 5, 6). Regarding the marketability,
the rainbow trout filets of RT-M3 and RT-M4 showed a
lightly orange color which might lead to confusion with
fresh brown trout (Salmo trutta), which is normally not so
colored as a rainbow trout filet. Besides the yellow/orange
impression of filets from feeding batches RT-M3 and
RT-M4, the high chlorophyll content led to an enhanced
light green pigmentation and a dull filet color for PP-M4.

Fish filet quality with regard to nutrient composition

The fish filet is the most relevant part for the consumers. A
characterization of the fish filets is important for the esti-
mation of the consumer’s acceptance, what also include
claims on packagings. When the quality parameters differ
too much from fishes fed with the commercially available
standard diets, the probability is high that the consumer
would not buy the product. Tables 7, 8, 9, and 10 list the
fish filet quality parameters. For an evaluation of possible
antioxidant compounds, being very important for human
health as well as product stability, the TPC, the antioxidant
capacity, and the radical scavenging activity were analyzed.

General nutrient composition

The analysis of rainbow trout (Table 7) and pike-perch
(Table 8) filets showed that all innovative feed mixes led
to nearly the same mineral, protein, and lipid content. The
mineral and protein contents of the rainbow trout filets
were slightly higher than in the pike-perch filets. How-
ever, the dry weight of the latter was slightly lower, what
resulted from the lower biomass (Table 8).

In all four innovative feed mixes, 50% of fishmeal and
oil were replaced with different ratios of an algae—yeast
mix, except the control and the standard diet. Therefore, the
focus of the present study was more on finding an appro-
priate ratio of the three microorganisms for guarantying
the presence of essential nutrients with a special focus on
essential fatty acids. When considering the fat content of
the feeds, the control feed and the innovative feed mixes
varied slightly in their total fat content (7-12%) and were
lower in fat than the commercially available standard feed
(16%). The two main fatty acids in M1-M4 and C1 and C2

@ Springer
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Table 8 Analytical parameter of pike-perch (S. lucioperca) filets
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21.27 £0.35

22.5
0.52 £ 0.06

21.09 £ 0.39

223

21.31 £0.43

222

21.01 £0.24

21.2

21.37 £0.07

23.4

21.19 £ 0.09

233

21.34 + 0.06

24.8

21.21 £ 0.00

229

Protein content (g 100 g biomass™')

Dry weight (g 100 g biomass™")

0.75 £ 0.08
<LOQ

0.64 + 0.04
<LOQ

1.07 £ 0.07
<LOQ

1.17 £0.21
0.066 £ 0.007

0.82 +£0.14
<LOQ

0.83 +£0.17
<LOQ

0.74 + 0.07
<LOD

Total fat content (g 100 g biomass™")

<LOQ

Total chlorophyll content (mg Chl

100 g DW™1)
Total carotenoid content (mg bCE

<LOQ <LOD 0.059 +0.005  <LOQ <LOQ <LOQ <LOQ

<LOD

100 g DW-1)
TCP (g GA g biomass™")

0.14 £ 0.07
0.53 £0.07
0.53+0.14

0.13 £0.02 0.45 £ 0.04 0.12 +0.05

0.19 £0.04
0.31 £0.03
0.88 = 0.17

0.15 £ 0.03
0.32+£0.12
0.82 +0.16

0.19 £ 0.05
0.34 £0.08
0.82 +0.15

0.19 £ 0.06
0.32 £0.04
0.83 £ 0.21

0.41 £ 0.07**
0.45 +£0.25

0.43 £0.07*

0.44 £ 0.05

0.43 £ 0.06*
0.58 £ 0.10

TEAC (mg TE g biomass™")

Radical scavenging activity (mg FE g

biomass™!)

LOD limit of detection, LOQ limit of quantification, DW dry weight, bCE p-carotene, GA gallic acid, TE trolox equivalent, FE Fremy’s salt equivalent

Significant levels: * p < 0.05; ** p < 0.01; *** p < 0.001

# Compared with fishes fed with feed mix I1
® Compared with fishes fed with feed mix 12

were oleic acid and palmitic acid (Table 9). The third-to-
fifth most occurring fatty acids varied between a-linolenic
(ALA), myristic, and stearic acid. The standard diets
showed a greater variety in the order of the fatty acids but
the same substances.

The five main fatty acids present in all feeds as well as
in all fish filets represented more than 80% of the total fatty
acid content. As expected, rainbow trout filets (Table 10)
showed a five-to-ten times higher total fat content than
pike-perch filets (Table 11). When comparing the fatty acid
profile of each species, all fish filet samples had oleic acid
as the main compound. Its content in the fish was slightly
lower than in the feeds, but with a smaller.

In rainbow trout, the main fatty acids following oleic
and palmitic acid were LA, stearic, palmitoleic, and myris-
tic acid (Table 10). The filets of feeding batch RT-I1 and all
batches of the second feeding run showed the same order of
fatty acids.

The pike-perch filets showed a better fatty acid distribu-
tion than the rainbow trout filets. The three main fatty acids
in descending order were oleic acid, palmitic acid, and
stearic acid. The fourth most intense fatty acid was either
palmitoleic acid.

The high palmitic acid content indicates its impor-
tance for being the source of the biosynthesis of further
long-chained and polyunsaturated fatty acids. As Lee [41]
highlighted, palmitic acid is converted to palmitoleic acid
(16:1n-7) or into 16:1n10 fatty acid. The high content of
stearic and palmitoleic acids underlines the presence of
the A’-desaturase pathway in the organisms applied. LA
and ALA contents in the fish filets derive from the enrich-
ment by the feed mixes. Through the elongation pathway
(n-3 metabolic pathway), the presence of eicosatetraenoic
(ETA), eicosapentaenoic (EPA), docosapentaenoic (DPA),
and docosahexaenoic acid (DHA) can be explained eas-
ily (Tables 10, 11) [42]. The presence of arachidonic acid
(ARA) was based on the innovative mix of microorgan-
isms, which convert LA to ARA via the n-6 metabolic path-
way [41, 43].

It is postulated that the ratio of w6 to w3 fatty acids
in the human diet can affect the pathogenesis of several
degenerative diseases such as cancer, diabetes, or cardio-
vascular diseases. The targeted ratio in human nutrition
is 1, whereas in Western diets, the actual ratio is approx.
15/1. Simopoulos [44] explained that by balancing the
ratio of wb—w3 fatty acids, the risk for coronary heart
disease could be suppressed. The mortality and risk of
diseases regarding the effect of the diet are more or less
well studied, e.g., an wb/w3 ratio of 4/1 was associated
with a 70% decrease in mortality. EPA and DHA have
anti-inflammatory properties. Therefore, the enrichment
of PUFA in fish for human consumption is desirable
for preventing the diseases mentioned [44, 45]. Taking
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Table 9 Fat quality parameter

of the feed mixes Diets C1 M1 M2 C2 M3 M4 I1 and 2
Lipid class
Saturated FA (sFA % fat) 3447 2991 30.06 38.65 3090 4150 21.18
Monounsaturated FA (MUFA % fat) 57.67 4580 44.68 54.17 4144 4538 5298
Polyunsaturated FA (PUFA % fat) 7.85 2430 2524 7.20 27.68  13.10  25.85
w3-FA (FA % fat) 1.32 6.57 6.73 1.80 9.80 3.93 7.49
w6-FA (FA % fat) 6.53 1773 1851  5.40 17.88  9.17 18.35

wblw3

Fatty acid (FA % fat)
C14:0 myristic acid
C16:0 palmitic acid
C16:1 palimitoleic acid
C18:0 stearic acid
C18:1 oleic acid
C18:2 linoleic acid (LA)
C18:3 a-linolenic acid (ALA)
C20:1 eicosensdure

C20:3 eicosatetraenoic acid (ETE)

C20:4 archidonic acid (ARA)

C20:5 eicosapentaenoic acid (EPA)

C22:1 erucid acid

C22:5 docosapentaenoic acid (DPA)
C22:6 docosahexaenoic acid (DHA)

C24:0 lignoceric acid
C24:1 tetracosenoic acid

495 2.70 2.75 3.00 1.82 2.33 2.45

4.39 3.18 2.95 4.82 2.81 3.77 1.87
20.61 18.10 19.11  23.08 20.86 27.82 1422
343 2.54 2.74 343 2.49 2.31 1.95
6.61 5.06 4.94 7.50 491 6.82 3.75
46.52 37771 3675 4532 3442 3971 4825
5.78 1558 1649 5.04 15.16  8.50 16.90
0.87 5.62 5.61 1.26 7.8 3.14 4.21
3.63 2.34 2.20 3.51 2.02 1.88 1.75
<LOD 0.2 0.13 <LOD 0.16 <LOD 0.1
<LOD <LOD <LOD <LOD 0.24 <LOD 0.39
0.45 0.95 1.12 <LOD 1.34 0.64 1.22
243 1.42 1.21 0.88 0.41 0.48 0.48
<LOD <LOD <LOD 0.20 0.28 0.15 0.62
<LOD <LOD <LOD 0.34 <LOD <LOD 1.16
0.45 0.55 0.62 0.45 0.37 0.67 <LOD
1.66 1.79 1.78 1.03 2.10 1.00 0.55

LOD limit of detection, LOQ limit of quantification, FA fatty acids

those aspects into account, the ratio in the filets of rain-
bow trout resulting from the feeding batches RT-C1 and
RT-C2 as well as RT-M1 to M4 was higher than in the
filets from fishes fed with the standard diets (RT-I1 and
RT-12). The ratio in pike-perch filets was higher than in
rainbow trout filets (0.60—1.20/1). Only in the second
feeding run, the filets provided higher ratios than from
the standard diet (PP-12). Even though the pike-perch
samples had lower total fat contents, the w6/@3 ratio was
much more pronounced.

Lipid-soluble components/pigments

The accumulation of fat-associated components such as
chlorophylls (Chls), carotenoids, and other pigments in
different tissues and species is well documented over
decades, for example, the effect of diatoms on oysters,
carotenoids on goldfish skin pigmentation, the use of
Chlorella sp. in starlet, or microalgae in wels catfish [46—
50]. Accumulations of bioactive compounds can be very
different depending on metabolism. Rainbow trout tends
to accumulate more lipids than pike-perch. Typical fat
depots in fish are the liver and the filet. Correspondingly,

in the present study, rainbow trout enriched higher
amounts of carotenoids and more red color components
in the filet than pike-perch. The composition of the diets
reflected the metabolism and accumulation in the organ-
isms. Innovative mixes M1 and M2 differed in their
amount of R. glutinis and C. cohnii, but had the same
Arthrospira sp. content (Table 2): both feed mixes led to
a low carotenoid and chlorophyll content in rainbow trout
and pike-perch filets (Tables 7, 8). The lipid-soluble com-
ponents in the fish filets tended to be present in very low
amounts, close to the LOD. The pike-perch filets showed
a trend to slightly higher chlorophyll contents than the
rainbow trout samples and also a higher ratio when cal-
culated on a fat basis. The lightly green filets of feeding
batch PP-M4 illustrated that pike-perch accumulated the
chlorophyll and corresponding degradation products in
its tissues. However, the fat content and the chlorophyll
content did not increase proportionally with regard to
the Arthrospira sp. content. This result is in contrast to
Teimouri [8], who showed that the carotenoid content
in the filets of rainbow trout increased when the content
of S. platensis was increased. The difference between
these two studies, Teimouri [8] used a cyanobacteria

@ Springer
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Table 10 Fat quality parameter of rainbow trout (O. mykiss)

Feeding batch RT-C1 RT-M1 RT-M2 RT-11 RT-C2 RT-M3 RT-M4 RT-12

Lipid class
Saturated FA (sFA % fat) 42.98 45.35 40.46 40.00 34.11 34.61 32.72 32.17
Monounsaturated FA (MUFA % fat) 51.71 49.97 50.53 47.49 46.68 50.58 49.52 50.64
Polyunsaturated FA (PUFA % fat) 5.30 4.69 9.01 12.51 17.19 14.79 17.74 17.20
w3-FA (FA % fat) 1.85 1.66 2.51 321 5.42 4.02 5.23 4.84
6-FA (FA % fat) 3.45 3.03 6.50 9.30 11.77 10.77 12.51 12.36
w6/w3 1.86 1.82 2.59 2.90 2.17 2.68 2.39 2.55

Fatty acid (FA % fat)
C14:0 myristic acid 4.81 4.50 4.05 4.83 3.30 3.05 3.10 3.89
C16:0 palmitic acid 28.44 30.45 27.55 26.51 22.31 23.42 2221 21.10
C16:1 palimitoleic acid 6.14 6.44 6.91 5.79 4.86 5.54 5.68 5.98
C18:0 stearic acid 7.72 8.03 6.71 6.68 6.86 6.39 5.97 5.69
C18:1 oleic acid 41.85 39.94 40.09 37.13 40.66 42.17 41.29 40.93
C18:2 linoleic acid (LA) 292 2.67 5.86 7.73 10.08 9.38 10.48 10.53
C18:3 a-linolenic acid (ALA) 0.56 0.35 1.41 2.08 4.57 2.79 3.91 3.01
C20:1 eicosensdure 2.50 241 2.45 3.16 2.25 2.18 2.10 3.36
C20:3 eicosatetraenoic acid (ETE) 0.19 0.11 0.26 0.33 0.31 0.37 0.47 0.34
C20:4 archidonic acid (ARA) <LOD <LOD <LOD 0.32 0.37 0.17 0.26 0.36
C20:5 eicosapentaenoic acid (EPA) 0.41 0.65 0.25 0.40 0.23 0.26 0.26 0.23
C22:1 erucid acid 0.38 0.42 0.38 0.40 0.31 0.35 0.31 0.37
C22:5 docosapentaenoic acid (DPA) 0.48 0.30 0.25 0.29 0.26 0.16 0.16 0.38
C22:6 docosahexaenoic acid (DHA) 0.14 0.15 0.42 <LOD <LOD 0.56 0.49 0.68
C24:0 lignoceric acid 0.11 0.24 0.21 0.22 0.28 0.24 0.14 0.13
C24:1 tetracosenoic acid 0.84 0.76 0.70 1.01 0.60 0.34 0.14 <LOD

LOD limit of detection, LOQ limit of quantification, FA fatty acids

concentration of 42%, and in this study, it was 9—-19%.
The effect of the other varied components seemed to have
a higher impact as expected.

The rainbow trout filets tended also to very low amounts
of chlorophyll and carotenoids in the feeding batches
resulting from the control diet (RT-C1 and RT-C2) and the
standard diet of the second feeding run (RT-12). However,
the other feeding batches of the first feeding run tended to
comparatively higher amounts of carotenoids. Noteworthy,
filets of the feeding batch RT-M3 had four times higher
carotenoid concentrations (0.25 £ 0.02 mg bCE 100 g™!
dry matter) and the feeding batch RT-M4 even more than
a seven times higher concentration (0.37 £ 0.03 mg bCE
100 g=' dry matter). Similarly, filets resulting from the
feeding batches RT-M3 and RT-M4 also showed higher
chlorophyll contents than the average. The carotenoid accu-
mulation was also reflected by its visible appearance (of the
filets). An orange rainbow trout filet color is an important
aspect for the consumers buying behavior [8].

Although the detection of the carotenoids and chlo-
rophylls is near the detection limit, their accumulation
showed a certain trend. Their accumulation in the innova-
tive feed mixes M1-M4 showed that not the diet mix with

@ Springer

the highest initial chlorophyll and carotenoid content (M3)
led to the highest content in the pike-perch filets but the
diets M4 and I1. That left the hypothesis that the bioavail-
ability of carotenoids became more pronounced when feed-
ing a ratio with higher R. glutinis and C cohnii contents and
a significantly reduced content of Arthrospira sp. The feed
M3 was also characterized by the highest chlorophyll con-
tent, due to the highest Arthrospira sp. concentration of all
diet mixes. Therefore, the bioavailability of chlorophyll in
the fish tissue was enhanced by a high concentration in the
feed. The ratio of carotenoids to total fat content or rather
chlorophylls as fat-associated components were different
in the species. Pike-perch accumulated much more of both
compound groups in relation to fat content than rainbow
trout did.

Antioxidant activity

The presence of antioxidant compounds is very important
for the organisms to fight reactive oxygen species (ROS).
ROS production typically results from physiological, bio-
chemical reaction such as oxidative stress, certain diseases,
and immune defence [5, 51]. Antioxidants stabilize ROS,
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Table 11 Fat quality parameter

Feeding batch
of pike-perch (S. lucioperca) eeding batc!

PP-C1 PP-M1 PP-M2 PP-I1 PP-C2 PP-M3 PP-M4 PP-I2

Lipid class
Saturated FA (sFA % fat)

Monounsaturated FA (MUFA % fat) 49.55
Polyunsaturated FA (PUFA % fat)

w3-FA (FA % fat)
 6-FA (FA % fat)
w6/lw3

Fatty acid (FA % fat)
C14:0 myristic acid
C16:0 palmitic acid
C16:1 palimitoleic acid
C18:0 stearic acid
C18:1 oleic acid
C18:2 linoleic acid (LA)
C18:3 a-linolenic acid (ALA)
C20:1 eicosensdure

C20:3 eicosatetraenoic acid (ETE)

C20:4 archidonic acid (ARA)

C20:5 eicosapentaenoic acid (EPA)

C22:1 erucid acid

C22:5 docosapentaenoic acid (DPA) <LOD <LOD
C22:6 docosahexaenoic acid (DHA) <LOD <LOD

C24:0 lignoceric acid
C24:1 tetracosenoic acid

45.59 4430 4843 4240 43.61 47772 4493 46.65
5024 4589 5048 4257 40.83 4525 4481
4.88 545 5.68 7.12 1380 9.43 9.83 8.56
135 122 2.01 1.47 681 3.22 4.33 3.85
353 423 3.67 5.65 699 621 5.50 4.71

261 347 1.83 3.84 1.03  1.93 1.27 1.22

379  3.86 3.76 3.42 232 272 3.14 2.56
29.89 30.59 3298 2872 28.09 3250 30.89 31.97
549 6.5 5.36 5.31 371 436 521 3.96
9.45 151 9.12 8.07 1057 9.68 8.43 9.28
39.66 39.58 3589 3852 3572 33.64 37.11 37.90
3.00 6.54 2.93 4.96 599 536 4.98 4.16
027 041 0.58 <LOD 212 129 1.42 0.59
3.01  2.65 2.36 3.00 255 22 2.11 1.99
021 022 0.35 0.23 022  0.26 0.14 0.13
<LOD <LOD <LOD <LOD 030 0.25 0.15 0.21
1.08  0.81 1.43 0.75 204 151 0.81 0.91

<LOD <LOD <LOD <LOD 031 028 0.32 0.38
<LOD <LOD 0.24 0.18 0.13 0.10
<LOD <LOD 223 0.07 1.72 2.08

0.60 047 0.42 0.57 047 048 0.39 0.48
239  1.86 2.28 3.65 028 0.25 0.50 0.58

LOD limit of detection, LOQ limit of quantification, FA fatty acids

which allows fish lipids to be protected from oxidation dur-
ing fish growth and after slaughter. These effects support
the improvement of fish quality.

The antioxidant activity is described here by results of
three different assays (TPC, TEAC, and EPR). The anti-
oxidant compounds in rainbow trout and pike-perch filets
differed in their contents and activity depending on the test
system (Tables 7, 8).

In the rainbow trout, the highest values for the antioxi-
dant capacity were in the filets from the feeding batches
RT-C2 and RT-M3 (Table 7). The total phenolic content
in the rainbow trout filets was not significant, but when
also considering the highest radical scavenging activity,
the highest antioxidant activity was found for the filets
from feeding batches RT-M1 and RT-I1. The rainbow trout
feeding batches that provided a high TEAC value showed
a TPC and the radical scavenging activity lower than the
average. In contrast, the feed mixes with a high TPC had
a very low TEAC value and radical scavenging activity,
while filets resulting from feeding batches with a high radi-
cal scavenging activity showed average values in TEAC
and EPR analysis (Table 7).

In the pike-perch filets, the highest TEAC values were
provided by feeding batch PP-I2 followed by feeding

batches PP-C2 and PP-M3. The highest TPC was reached
by feeding batch PP-M3, but those filets had the low-
est radical scavenging activity. Similarly, to the rain-
bow trout filets, the pike-perch samples showed the
same effect when comparing the assays. Samples with
high TEAC values also had a TPC and radical scaveng-
ing below the average and vice versa in the first feeding
run. Apparently, there were no correlations between each
antioxidant assay and the fat-associated components. As
Al-Duais [37] reported, the TEAC and TPC of C. digi-
tatum did not correlate. The same effect was seen in the
results of the fish filets. This confirms that the reducing
polar compounds are marginal responsible for the anti-
oxidant capacity in the filets. Following Al-Duais [37]
and Guedes [52], the extracted antioxidant compounds
depend on the polarity of the extraction solvent. In this
study, the antioxidant compounds were extracted with
an aqueous and an ethanolic solution. Regarding to the
containing antioxidant compounds in the filets, the major
antioxidants could be more soluble in non-polar solvents,
e.g., carotenoids or PUFA, than the expected phenolic
compounds. In addition, the respective reagent, here the
FC-reagent and the ABTS working solution, can affect
the values of the antioxidant activity because of their

@ Springer
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affinity to polar compounds [37, 52]. For proving the
high antioxidant activity in the fish filets, the extraction
solvents (e.g., n-hexane or tBME) have to be changed, so
that the PUFA and carotenoids are extracted.

Conclusion

In this study, innovative algae/yeast—fish feed mixes were
characterized and tested for their acceptance using pike-
perch and rainbow trout as test organisms. It was revealed
that, despite the reduction of fishmeal and oil in the feed,
the acceptance by the fishes was satisfyingly for rainbow
trout. The use of the cyanobacterium Arthrospira sp., the
veast R. glutinis, and the red algae C. cohnii as a replace-
ment mix led to healthy fishes. These had a comparable
outward appearance and life performance similar to the
individuals fed with a commercially available standard
feed. In addition, a positive effect on the filet composition
was detected. This was due to an enrichment of the fish
filets with bioactive compounds and fatty acids. By increas-
ing the amount of w3 fatty acids in human nutrition, the
fish could become a part of the prevention of degenerative
diseases. The use of these innovative feed mixes led to a
reduced growth and feed performance in pike-perch. As
expected, the innovative feed mixes were not appropriate
for pike-perch, as discerning carnivores. Only feed mix M3
showed a minimum level of an acceptable performance.
For the use in pike-perch farming, the feed composition
has still to be optimized. Further investigation is required
to reveal the fish performance after a longer feeding dura-
tion. This test should also require an extended sensory test
for the comprehensive evaluation of the consumer’s accept-
ance. For the replacement of fishmeal, the ingredient mixes
were a good approach to exhaust the (full) nutritive poten-
tial. Therefore, further investigations should focus on more
substances on the basis of ingredient mixes, rather than rely
on only one substance for substitution. The various substit-
uents should be chosen so as to provoke synergistic effects
and achieve enhanced stability.
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Synopse

Die Erkenntnisse der vorangegangenen Arbeiten zeigten, dass sowohl Zander als auch
Regenbogenforellen die Testfutter annahmen, jedoch bedart es noch Optimierungen. Die hier
vorliegende Studie hatte daher zum Ziel den Einfluss der Verarbeitung auf die antioxidative
Aktivitdt zu untersuchen. Hierfiir wurde die Futtermittelrezeptur angepasst und ein fiinftes
Testfutter entwickelt. Die antioxidative Aktivitdt wurde von den Rohstoffen iiber die
Futtermittelproduktion bis zur Akkumulation im Fischfilet zu untersucht. Die antioxidative
Aktivitdt wurde hier als moglicher Marker in Betracht gezogen, um einen potentiell
gesundheitsférdernden Effekt im spéteren Filet der Regenbogenforellen aufzuzeigen.

Zu diesem Zweck beschreibt der Artikel die Futtermittelherstellung zum einen und zum
anderen die Beurteilung der Fischfilets nach der Fiitterung mit diesem neuen, optimierten
Futtermittel. In beiden Teilen dienten dieselben Tests zur Bewertung der antioxidativen
Aktivitdt. Die Ergebnisse der Futtermittelherstellung lieBen Riickschliisse hinsichtlich des
Abbaus von Antioxidantien wihrend der Verarbeitung ziehen.

In dieser Pilotstudie wurde das Testfutter mit einem Kontrollfutter und einem kommerziellen
Standardfutter tiber eine Dauer von vier Monaten an Regenbogenforellen getestet. Die
Verwendung des Testfutters im Pilotversuch zeigte Korrelationen zwischen den
Mikroorganismen und den Fischfilets in Bezug auf die antioxidativen Aktivitdten verglichen
mit den Fischfilets der Kontrollgruppen. Neben der Verédnderung der antioxidativen Aktivitét
im Fischfilet wurden weitere Aspekte als mogliche Qualitdtsmarker untersucht. So wurde
zusitzlich ein Fokus auf die Verdnderung der Filetfarbe tiber den Studienzeitraum untersucht
und ob es signifikante Verdanderungen im Fettsdureprofil der Fischfilets nach vier Monaten
Fiitterung gab.

Die Arbeiten dieser Publikation wurden in Kooperation mit verschiedenen Einrichtungen
durchgefiihrt: Das Institut fiir Getreideverarbeitung GmbH (IGV) kultivierte die
Cyanobakterien . Arthrospira sp.“. Am Institut fiir Angewandte und Molekulare
Mikrobiologie der Technischen Universitit Berlin wurde die Fetthefe ,,Rhodotorula glutinis
kultiviert. Das Institut fiir Bioverfahrenstechnik der Technischen Universitéit Berlin kultivierte
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die Rotalge ,,Crypthecodinium cohnii“. Das Testfutter Nr. 5 und das Vergleichsfutter wurden
am IGV hergestellt. Die Fiitterungsstudie inklusive der Aufnahme der Wachstums- und
Schlachtkorperparameter wurden am Institut fiir Binnenfischerei Potsdam-Sacrow (IfB)
durchgefiihrt.

Die Analytik und die statistische Auswertung wurden an der Universitdt Hamburg am Institut
fir Lebensmittelchemie in Hamburg durchgefiihrt. Der eigene Anteil an dieser
Veroffentlichung wird mit 40% angegeben.

This article was originally published in Aquaculture, 518 by Schafberg, M., Loest, K., Miiller-
Belecke, A. & Rohn, S., Impact of processing on the antioxidant activity of a microorganism-
enriched fish feed and subsequent quality effects on fillets of rainbow trout (Oncorhynchus
mykiss), 734633, 2020, Copyright 2019 Elsevier B.V. All rights reserved (2019),

https://www.sciencedirect.com/science/article/abs/pii/S0044848619309597?via%3Dihub

Die ergénzenden Informationen (Supplemental Material) befinden sich im Anhang 10.1.1.
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ARTICLE INFO ABSTRACT

A broad range of compounds/ingredients for the substitution of fishmeal and fish oil in feeds for aquaculture was
suggested over the last decades. This study aimed at characterizing changes in antioxidant activity from the raw
materials over the fish feed production to the accumulation of potential health-beneficial antioxidants in the fish
fillets of Oncorhynchus mykiss, when being fed with an innovative microorganism-based fish feed. The feed used
consisted of a mix of the cyanobacterium Arthrospira sp., the microalgae Crypthecodinium cohnii, and the yeast
Rhodotorula glutinis. These ingredients formed a balanced feed to demonstrate no limitations in fishmeal and oil
substitution with regard to lipids, proteins, and antioxidants. The enrichment with bioactive compounds sta-
bilizing the feed as well as enhancing bioactivity in the fish was successful. Also, radical scavenging activity was
documented from the raw materials over the extrusion process to the accumulation in the fillets of rainbow trout
(Oncorhynchus mykiss) over the whole fish production period of 16 weeks. As an additional quality parameter,
the accumulation of pigments in the fish fillets was determined. The study revealed changes in the antioxidant
profile over the whole value chain, which resulted in healthy organisms of higher quality compared to con-
ventionally fed organisms.

Keywords:

Fishmeal substitution

Rainbow trout

Arthrospira sp.

Crypthecodinium cohnii
Rhodotorula glutinis

Antioxidant activity and potential

1. Introduction In a recent study, Schafberg et al. (2018) showed that a mix of the

cyanobacterium Arthrospira sp., the microalgae Crypthecodinium cohnii,

Fishmeal and oil are of high impact for fish production, especially
for marine species (Bell et al., 2003). However, for ensuring sustainable
aquaculture and diminishing overfishing of the seas, these traditional
components continuously gain a negative image and must be sub-
stituted. So far, most studies focused on the enrichment of fatty or
amino acids (Miles and Chapman, 2005). Some ingredients such as soy
extracts and pea proteins (@verland et al., 2009) became important
ingredients during the last two decades. These substututions were the
first step towards sustainable aquacultures by replacing a huge part of
fishmeal and oil with plant-based ingredients. However, the substitu-
tion with a single component often leads to a nutrient deficiency or
undesirable side effects in the final products such as color or flavor
changes (Teimouri et al., 2013; Hauptman et al., 2014; Barrows and
Frost, 2014). Some studies showed that the substitution with a mixture
of ingredients is a more desirable way to create healthier individuals
(Lund et al., 2011; Radhakrishnan et al., 2014; Schafberg et al., 2018).

and the yeast Rhodotorula glutinis led to healthy rainbow trout (Oncor-
hynchus mykiss) individuals. But there is still more potential in the ef-
ficiency of this kind of feeds. Therefore, in the present study an only
slightly optimized feed mixture was used to improve the growth and
feed performance as well as the fish health. Another aspect was to
further increase the bioactive and especially antioxidant compounds in
rainbow trout fillets.

Initially, those microorganisms were selected due to their nutri-
tional characteristics, enabling fish health improvement. Arthrospira
sp.is a well-known microorganism and cultivated in large scales for
decades (Habib et al., 2008). Cyanobacteria like Arthrospira sp. are rich
in chlorophyll and are a well protein source. Further positive nutri-
tional aspect of Arthrospira sp. are their vitamin composition, including
especially B-carotene, B vitamins, vitamin E, and their significant
amounts of polyunsaturated fatty acids (PUFAs). At the same time Ar-
throspira is hypothesized to improve the immune system and activity of
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higher organisms (Habib et al., 2008). By adding Arthrospira sp., pos-
sible protein and amino acid lacks can be compensated. In this case, R.
glutinis represents the oil/lipid component and is used to improve the
linoleic acid content in the feed. After feeding, rainbow trout can
transform this fatty acid into PUFAs. Furthermore, R. glutinis has also a
high content of f8-glucans, several B vitamins, and antioxidants, all
being hypothesized for resulting in a positive effect on fish health (Bell
et al., 2003; Selvaraj et al., 2005; Abbas, 2006). C. cohnii produces
carotenoids, high amounts of docosahexaenoic acid (DHA) and has thus
a potential added value for the feed mix (Hillig, 2014). DHA as one the
most prominent PUFAs is important for the growth of healthy fish,
especially rainbow trout (Bell et al., 2003). The production of C. cohnii
and R. glutinis is not cheap, but regarding the environmental aspects and
cultivating them in bulk reactors, the price will continuously decrease.
The recent and the present approach are proof-of-concept studies,
leading to innovative future applications and further reduction of en-
vironmental drawbacks and limitations.

This new feed mix contains two very color intensive microorgan-
isms. During accumulation of carotenoids and chlorophyll in the fish
fillets, these substances influence the fish fillet appearance, subse-
quently. When varying the ratio of these three ingredients, the accu-
mulation of the algal pigments in the fish fillets could be verified and
improved in a preceding study (Schafberg et al., 2018). As a conclusion,
the good adaption of the fatty acids and healthy metabolism in those
fishes showed that there are promising aspects for further optimization.
However, when such a beneficial fish feed is produced, several tech-
nological preparation processes need to be implemented, meaning that
the stability of some, but very important ingredients might be influ-
enced and need to be evaluated, as well.

Therefore, the present study focused on evaluating process effects
and changes on the antioxidant profile in detail during the whole value-
added chain from raw materials over the feed into the fish fillets. The
critical production should identify process points that are also valid for
other fish feed processes.

The fish feed pellets were manufactured by using extrusion. During
this process, several aspects influence the ingredients and the sub-
stances within. There are changes that are resulting from e.g. shear
forces, heating, and/or compression. Proteins are often deactivated or
denatured during extrusion due to the prevailing temperatures. The
occurring pressure alone is usually not enough to denature proteins but
supports the thermal decomposition. The deactivation of enzymes has
advantages and disadvantages. Whereas the inactivation of lipases,
peroxidases, lipoxygenases is desirable to protect lipids from degrada-
tion and oxidation, the inactivation of amylases and phytases might
inhibit or slow down the digestion of either nutrients or anti-nutritive
substances (Cheftel, 1986; Camire et al., 1990; Killeit, 1994).

Under heat conditions, carbohydrates react with free amino acids
and transform to mamLArRD-products, resulting from the temperature, pH-
value, and moisture. For example, lysine is very reactive due to its two
functional amino groups. The transformation decreases the bioavail-
ability of the amino acids. Other polysaccharides such as starch degrade
into smaller sugar molecules, because of the temperature and pH value.
Depending on the moisture, starch can also melt or gelatinize in the
extruder. The degradation and formation of modified starch increase
the digestibility of carbohydrates (Cheftel, 1986; Camire et al., 1990;
Killeit, 1994; Qu and Wang, 1994).

The extrusion process has also positive and negative effects on li-
pids. The high temperatures and pressure favor the degradation of
PUFAs and increase the rancidity. The hydrolysis or lipolysis of dia-
cylglycerides due to lipases, moisture, and heat form free fatty acids. On
account of these effects and to avoid the degradation of labile and/or
lipophilic compounds, it is important to apply the oil right after the
extrusion (Killeit, 1994). The released short-chain fatty acids and short
alkanes create a rancid flavor because of a promoted autoxidation. On
the other hand, the free fatty acids provide lubrication during the
process like emulsifiers and serve as a complexing agent with starchy
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components (Ilo et al., 2000).

High temperatures, high pressure, and shear forces enhance the
destruction of vitamins and other antioxidant compounds (Killeit,
1994). Bioactive compounds like carotenoids or chlorophylls are sen-
sitive to heat and oxygen and these components isomerize or break
down to e.g., apocarotenoids, pheophytins, pyropheophytins, or io-
nones (Canjura et al., 1991; Breitmaier, 2006). Losses of carotenoids
during thermal treatments of vegetables such as broccoli and spinach
are described in the literature (e.g., Paciulli et al., 2017). Pyr-
opheophytin can be formed as a result of intense heat treatment from
pheophytin by the loss of the carbomethoxy group at the C10 position
(Canjura et al., 1991). However, pheophytin and pyropheophytin are
hypothesized to have health-beneficial properties such as anti-in-
flammatory and antioxidant effects (Pangestuti and Kim, 2011; Park
et al., 2014).

The diminishing effects on polyphenols depend on the degradation
into aglycones or, in contrast, a polymerization, based on the heat and/
or oxidative influences (Camire et al., 1990; Ozer et al., 2006). Those
effects are strongly depending on chemical structure, temperature, and
moisture (Moussa-Ayoub et al., 2015). Sensoy et al. (2006) showed that
the extrusion had no negative effect on the antioxidant activity and
polyphenolic content of buckwheat flour. Furthermore, Sensoy et al.
(2006) showed the importance and different behavior of free and bound
polyphenols in the extrusion process. As a consequence of all the effects
mentioned, it seems to be obviously important to evaluate the whole
process with regard to antioxidant profiles.

The enrichment of antioxidants in the final fish products to avoid
negative effects on quality parameters and to consequently improve
their content in human is desirable. Every organism must maintain a
balance of reactive oxygen species (ROS) needed and excessive ROS
(‘oxidative stress’), so the presence or intake of antioxidants can prevent
the ensuing consequences. The production of ROS is elevated by several
biochemical reactions in the organism such as immune defense, oxi-
dative stress, or degenerative diseases (Dirks et al, 1982;
Radhakrishnan et al., 2014). Exogenous antioxidants are important to
support the endogenous radical scavenger. For that reason, exogenous
antioxidants have a significant physiological impact as radical sca-
vengers or as radical scavenging promoter (Kurutas, 2016). Typical
antioxidant substances consumed with the daily diet are vitamins (e.g.,
ascorbic acid or tocopherol), phenolic compounds (e.g., flavonoids), or
pigments such as carotenoids or chlorophylls (Lanfer-Marquez et al.,
2005).

The accumulation of carotenoids in fish fillets is desirable in the
flesh of rainbow trout. For example, the enhancement of “red” flesh of
salmonids with astaxanthin or other carotenoid pigments is a common
feeding procedure (Teimouri et al., 2013). On the other hand, con-
sumers expect white fish fillets originating for example from pike perch,
without any other color impression (Sergejevova and Masojidek, 2012;
Teimouri et al., 2013; Schafberg et al., 2018). Besides color improve-
ment, the accumulation of carotenoids in the form of provitamin A can
additionally lead to a relevant nutritional added value for human
consumption (Preedy, 2012).

Continuous feeding of high chlorophyll-containing diets tends also
to certain accumulations of (green) chlorophylls in the fillet (Teimouri
et al., 2013; Schafberg et al., 2018). Consequently, higher chlorophyll
contents can lead to a pale or greenish/blueish impression of the fish
fillet. However, consumers associate healthy rainbow trout with a red
to pink fillet color (Brown et al., 2016). With the accumulation of green
or blue pigments in the fillets, the color impression changes and the
redness level loses its impact. Consumers may associate the loss of
redness or, in general, the change in appearance with a dry fillet or
other negative fillet characteristics (Anderson, 2001).

The effect of highly pigmented diets has been a recurring topic in
recent decades such as in goldfish skin pigmentation studies (Gouveia
and Rema, 2005), in microalgae feeding for catfish breeding (Zatkova
et al., 2011), or in the use of Chlorella sp. as a starlet feed (Sergejevova
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and Masojidek, 2012). Depending on the specific metabolism of every
species, the accumulation of pigments takes place in different tissues
(Anderson, 2001), like the skin (Gouveia and Rema, 2005) or muscles
(Nakano et al., 1999).

Taking all aspects into account, an aim of the present study was the
evaluation of a slightly modified feed mixture (used in a preceding
study Schafberg et al., 2018) with increased amounts of bioactive
compounds in the final food product — rainbow trout (Oncorhynchus
mykiss) fillets and to characterize the stability of the single ingredients
during the feed production process. Main aim of the present study was
to evaluate product quality parameters such as antioxidant activity and
radical scavenging activity throughout the feed production process.
Accumulations of chlorophylls and carotenoids was also analyzed to
evaluate the changes in characteristics of the feeds and final fish fillets.
Therefore, the workflow for the evaluation was separated in the fol-
lowing process stages: raw materials, extrusion (premix, post-extrusion,
post-drying), final feeds after coating, and the rainbow trout fillets. The
fillets were evaluated after a feeding study which took place over 16
weeks with samples taken every 4 weeks.

2. Materials and methods
2.1. Raw materials and feed processing

2.1.1. Raw materials

Cyanobacteria Arthrospira sp. were produced by the IGV GmbH,
Nuthetal, Germany. They were cultivated photoautotrophically in a
1500 L tubular photobioreactor PBR 2000 in a modified zarrouk's
medium with a pH value of 9.5. The cultivation was under outdoor
conditions (light cycle) and at a temperature maintained over 25 °C.
Crypthecodinium cohnii were cultivated by the Department Bioprocess
Engineering of the Technical University of Berlin. The culture (CCMP
316) was originally obtained from the Provasoli-Guillard National Center
of Marine Phytoplankton, Maine, USA. C. cohnii was grown hetero-
trophically in a 200L single-use bioreactor Celltainer (CELLution
Biotech BV. Winterswijk Brinkheurne, The Netherlands) (Hillig, 2014).
The substrates in this fed-batch cultivation were glucose and acetate.
Rhodotorula glutinis were fermented in a bioreactor with sucrose as main
substrate, carbon excess, nitrogen limitation, and continuous stirring.
The cultivation took place at the Department of Applied and Molecular
Microbiology of the Technical University of Berlin, Germany. The mi-
crobial biomasses were dried for better handing in the extrusion pro-
cesses.

2.1.2. Feed processing

The control diet (C) and the test feed mix (FM) were produced in
cooperation with IGV GmbH and vitafeed Spezialfuttermittelwerk
Beeskow GmbH (Sfw), Beeskow, Germany. Both diets based on a tra-
ditional, well-established  recipe  provided by  vitafeed
Spezialfuttermittelwerk Beeskow GmbH (Beeskow, Germany), C con-
sisted of 37.5% fishmeal and 13.6% fish oil. For FM, 50% fishmeal and
fish oil were reduced and substituted with Arthrospira sp., Rhodotorula
glutinis, and Crypthecodinium cohnii (Fig. 1, Supplementary Table S1).
Four specific processing steps (I - IV) for both feed mixes were selected,
where samples were taken to determine the impact of the extrusion
process on the different components and the product quality parameters
(Fig. 2).

For C and FM each raw material was ground to a fine powder, mixed
(D), and extruded (II). The extrusion was performed on a single screw
lab extruder 20DN from Brabender GmbH & Co. KG (Duisburg,
Germany) linked to a universal food processing machine UMC5 from
Stephan Machinery GmbH (Hameln, Germany). After drying (III;
35-40 °C for 16-18 h), the pellets were coated with oil in a drum mixer.
The final pellets had a diameter of 4 mm and have been optimized (in
‘trial-and-error’ pre-tests) for slowly sinking in the fish tanks. After a
second drying process (IV), the pellets were stored in light and air
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shielded plastic bags at room temperature until the feeding study.

2.2. Fish feed

Besides the two produced feed mixes (C & FM), a standard diet (S)
was evaluated as well. § was a commercially available, industrial feed
(ALLER METABOLICA, 4.5 mm; Prod. No. 41400342) and purchased
from Aller Aqua GmbH, Golssen, Germany.

2.3. Fish feeding trials

2.3.1. Experimental set-up

Three diets (C, FM, and S) were tested with rainbow trout
(Oncorhynchus mykiss) under aquaculture conditions of semi-industrial
scale. The fish feeding experiments took four months and were per-
formed at the Institute of Inland Fisheries Potsdam-Sacrow (IfB),
Germany from August 2015-November 2015 in a recirculation aqua-
culture system including six rearing tanks of each 1.4 m®. Regarding the
stocking density, oxygen provision, and rearing water quality, para-
meters were controlled and adjusted to levels in accordance with the
demands of the reared species. All FM ingredients were of food or feed
grade, wherefore no specific requirements were needed. The fish har-
vesting based on the codes of good practice for food-producing fish for
human consumption.

The rainbow trout population was approx. 15 months old and ob-
tained from a culture from Saxony-Anhalt (Germany). Between 64 and
66 fishes (138 g + 32 g) were initially stocked into six glass fiber round
tanks (two replicates per feed) and acclimated for two weeks before the
populations were automatically fed every 4 h for the whole trial period.
The water temperature was maintained between 11 and 16 °C. The light
regime was set to 12 h of light and 12h of darkness. The feeding study
was conducted for four months, during which the fish triplicated their
body weights and reached a marketable size of around 0.5 kg.

2.3.2. Fish samples

At the beginning (day 0, August 2015) and every four weeks for four
months, the fishes of each tank were weighed, and their length was
noted. Finally, fishes were removed from the tanks, anesthetized and
killed in accordance with the German Animal Welfare Act. Organs were
removed, and the fish was filleted. All samples were collected in plastic
bags and stored at -20 °C until analysis. For the analysis of the meta-
bolites, fish fillets from each tank were pooled and analyzed.

2.4. Chemical-analytical methods

2.4.1. Chemicals

2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS), disodium hydrogen phosphate, rrémy's salt (potassium ni-
trosodisulfonate), gallic acid, lysozyme (70,000 U mg™), methanol,
monobasic potassium phosphate, potassium persulfate, sodium sulfate
and Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid)
were purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany). FOLIN-CIOCALTEU'S reagent was obtained from Merck KGaA
(Darmstadt, Germany). Ethanol and trichloroacetic acid were obtained
from Carl Roth GmbH + Co. KG (Karlsruhe, Germany) and sodium
carbonate were purchased from Griissing GmbH (Filsum, Germany). All
chemicals used in the experiments were of analytical grade and all
aqueous solutions were prepared with ultrapure deionized water.

2.4.2. Determination of fat associated compounds/pigments

The pooled fish fillet samples were lyophilized and milled with a
swing mill MM 301 (Retsch GmbH, Haan, Germany) with steel balls and
liquid nitrogen. These samples were used for the determination of the
chlorophyll and carotenoid content as well as for the estimation of the
color values (L*a*b*).
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Fig. 1. Percentage ingredients composition of the control diet and feed mix.

2.4.2.1. Chlorophylls and carotenoids. Chlorophyll a (Chl a), b (Chl b),
and carotenoid contents were determined after solid-liquid extraction
according to Jeffrey and Humphrey (1975), Jaspars (1965), and Arnon
(1949) with slight modifications. 0.05-0.5 g lyophilized sample (raw
material, feed or fillets) were extracted two times with 2 mL 95% EtOH
for 5min (30Hz) with a swing mill MM 301 (Retsch GmbH, Haan,
Germany). After centrifugation (3900xg for Sminat 4°C) the
combined solvents were evaporated and re-suspended in 0.5 mL 95%
EtOH. 200 uL of the resuspension was used for analysis and the
absorbance was measured at 450 nm, 649nm, and 664nm with a
plate reader (Synergy HT, BioTek Instruments Inc., Germany). The
quantification followed an approach according to Lichtenthaler and
Buschmann (2001). The content was expressed as the sum of Chl a and
Chl b in mg total chlorophyll content (tChl) 100 g™ dry weight (DW).
The carotenoid content was expressed in mg total-carotenoid content
(tCar) g'! DW. The limits of quantification were for Chl a, Chl b, and
tCar 0.05mg 100 g™ DW.

2.4.2.2. Fillet color. For the determination of the fillet color, the milled

fish fillets were analyzed with a photometer CM5 (Konica Minolta Inc.,
Tokyo, Japan). The extinction of each sample was measured ten-times
in a wavelength range of 200 nm—-800 nm. For the determination of the
fillet coloration, the color values were described by CIE-Lab and
compared with the natural color system (NCS) (Guild, 1932; Smith &
Guild, 1931-1932). Those studies describe a color difference (dE) of a
value more than 1 as distinguishable to the practiced eye. The color
difference between the first and each measuring point is described by
dE1 and the difference between one point and its previous point is
marked by dEp.

2.4.3. Determination of antioxidant activity

For the analysis of the antioxidant activity, samples were prepared
according to Li et al. (2007) and Schafberg et al. (2018). For the in-
dication of the antioxidant activity, the total phenolic content (TPC),
Trolox equivalent antioxidant capacity (TEAC) as well as radical
scavenging activity (EPR) was analyzed. The total amount was calcu-
lated as the sum of both extracts from the two-step extraction
(Schafberg et al., 2018).

Raw material

Pellets
| ] ]] \}
L * o——o o—o
Feed Section Compression Section Metering Section Post extrusion Packaging &
kneading Shearing Compression Treatments: Storage
mixing Heating Texturation cutting, cooking,
Cooking Puffing drying

Fig. 2. Scheme of the process zones in an extruder (adapted from Harper and Jansen, 1985).
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Table 1
Changes of bioactive components during the manufacturing process.
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Ingredient or TPC (mg GA g'DW) TEAC (mg TE g'DW)

Radical scavenging activity

Total chlorophyll content (mg Total carotenoid content (mg

manufacturing step (mg FE g 'DW) tChl g'DW) tCar g 'DW)
Crypthecodinium cohnii 12.76 + 3.73 2.81 + 1.26" 35.17 * 0.06" < LOQ 0.347 * 0.260
Arthrospira sp. 10.31 + 3.68 48.25 + 20.00 12.75 + 6.90 26.49 + 0.99° 4.225 * 0.170”
Rhodotorula glutinis 1.68 + 0.15" 41.46 + 0.09* 4.63 * 4.32 < LOQ 0.115 + 0.006"
FM-I 4.04 + 0.11 5.31 + 0.37 5.21 + 0.33 3.22 + 0.22 0.544 * 0.033
C-1 2.71 + 0.04 3.12 + 0.09 2.33 + 0.06 0.07 + 0.06 0.028 * 0.004

FM = Feed Mix; C = Control Diet; LOQ: Limit of quantification; DW: Dry weight; GA: Gallic Acid; TE: Trolox Equivalent; FE: Fremy's salt Equivalent; I = Premix;

Compared with feed mix I Significant levels.
2 p < 0.01.
® p < 0.001.

2.4.3.1. Determination of total phenolic content. The TPC was evaluated
according to Al-Duais et al. (2009) and Schafberg et al. (2018). The
absorbance was measured at 760 nm with a plate reader (Synergy HT,
BioTek Instruments Inc., Germany). The results were expressed as mg
gallic acid equivalents (GAE) g weight. The limit of quantification
(LOQ) was 0.026 mg GAE g™ weight.

2.4.3.2. TEAC assay. The total antioxidant capacity (TAC) was
determined using the methods described by Al-Duais et al. (2009), Li
et al. (2007) with the slight modifications of Schafberg et al. (2018).
The absorbance was monitored at 734 nm with a plate reader (Synergy
HT, BioTek Instruments Inc., Germany). The results were expressed as
mg trolox equivalents (TE) g weight. The LOQ was 0.037 mg TE g
weight.

2.4.3.3. Electron paramagnetic resonance (EPR) spectroscopy. Based on a
method described by Fiol et al. (2013) and the modifications described
in Schafberg et al. (2018), EPR analysis was performed on a Miniscope
MS 200 (Magnettech GmbH, Berlin, Germany). The results were
expressed as mg Fremy's Salt Equivalent (FE) g’ weight. The LOQ
was 0.04 mg Fremy's Salt g weight.

2.4.4. Determination of the fatty acid profile

The fatty acid (FA) profiles of the diets and the fish fillets were
determined as fatty acid methyl esters according to Schafberg et al.
(2018). The results were expressed as g FA 100 g weight. The LOQ was
0.005 g FA 100 g! weight.

2.4.5. Determination of dry mass, ash and protein content

The following feed quality parameter were analyzed according to
methods of § 64 of the German Food and Feed Code (LFGB, 2015). The
dry mass was analyzed according to ASU-F 0001 (EG) 2010-09, the
protein content according to ASU-F 0003 (EG) 2010-09, and the ash
content according to ASU-F 0014 (EG) 2010-09. The results were ex-
pressed as g 100 g BM. The LOQ for all three methods were 0.01 g
100 g™ BM.

The following fish fillets parameter were analyzed according to
methods of § 64 of the German Food and Feed Code (LFGB, 2015) with
slight modifications. The dry mass was analyzed according to ASU-L
06.00-3 (EG) 2014-08, the protein content according to ASU-L 06.00-7
(EG) 2014-08, and the ash content according to ASU-L 06.00-4 (EG)
2007-04. The results were expressed as g 100 g™ BM. The LOQ for all
three methods were 0.01 as g 100 g™ BM.

2.5. Statistical analysis

For the identification of significant differences between the groups
C, FM, and S during the production process and the feeding trial, all
data except the fillets colors were subjected to a one-way analysis of
variance (ANOVA) using IBM® SPSS Statistic version 22. LEVENE's test was
used to check for homogeneity of variance, within all treatments scHEFFE

and Post-hoc cames-HoweLL were applied for testing the significance. The
significance level was set at p < 0.05 and the values are expressed as
the mean * standard deviation (SD). All analyses were done in tri-
plicates.

3. Results and discussion
3.1. Raw materials (initial values)

Bortoluzzi et al. (2016) described that the quality of raw materials,
which are used for feed formulations are strictly related to the quality of
the final products. This statement explains and emphasizes the essential
principle “From farm to fork” for every food producer. Moreover, tra-
ceability documentation is an important duty for food manufacturers.
The present study describes the antioxidant changes from the feed to
the final fish fillets, based on raw materials, feed processing steps, the
feed, and several sampling points during the feeding trial.

The idea of reducing fishmeal and oil with a microorganism mix
based on the positive attributes of Rhodotorula glutinis, Crypthecodinium
cohnii, and Arthrospira sp., as evaluated in a preceding study (Schafberg
et al., 2018). However, the fate of some of the valuable compounds in
pelleted feed has not been analyzed yet. The changes of the polar an-
tioxidant activity were monitored by using traditional analytical
methods such as the roLiN-ciocatteu or the TEAC assay. Antioxidant
compounds can stabilize the feed or even improve the health of the fish.
For this reason, the microorganism-based feed mix was compared with
a (traditional) control feed mix (Table 1; Fig. 3, Suppl. Table S2).

With regard to the single raw materials, the use of a mix of micro-
organism was the key difference between the recipes of C and FM. A
closer look at the microorganisms showed that Arthrospira sp. had sig-
nificantly higher total phenolic content (TPC), total antioxidant capa-
city (TAC), radical scavenging activity, total chlorophyll, and car-
otenoid content (Table 1) compared to the premixes C-I and FM-L. In
addition, C. cohnii showed the highest TPC and a high radical scaven-
ging activity compared to C-I and FM-I. On the other hand, R. glutinis
showed only a high TAC compared to C-I and FM-I. Comparing both
premixes, FM-I showed also higher TPC, TAC, radical scavenging ac-
tivity, total chlorophyll and carotenoid content than C-I due to its mi-
croorganism content.

3.2. Influence of feed processing

The extrusion is a typical process in the food and feed industry to
manufacture products such as pasta or feed pellets (Ilo et al., 2000; De
Paula et al., 2017). As expected, TPC, TAC, radical scavenging activity,
total chlorophyll and carotenoid content of FM decreased over the four
process steps from FM-I to FM-IV (Fig. 3). All these results were ex-
plainable by the processes during the extrusion: The first step is the
initial pre-preparation of the raw materials. All ingredients of C and FM
were ground to a fine powder and mixed, resulting in the premixes FM-I
and C-L For FM, 50% of fishmeal and oil contents were substituted with
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Fig. 3. Changes of bioactive compounds during the manufacturing process of feed mix (black) and control diet (dotted). The five plots (A-E) show the changes of the
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a mix of the three microorganisms (Fig. 1). To verify any mixing or
grounding effects, all measurable antioxidant parameters for the pre-
mixes FM-I and C-1 were compared to their theoretical amount. The
theoretical amounts were calculated from the individual values of each
of the raw materials (Table 1). Therefore, the values of C-I were the
base for the calculation. The values of the microorganisms were added
to C-I, without subtracting 50% of the fish meal and oil content. The
extraction of the TPC, TEAC and radical scavenging activity were im-
plemented in an aqueous media to verify the polar activities. Conse-
quently, the subtraction of the fishmeal and oil had no significant im-
pact here. The calculated values do not consider any positive,
synergistic, or even negative effects. In fact, the theoretical, calculated
FM-I values of the TPC (2.1 mg GAE g™ DW), TAC (9.3 mg TE g DW),
radical scavenging activity (3.9mg FE g DW), total chlorophyll
(3.2mg tChl g DW) and total carotenoid content (0.545mg tCar g*

DW) describe significantly higher values compared to the calculated
values of C-I. In contrast to the calculated values, the analyzed values of
FM-I and C-I were significantly lower. The significant differences be-
tween the theoretical and measured TAC and TPC value pairs (Table 1)
led to the hypothesis that intra- and intermolecular reactions occurred
during mixing, milling, or storage. Possible reactions may be initiated
by light, temperature, residual moisture or autoxidation. These reac-
tions led to lower TAC and TPC. The next process step is the extrusion
itself (FM-II & C-II). The premixes are moved forward under definite
conditions, reaching the die, where they are formed into pellets
(Cheftel, 1986; Camire et al., 1990; Ilo et al., 2000). Then a drying step
followed the extrusion (FM-III & C-III). At the last step (IV), the pellets
were coated with oil and gently dried again. The coating increased the
oil content and thus the caloric content and energy of the pellets. An-
other positive aspect of applying the oil following the extrusion process
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is that there are no temperature effects on the lipids. In addition,
coating does not affect the solidness of the pellets (Treier, 1991; Killeit,
1994; Oduntan et al., 2018).

The very low contents of chlorophyll and carotenoids in diet C re-
sulted from the used ingredients: The only sources of chlorophyll and
carotenoids in C were the soy extract and the pea protein. These two
components had not a comparable amount of chlorophyll and car-
otenoids like the high pigmented organism Arthropira sp or even C.
cohnii. The decreasing trend of the bioactive compounds in both feed
compositions (I > II > III > IV) based on several chemical and
structural transformations during the manufacturing process (Fig. 2).
The extrusion can have different effects on each nutrient class as al-
ready explained (Camire et al., 1990; Ilo et al., 2000; Killeit, 1994).

In addition, further quality parameters were determined to prove
the comparability of the nutritional composition of the diets. All three
diets showed no significant differences with regard to dry matter, ash,
or protein content. The lipid content of S and C-IV showed no sig-
nificant differences. In contrast, FM-IV revealed a significant lower lipid
content, which was only 70% of S (67.5%) and C-IV (71.1%) content.

Unsaturated fatty acids were not monitored during the process (I-
III), but analyzed afterwards in the final products FM-IV and C-IV
(Table 2). The three dominant fatty acids regarding biomass in all three
diets were — in ranking order — oleic acid, linoleic acid, and palmitic
acid. The content of unsaturated fatty acids (PUFA) in S and C-IV were
about 25% of the lipid content whereas the contents in FM-IV were
about 30% of the lipid content. From this point, the new feed mix was
an excellent basis to produce PUFA-enriched organisms.

Regarding the fatty acid profile within the lipid fraction, S showed
significant higher contents of palmitoleic acid, oleic acid and a-lino-
lenic acid than FM-IV. In contrast, FM-IV had significant higher con-
tents of PUFAs (a-linolenic acid, y-linolenic acid, eicosapentaenoic
acid, docosahexaenoic acid), than S. The reason why C-IV showed
higher contents of the mentioned PUFAs as compared to FM-IV and S
could be that the fish oil or meal used for FM-IV and C-IV was better for
metabolization or had a better bioavailability. The significant differ-
ences between C-IV and FM-IV were that FM-I showed higher contents
of palmitic acid and linoleic acid, whereas C-IV showed higher eico-
sapentaenoic acid contents than FM-IV. Some PUFAs cannot be syn-
thesized de novo by the human organism but are part of the lipid me-
tabolism and important for membranes (Simopoulos, 2008; Nagy &

Table 2
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Tiuca, 2017). Consequently, PUFAs like w6 to w3 fatty acids are very
important for human nutrition. Simopoulos (2008) explains that the
ratio of w6 to w3 fatty acids is too low in Western diets and it is the
main risk factor for developing several diseases such as diabetes or
cardiovascular disease. EPA and DHA have also shown to provide anti-
inflammatory effects and are great antioxidants (Simopoulos, 2008;
Calder, 2012; Lee et al., 2016). Therefore, the enrichment of human
diets is desirable (Véricel et al., 2003; Simopoulos, 2008).

3.3. Feeding study

3.3.1. Growth performance and feed conversion of the fish

The study reported by Schafberg et al. (2018) introduced for the
first time diet formulations with this combination of microorganisms
and the preceding feeding experiment led to healthy individuals. Those
had a comparable feed performance like conventinally fed organisms.
The new diet composition FM in the present study was optimized to
improve the feed performance to a more balanced and efficient feed.

With mean specific growth rates of 1.08% per day (Busacker et al.,
1990), mean feed conversion rates of 1.03 kg administered feed per kg
weight gain and mean survival rates of 94% the fish fed with diet FM,
including Arthrospira sp., Rhodotorula glutinis, and Crypthecodinium
cohnii performed as usual in practice and similar if compared with the
control diet C. Another difference in this feeding study is the evaluation
period of four month, which is more the double than the initial study
reported in Schafberg et al. (2018).Consequently, the organisms in the
present study are bigger and heavier. The new feed mix led to organ-
isms with a length of 32.4 ( = 2.5) cm, which was similar to the control
(33.8 + 2.5cm) and the industry standard fed groups
(34.9 £ 2.2cm). The weight gain of the group fed with FM was a bit
less (340 g) than the control group (390 g), but not significantly. The
standard group was between those values (360 g). The results show that
the new feed mix led to organisms with a similar growth performance
than conventionally fed rainbow trouts.

3.3.2. Antioxidant activity in the fish

For the consumers, the fish fillet is the most important part of
consumption. Skin and giblets are in most cases discarded.
Consequently, the effects of changes in TAC were monitored solely in
the fillets over four months of feeding. As mentioned, phenolic

Nutritional parameters and lipid quality parameters of Rainbow Trout (O. mykiss) after 16 weeks of feeding.

Parameter [g 100 g weight] Feed Fillets after fed with followed diet

S FM-IV C-IvV S FM C
Dry Mass 91.33 + 2.28 88.9 + 2.21 92.31 + 2.30 27.63 + 0.69 28.01 + 0.69 28.14 + 0.68
Ash 88 £ 0.2 8.6 + 0.2 9.4 = 0.2° 1.3 = 0.1 1.3 £ 0.1 1.3 = 0.1
Proteins 45.8 = 1.2 46.3 = 1.1 458 = 1.1 19.4 £ 0.5 19.1 £ 0.5 19.4 = 0.5
Fat 14.8 = 0.4° 10.0 +£ 0.3 14.0 = 0.4° 8.2 + 0.2° 7.5 = 0.2 7.8 = 0.2°
Selected Fatty Acids [g fatty acid 100 g weight]
C16:0 Palmitic acid 2.22 + 0.06" 1.58 + 0.04 1.88 *= 0.05" 1.42 = 0.04 1.46 = 0.04 1.39 = 0.3
C16:1 Palmitoleic acid 0.30 = 0.01° 0.03 = 0.01 0.03 = 0.01 0.04 = 0.01 0.05 = 0.01 0.04 = 0.01
C18:0 Stearic acid 0.59 * 0.01° 0.36 = 0.01 0.48 + 0.01° 0.42 = 0.01 0.43 = 0.40 0.40 + 0.01
C18:1 Oleic acid 7.53 = 0.19° 3.05 = 0.08 4.52 + 0.117 0.30 = 0.01 0.25 = 0.29 0.29 = 0.01
C18:2 Linoleic acid 2.64 = 0.07¢ 1.61 + 0.04 1.94 = 0.05" 0.78 = 0.02 0.65 = 0.01 0.76 = 0.02
C18:3 y-Linolenic acid 0.04 = 0.01 0.08 = 0.01 < LOQ 0.01 = 0.01 0.01 = 0.01 0.02 = 0.01
C18:3 a-Linolenic acid 0.66 * 0.02° 0.37 + 0.01 0.54 + 0.01° 0.14 + 0.01° 0.10 * 0.01 0.15 * 0.01°
C20:4 Archidonic acid 0.06 = 0.01 0.03 = 0.01 0.05 = 0.01 0.02 = 0.01 0.02 = 0.01 0.03 = 0.01
C20:5 Eicosapentaenoic acid 0.19 = 0.01 0.23 = 0.01 0.42 = 0.01" 0.06 = 0.01 0.04 = 0.01 0.11 + 0.01°
C22:5 Docosapentaenoic acid 0.10 = 0.01 0.08 = 0.01 0.13 = 0.01 0.01 = 0.01 0.02 = 0.01 0.03 = 0.01
C22:6 Docosahexaenoic acid 0.18 + 0.01° 0.45 = 0.01 0.66 + 0.11° 0.11 = 0.01 0.15 = 0.01 0.26 + 0.01°

FM = Feed Mix; C = Control Diet; S = Industry Standard Diet; LOQ = 0.005% biomass; IV = Manufacturing step IV: end-product after the application of oil and

drying; Feeds compared to FM-1V; Fillets compared to FM.
2 p < 0.05.
b p < 0.01.
¢ p < 0.001.
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Fig. 4. Changes of bioactive compounds in the fish fillets during the feeding trial of rainbow trout fed with the feed mix (black), the control diet (dotted), and
standard industrial diet (dashed). The five plots (A-E) show the changes in the bioactive profile of the fish fillets after being fed with the feed mix (black lines), the
control diet (dotted lines), and the standard industrial diet (dashed lines) over the whole study period of 16 weeks. A: total phenolic content B: trolox equivalent
antioxidant capacity C: radical scavenging activity D: Total chlorophyll content E: total carotenoid content BM: Biomass DW: Dry weight GAE: Gallic Acid Equivalent
TE: Trolox Equivalent FE: Fremy's Salt Equivalent tCar: Total Carotenoid content tChl: Total Chlorophyll content.

compounds have high antioxidant potentials, especially those from
algae are known as good radical scavengers, oxygen suppressors, and
peroxide decompressors. The common assays are based on these char-
acteristics and use electron transfer reactions (Teixeira et al., 2017;
Taghavi Takyar et al., 2019).

As expected, the results of the TPC, radical scavenging activity, TAC,
total chlorophyll and carotenoid content of the fillets were all sig-
nificantly lower than the value of FM-IV or C-IV. Fig. 4 (Suppl. Table
S3) illustrates that after four months there were no significant differ-
ences in the antioxidant activity of the fillets, regardless of the feed
type. The polar antioxidants did not show any correlation between TAC
and TPC (Al-Duais et al., 2009; Schafberg et al., 2018), but the radical
scavenging activity and TAC showed the same increasing trend. Com-
pared to the experiments described in Schafberg et al. (2018), the
present study showed that the chlorophyll and carotenoid content

increased in the fillet over the longer feeding period (within 3-4
months instead of 50 days).

In addition, further quality parameters were determined in the fil-
lets after 16 weeks (Table 2). There were no significant differences
within the dry matter, ash, and protein content of all fillet types. The
lipid content in the fillets differed only slightly (~1-2%) regarding the
biomass. The same three preferred fatty acids were present in the fish
fillets — in descending order — palmitic acid, linoleic acid (LA), and
stearic acid. The differences in the fish fillets reflected the fatty acid
variation in the fish feeds. The high contents of palmitic and stearic acid
serve preferably as precursor molecules for the biosynthesis of PUFAs.
The high LA content and the presence of the PUFAs originated from the
microorganisms, as also described in the literature (Davis and Kris-
Etherton, 2003; Tocher, 2015; Lee et al., 2016). Regarding the fatty
acid profile within the fat content, the fillets showed significant
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differences. Palmitic acid (19.5%) and stearic acid (5.7%) contents in
FM fillet fat were significantly higher than in C or S fillet fat. Also, FM
fillets showed a significant higher docosahexaenoic acid content (2.0%
fat) than in S fillets (1.3%) but a lower content than in C fillets (3.3%
fat). FM fillet fat showed a lower content of LA (8.7%) and a-linolenic
acid (1.3%) than C and S fillets. The C fillets had a significantly higher
content of PUFAs (17.4%) than FM fillets (13.2%) or S fillets (13.8%).

FM-IV had the highest content of PUFAs, but an accumulation in the
fillets was not significantly higher than in the fillets of the standard
feed. FM-IV also showed the highest y-linolenic acid content (0.8%),
being approximately three times higher than for S (0.27%). The re-
sorption of y-linoleic acid was not as high as expected and was only
present in traces in all fillets. C-IV and FM-I had significantly higher
docosahexaenoic acid contents (4.6%) than S (1.2%), the same effect
showed the fillets of FM (2.0%) and C (3.3%) compared to S fillets
(1.3%).

3.3.3. Fillet color

In the present feeding study, the fillet color was monitored every
month throughout the whole study period to document the color ac-
cumulation over 16 weeks. Fig. 5 (Suppl. Table S4) shows the fillet
color changes in lightness (L), redness level (a), yellowness level (b),
and the color difference (dE) over time.

At the beginning, the color of the fillets (fresh and lyophilized) was
reminiscent of creamy or light sand, with the color saturation slightly
varying. Some parts showed shades of green or orange, but not all
differences were visible to the trained eye.

Over the four months feeding period, the lightness of the fillets
decreased and tended to fillets with higher grey levels. This trend was
observed for all fillets, no matter which diet was fed.

In fact, feed C and FM led to higher red values in the fillets than feed
S. The climax was achieved after 12 (FM) and 16 (C) weeks depending
on the feed. The fillets of the standard diet showed the same trend in
redness than the FM fillets after 16 weeks. In week 16, the FM fillets
had a slightly decreased redness level compared to week 12. This could

be an indicator that the accumulation of chlorophylls started by com-
pensating the redness or that the muscle production went up and the
carotenoid content stagnated. The yellowness value presented the same
trend as the redness level. After 8, 12 and 16 weeks the fillets of the FM
and C fed fishes had higher yellow values than the fish fillets of the S
diet. The practical eye noticed a slight pale, impression in the control
group fillets after 16 weeks, whereas the fillets of FM showed a more
orange impression after 16 weeks. The color differences (dE;) of the
fillets from the fishes fed with feed S showed no significant changes
over the study period. The fillet color of the fish fed with S was white to
grey with no visible color impression. The other two fillet types had
visible differences, which increased over time. In the last four weeks,
the color differences (dE,) of FM fillets doubled compared to the level
of the C fillets and even more, the FM fillets increased three-fold by
comparing these over the whole study period (dE,;). Schafberg et al.
(2018) documented the changes of the fillet color over 50 days,
whereas the present study monitored the color changes over ~110
days. Compared to results described in Schafberg et al. (2018), the
lightness values didn't show significant differences (L: 70-80) but the
redness (0.0-2.5) and yellowness (18-22) levels were significantly
higher in the present study. So, this present study is a proof that the
feed mix led to higher amounts of bioactive compounds as requested.
This raises the question of whether consumers accept the light-yellow
appearance of the rainbow trout fillets.

4, Conclusion

This study underlines the importance of monitoring changes of in-
gredients in the feed production process and demonstrated a transfor-
mation occurring in the series from fish feed raw materials over fish
feed production to the accumulation in the fish fillets of Oncorhynchus
mykiss, when being fed with a new microorganism-based fish feed. The
new feed is effective and comparable with common industrial feeds and
led to healthy fishes, without deficiencies in the nutritional intake of
lipids and proteins, or corresponding growth deficits. The concentration
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of antioxidant substances decreased steadily during the whole process,
but there was also a successful enrichment of bioactive substances in
the fish fillets such as antioxidant pigments. The accumulation of pig-
ments in the fillets were dominated by carotenoids over chlorophylls.
Another positive aspect of the new feed mix was the improved anti-
oxidant activity in the fillets. Beside those positive effects, there are still
some challenges and questions remaining: Is a yellowish fillet color
acceptable for the consumer? Is the carotenoid content related to
(human) nutritional recommendations? Is it possible to use those
changes in the context of market strategies and corresponding legal
requirements such as health claim regulations? Those questions need to
be answered in the future.
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Abstract: In the last decades, several plant-based materials were used for the substitution of fish
meal and oil in aquaculture. The present study evaluated the fish quality and the sensory differences
of rainbow trout (Oncorhynchus mykiss) and pike-perch (Sander lucioperca) from three different feeding
groups, which were fed a commercially available industrial (standard) diet, a control diet, and a
special microorganism-based feed mix. This feed mainly consisted of a mix made of Rhodotorula
glutinis, Crypthecodinium cohnii, and Arthrospira sp. and had 50% less fish meal and fish oil compared
to typical control diets. At the beginning, the pike-perch population was six months old, and
the rainbow trout population was 15 months old. The feeding study duration was 16 weeks and
every four weeks the growth performance and several morphometric parameters were recorded.
Afterwards, sensory evaluation took place to identify possible trends. Sensory evaluation revealed
that the rainbow trout groups did not show any significant differences to the standard and control fish
fillets with regard to odor, texture, and taste. The effects on rainbow trout growth performances and
carcass parameters were similar to the standard group. The feed mix was not optimal for pike-perch
farming, which was also reflected by significantly adversely affected growth performance and carcass
parameters. The sensorial evaluation showed an opposite trend: here, only small differences in the
fillets from the feed mix and standard/control diet were observed.

Keywords: fish meal substitution; rainbow trout (Oncorhynchus mykiss); pike-perch (Sander lucioperca);
Arthrospira sp.; Crypthecodinium cohnii; Rhodotorula glutinis; sensory impression

1. Introduction

Fisheries, aquaculture, fish consumption, and their perception have already changed
a lot in the last decades [1-3]. One of the consequences of oceans’ overfishing was, in
addition to the increasing aquaculture sector, the protection of livestock, regulated by EU
guidelines [4-6]. Additionally, this was supported by the intensified medial spread of the
health-beneficial aspects of fish consumption [2,7], as well as pressure from animal protec-
tion associations [8,9]. Fish is recommended as being an important part of a healthy diet
for humans, because of its high-quality protein, its fatty acid profile, and its micronutrients.
It is also low in carbohydrates, saturated fatty acids, and cholesterol [2,3,10,11].

Two important, but very controversially discussed fish feed ingredients are fish meal
and fish oil. Fish meal and fish oil production is a huge industry that forces the exploitation
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of local seas and, in most cases, it is not sustainable at all, although a quarter of the
world’s fish meal is made of fish processing waste as a raw material [3,11-15]. Another
imported aspect is the price for fish meal and oil, which has significantly increased in the
last decades [13].

Even when the content of fish meal and oil is continually reduced, both ingredients
were regarded as the simplest source of proteins and polyunsaturated fatty acids (PUFA),
such as omega-3 or omega-6 fatty acids [16,17]. Moreover, as an additive or ingredient, fish
oil has a huge impact on the taste and flavor of the final fish products [18,19]. However,
this needs to be addressed and alternatives need to be developed. So far, fish meal and oil
have been partially or completely substituted in many fish feeds by plant-based materials,
but also more innovative biomasses such as microorganisms (algae/cyanobacteria) [20,21].
In addition, plant-based oils or concentrates made from, e.g., soy [22] and other vegetables,
have been used [23-25]. The listing of these examples is not claiming to be complete,
but it should illustrate the intense variation and efforts that have been conducted in the
recent years.

When substituting fish oil, special attention has to be given to the PUFA content,
as these are indispensable for humans. They are not or insufficiently biosynthesized in
humans and should be supplied by eating marine fish. Consequently, PUFA content in
fish should not be diminished by alternative feeds [26,27]. Zhu et al. (2021) compared the
replacement of fish oil (0%, 50%, 100%) with microalgae (Aurantiochytrium) or astaxanthin
in young rainbow trout and found that the replacement of 50% fish oil had no negative
effects on fishes” growth performance [28]. For example, Overland et al. (2009) substituted
fish meal with pea protein in diets for Atlantic salmon (Salmo salar) [29], whereas Barrows
and Frost [30] used co-products from the nut industry, algae, and invertebrate meals in
diets for rainbow trout (Oncorhynchus mykiss) [30]. The sensory aspects such as the variation
of the fillet color or the skin color are typical parameters that need to be considered, as
well [13,31]. However, the variations of taste, flavor, and texture of the fillets, especially, of
rainbow trout (Oncorhynchus mykiss) and pike-perch (Sander lucioperca) were hardly taken
into account and accordingly have not been described yet comprehensively.

In 2019, around 18,500 t of fish and fishery products were produced in German
aquaculture, a third came from rainbow trout (~6200 t) and 57 t were pike-perch [32].
Furthermore, these two species represent typical edible fish in Germany. They are low-
PUFA freshwater fishes and important for human nutrition. Schatberg et al. (2020) already
showed in a recent study the effects of an innovative feed on antioxidant activity with
regard to the course from raw materials over feed production into the fillets of rainbow
trout [31]. In that study, three diets were compared: a commercially available industrial
(standard) diet, a control diet, and a new feed mix. In that mix, fish meal and oil content
were reduced by half (compared to the control diet). For preventing nutrient deficiency,
a mixture of the microorganisms Crypthecodinium cohnii, Arthrospira sp., and Rhodotorula
glutinis was used [13,31]. R. glutinis was chosen as the new lipid source. C. cohnii was
used to increase the PUFA content, in particular the docosahexaenoic acid (DHA) content,
because C. cohnii can contain up to 50% DHA per dry matter [18,33,34]. Instead of fish
meal, Arthrospira sp. was used as the new additional source of proteins [13,18,31]. In order
to ensure sustainable aquaculture, microorganisms were cultivated in biotechnological
processes [18,33,34]. Schafberg et al. (2020) showed that the microorganism-based feed
mix led to healthy fish, which were comparable to conventionally fed fishes and led to the
accumulation of carotenoids and other antioxidants in the fish fillets [31].

The present study aimed at evaluating the growth and quality traits of rainbow trout
(Oncorhynchus mykiss) and pike-perch (Sander lucioperca). Both are fish being typically
consumed in Germany. Further, they were chosen for comparing between a predatory and
non-predatory species. It was hypothesized that predatory fishes cannot cope well with
that new fish feed mix. As growth and health performance parameters, weight, length,
specific growth rate, feed conversion ratio and k-factor were chosen. Liver color was used to
reveal possible adverse effects in liver metabolism and lipid accumulation. Besides, carcass
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parameters such as length, weight, and color are important for fish farmers, but these are
also very important decision criteria for consumers. For them, the fillet of the fish is the most
valuable part due to several factors, such as health benefits, taste, appearance, or growing
conditions (conventional vs. (organic) sustainable aquaculture) [35-39]. Consequently, the
sensory evaluation was regarded as a further important aspect, and the color, odor, texture,
and taste of the fish fillet were also characterized in the present study. The accumulation of
any substances with positive health benefits is irrelevant when the product does not meet
consumers’ expectations and acceptance.

2. Materials and Methods
2.1. Feeds

Feed mixes and their nutritional parameters were already described by Schafberg et al. [31].
The commercially available industrial (standard) feed (ALLER METABOLICA, 4.5 mm;
Prod. No. 41400342) was purchased from Alleraqua GmbH, Golssen, Germany. IGV
GmbH (Nuthetal, Germany). The control feed was created and produced by the very
well-experienced industry partner vitafeed Spezialfuttermittelwerk Beeskow GmbH (Sfw;
Beeskow; Germany), based on a well-established recipe with 37.9% fish meal and 13.6%
fish oil. The new feed mix was based on the same recipe as the control diet, but the feed
mix consisted only of half of fish meal and fish oil. The other half was replaced by a mix of
Arthrospira sp. (12.1%), Crypthecodinium cohnii (4.5%), and Rhodotorula glutinis (9.0%). The
pellets had a diameter of 4 mm and were stored at room temperature until feeding.

2.2. Fish Feeding Trials
2.2.1. Experimental Set-Up

The fish feeding trials took place at the Institute of Inland Fisheries Potsdam-Sacrow
(IfB), Germany. The trials took 16 weeks (from the end of July 2015 to mid-November
2015) and three different diets (S: commercially available industrial (standard) diet; C:
control diet; FM: feed mix) were tested with pike-perch (406 individuals in total) and
rainbow trout (391 individuals in total) in duplicate. The trials were performed under
aquaculture conditions of a semi-industrial scale. Pike-perch was kept in a recirculation
aquaculture system including six rearing tanks of each 1.4 m®. The water temperature
was 22 °C. Rainbow trout were kept in a recirculation system at 11 °C, using deep water
of the adjacent Lake Sacrow (Potsdam-Sacrow, Germany) for cooling by heat exchangers.
Six groups were kept per experiment (two groups per diet). Both species were initially
stocked into the tanks for acclimation for two weeks. During the first four weeks of the
feeding studies, the maximum daily amount of consumed feed (FI max.) was determined.
In the further course, to achieve optimal feed conversion, the daily feed administration
was set about 10% below the maximum feed amount. The percentage of these amounts
was therefore based on the fish biomass of each group and the species available at the
start of the experiment and was adjusted monthly after each weighing. The populations
were automatically fed every four hours for the whole trial period. Consequently, slowly
growing groups therefore received less feed in total. This approach is unavoidable, as non-
consumed feed can lead to massive pollution of the water and the fish. The fish harvesting
was based on the codes of good practice for food-producing fish for human consumption.

2.2.2. Fish Samples

The IfB cultivated their own pike-perch fingerlings, which were approx. 6 months old.
The tested pike-perch population consisted of 66 to 70 individuals (average initial weight
174 g £ 44 g) per feeding group (S; C; FM) and tank (two tanks per diet). The rainbow
trout population was obtained from a culture from Saxony-Anhalt (Germany) and the
fish were approx. 15 months old. The tested rainbow trout population consisted of 64 to
66 individuals per diet (S; C; FM) and tank, with an approx. weight of 139 g +£ 33 g.

The fish of each tank were weighed and measured once a month (pike-perch: day 0,
35, 63, 91, and 120; rainbow trout: day 0, 31, 59, 89, and 115). At the end of the trials, fish
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were removed from the tanks, anesthetized, and killed in accordance with the German
Animal Welfare Act. The morphometric traits, growth and other parameter were analyzed
directly after the killing. Afterwards, the organs were removed, and the fish was filleted.
All samples were collected in plastic bags and stored at —20 °C until analysis. The fish
fillets were pooled for the analysis of the proximate composition and the metabolites.

2.2.3. Growth Performance and Carcass Parameter

The following growth performance and carcass parameters were estimated for all
three diets at the end of the trial: Weight gain [%], total fish length [cm)], fillet weight [g],
liver weight [g], intestinal fat [g], and survival rate [%]. The specific growth rate (SGR)
was calculated as (loge weight o,q [g] — loge weight gare [g])/days x 100 according to
Busacker et al. [40]. The condition factor (k-factor) was calculated as weight [g]/ 1enght3
[em3] x 100 according to Fulton (1904) and the feed conversion ratio (FCR) as the amount
feed [kg]/increased weight [g] [41]. The intestinal fat somatic index (IFSI) is the ratio of
intestinal fat weight [g] to fish weight [g], whereas the hepatosomatic index (HSI) describes
the ratio of liver weight [g] to fish weight [g]. The survival rate was calculated over the
whole study period. The colors of the fresh (as well as lyophilized) fillet and the fresh
(as well as lyophilized) liver were described using CIE color space L*a*b* [42—44]; this is
indicated by the luminosity (L), level of redness or the red—green axis (a), and yellowness
level or the blue—yellow axis (b). The color difference (dE) is explained in more detail. On
the one hand, the color difference of the liver (dE,,¢cka) between Week 4 and Week 16 was
compared and, on the other hand, the color difference (dEpeedmix) between the liver color
of the diet FM to S and C was compared after 16 weeks. When the dE value is more than 1,
it is defined as distinguishable to the practiced eye.

2.3. Chemical Parameters
2.3.1. Chemicals

Acetyl chloride, n-heptane, disodium hydrogen phosphate, methanol, sodium chlo-
ride, and sodium sulfate were purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany). Sodium carbonate was purchased from Griissing GmbH (Filsum, Germany).
All chemicals used in the experiments were of analytical grade and all aqueous solutions
were prepared with ultrapure deionized water.

2.3.2. Fillet and Liver Color

The determination of the fillet and liver color was analyzed photometrically according
to Schafberg et al. and the definite color was determined using the CIE-Lab color space [31].

2.3.3. Determination of the Fatty Acid Profile

According to Schafberg et al. (2018), the fatty acid (FA) profiles of the fish fillets were
determined as fatty acid methyl esters [13]. The results were expressed as g fatty acid
100 g ! biomass. The limit of quantification (LOQ) was 0.005 g FA 100 g~ ! weight.

2.3.4. Determination of Ash, Dry Mass, and Protein Content

The ash, dry mass, and protein content of the fish fillets were analyzed according to
Schafberg et al. [31]. The results were expressed as g 100 g~ ! BM. The LOQ for all three
methods was 0.01 as g 100 g~ BM.

2.3.5. Statistical Analysis

All analyses were done in triplicate for the statistical analysis. For the identification of
significant differences between the groups C, FM, and S, all data were analyzed by descrip-
tive statistics and paired sample t-tests using IBM® SPSS Statistic version 26. Levene’s test
was used to check for homogeneity of variance. The significance level was set at p < 0.05
and the values were expressed as the mean + standard deviation (SD). In the corresponding
tables, the letters “F” and “K” explain the significant difference. Moreover, as “C” is used
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as an abbreviation for the control groups, it was tried to avoid misunderstandings. “F” is
the significant difference between the standard (or the control) to the feed mix. “K” is the
significant difference between the standard and the control.

2.4. Sensory Evaluation
2.4.1. Paired Comparison Test

The sensory evaluation took place at the partner site IfB from 11 to 22 December 2015.
The tests were done in paired comparison tests according to ISO EN 5495. The thawed
fillet samples were heated in the oven at 180 °C for 10 min and presented to the panelists.
The sensory panel consisted of six experienced panelists and the study was divided in
three parts (Test I: commercially available industrial (standard) diet vs. new feed mix, Test
II: control diet vs. new feed mix, and Test III: standard industrial diet vs. control diet)
per species. Each part was run four times to ensure the required sample number (1 = 24).
The paired comparison test focused on the intensity /expression and preference of the
following characteristics: odor, color, texture, and taste. As an example, when comparing
the two fillets (A vs. B), the panelists should decide whether the respective aspect (here:
odor) of the two fillets differed. If there was a difference, it was checked which of the two
fillets had a more intense odor and which the panelist would prefer. The possible answer
options were ‘no difference’ (ND), A/B more intensive, A/B preferred. In addition to those
aspects, experts were asked to write down characteristics that attracted their attention. The
panelists were free to choose words for their impressions; no guidelines were given here.

2.4.2. Statistical Analysis

No-difference-decisions by the panelists were assigned to both products tested in
equal parts. The default procedures for statistical analysis of the international ISO EN 5495
norm for both-sided tests were then followed. The significance level was set at p < 0.05.

3. Results and Discussion

Over the last decades, many studies tested the effects of the substitution of fish meal
and oil in fish feeds used in different kinds of aquaculture. For a partial substitution,
several plant-based materials such as nut meal [30] or concentrates of pea protein, horse
bean protein, and rapeseed protein [45] have been used. In addition, a wide variety of
microorganisms, especially single-cell organisms, are used in the present aquaculture
and their cultivation has been optimized accordingly over the last decades [27,46,47].
Further, microorganisms, e.g., up to 10% Spirulina platensis, have also been used for rainbow
trout feeding [20,48,49]. However, only a few studies that used microorganisms in their
feed mixes analyzed the sensory attributes [50], besides the quality traits and growth
evaluation of the final fish or fish products. For instance, Schafberg et al. (2018) already
described the positive effects of a microorganism mix (Rhodotorula glutinis, Crypthecodinium
cohnii, Arthrospira sp.) as a feed ingredient on the compatibility of rainbow trout and
pike-perch [13]. Afterwards, Schafberg et al. (2020) used a different composition of the
microorganism mix and described stabilizing effects on the antioxidant profile during
the manufacturing process [31]. The present study used the same mix as described by
Schafberg et al. [31], but focused on the growth performance, feed conversion, carcass
parameters, and especially, the sensory description and evaluation of the fish fillets.

3.1. Fish Growth Performance and Morphmetric Traits
3.1.1. Pike-Perch

The present study underlined the results described by Schafberg et al. (2018) for a
pike-perch population [13]. Pike-perch as a predator was forced to cope with this new,
comparatively more vegetarian diet, as 50% of the fish meal and oil were substituted.
Pike-perch and rainbow trout are both carnivores, but the pike-perch farming is a bit
more challenging, as rainbow trout can cope with a higher proportion of vegetarian
ingredients. The growth performance and feed conversion in this study showed that the
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FM acceptance and conversion was not adequate for pike-perch (Table 1). An important
reason for this could be that the digestion of the microorganisms’ biomass, especially their
cell walls, is insufficient. Carnivores differ in the digestion/adsorption process of complex
carbohydrates compared to herbivores and omnivores in the conversion rates. Carnivores
have, e.g., lower pancreatic and intestinal enzyme activity towards complex carbohydrates.
So, this can also lead to a slower and insufficient conversion of complex polysaccharides
and following this also lower growth rates and weight gain [51-53].

Pike-perch showed significant differences in the final fish weight, but also already in
the weight gain. The standard diet led to a weight gain of 278 g + 102 g, compared to the
initial weight. So, the fish had grown by about a factor of 2.6. Fish fed with Diet C had a
weight of 217 + 67 g, which means that the fish initially gained weight by a factor of about
2.2. Fish fed with Diet FM gained “only” twice of their initial weight (183 g 4- 74 g).

The fillets resulting from group FM were significantly smaller (144 g) than the fillets
of the feeding group S (185 g), but there were no differences to fillets from Group C (165 g).
Generally, the fillet made up about approximately 40% of the total weight for each group.

The intestinal fat and the IFSI showed significant differences. Fish from Group S had
28 g fat (IFSI: 6.3%), whereas Diet FM led to less than half of the intestinal fat (12 g fat;
IFSI: 3.4%), and Diet C led to 18 g fat (IFSI: 4.5%). The livers of the Diet S fish weighed
significantly more (5.4 g) than the livers of the fish that were fed with Diets C (4.3 g) or
FM (4.3 g). These values were expected due to the larger increase in the mass of the S-fish
compared to the other diet groups.

The SGR of the fish fed with Diets FM or C (0.6% day ') were lower than those
resulting from Diet S (0.8% day~!). The same trend was shown at the hand of the k-factor
(S: 1.0, FM: 0.8, and C: 0.9). The feed conversion ratio (FCR) of Diets S and C (both approx.
1.1) were significantly lower than of Diet FM (1.6). Regardless of the diet, the fish showed
no significant differences in their survival rate (99%), total length (~35 cm), and HSI (~1.2%).
On the one hand, the HSI values (~1.16%) in the present study were slightly higher than
Lazo et al. (2017) reported for pike-perch (0.8%; n = 10). On the other hand, the sample size
in the present study was also higher (1 = 66 and 68). The present HSI results were still in a
range that was comparable to values for farmed fish [54].

Liver color was used to reveal possible adverse effects in liver metabolism and fat
accumulation (Table 2). A shift in luminosity (L) and/or an increase in the yellowness level
(b) can indicate a possible fatty liver. Even though the liver color in Week 16 did not show
any significant differences, the calculated color difference compared to Week 4 showed
that all three parameters increased. The liver color resulting from Diet FM showed the
lowest values overall (e.g., L = 42.1), which resulted in the high color differences compared
to the liver color of Groups S and C. From this, it can be concluded that there was no
increased lipid accumulation in the liver in FM-fed pike-perch, being a kind of evidence of
healthy individuals. This is an important part of excluding non-alcoholic fatty liver disease
(NAFLD), because it is the most common cause of chronic liver disease for all species.
It is a clinical syndrome characterized by predominant macrovesicular steatosis of the
liver [55]. In the case of disturbed lipid digestion, changes in diet and lifestyle can lead to
an improvement in health. Therefore, attention should be paid to the components contained
in the food, as these have a direct impact on health or can promote diseases [55,56].

On the basis of the parameters mentioned so far, comparably healthy individuals of all
diet groups were assumed, so the (quality) parameters of the fillets were then determined,
since it is the most important part of the fish for the consumer. In addition to the fillet
color (Table 2), the total lipid content as well as the protein content or the water content
are important here (Table 3). The fillets of the FM group had significantly lower amounts
of proteins (FM: 20.5%, C: 20.3%, S: 21.2%) and dry mass (FM: 23.6%, C: 24.4%, S: 23.9%)
but no significant differences in their water content and total lipid content. With regard
to the feeds, there were no significant differences in their dry mass, ash, and total lipid
content, but the FM diet had lower amounts of theses nutrients than the other diets [31].
Moreover, the protein contents in the diets did not show significant differences (FM: 46.3%,
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C: 45.8%, S: 45.8%) [31]. The distribution of nutrients in the feed cannot be transferred 1:1
to the individuals, which shows how the metabolism varies due to the bioavailability of
the ingredients.

The fillets of the FM group had the brightest color (L = 44.7), the lowest redness level
(a = 1.08), and a higher yellowness level (b = —1.58) than fillets from Groups S and C
(Table 2). The fillets of Groups S and C fish differed significantly from the FM fillets. Those
parameters led to dE values >1 compared to FM, but it could be already determined visually
that the FM fillets were slightly brighter. The lower redness level means a color shift into
green compared to the C and S fillets. The reason for the “green shift” is the accumulation
of chlorophylls from Arthrospira sp., whereas the higher yellowness level resulted from the
increased carotenoid content of the microorganisms in the FM diet [13,20,31].

In the present study, all feeding groups showed no differences in the total lipid content
between each of the pike-perch fillets, ~1% being a typical value for such a lean fish. In this
context, Lazo et al. (2017) already showed similar values in the dry mass, ash, and protein
content of pike-perch samples, but a comparatively lower total lipid content [54].

A closer look at the fatty acid profile showed that the fillets of the fish fed in Groups
S and C had the following fatty acids predominantly in the fillets, in descending order:
oleic acid (18:1), palmitic acid (16:0), linoleic acid (18:2n6, LA), stearic acid (18:0), and
DHA (22:6n3). The FA profile in the FM fillets was slightly different, and oleic acid and
palmitic acid were also the two dominant FA, but the oleic acid content (30.0% fat~!) was
significantly lower than in the S fillets (34.6% fat~1), and the palmitic acid (29.1% fat~!) was
significantly higher in the FM fillets than in the S fillets (23.6% fat!). The following FA in
the FM fillets were stearic acid (7.27% fat™1), LA (6.64% fat~1), and palmitoleic acid (6.36%
fat=!). All three diets showed the same three predominant fatty acids in descending order:
oleic acid, LA, and palmitic acid [31]. The amount of oleic acid in the S diet (50.1% fat™1)
was significantly higher than in the FM (30.5% fat~!) or C diet (32.3% fat~!) [31]. Moreover,
the FM and C diets showed significantly higher DHA (~4.6%) and EPA (FM: 2.3% fat !, C:
3.0% fat™1) contents than S (DHA: 1,2% fat~!, EPA: 1.3% fat™1) [31]. The high content of
oleic acid, palmitic acid, stearic acid, and LA in the fillets goes hand in hand with the high
content of the same fatty acids in the diets [31]. Moreover, the high content of oleic acid
and palmitic acid in all fillet groups is in agreement with the findings of previous studies
about fatty acids in pike-perch, where oleic acid and palmitic acid were also reported as
the dominant fatty acids in farmed and wild pike-perch [13,57,58].

PUFA content in pike-perch fillets consisted mainly of LA, DHA, and eicosapentaenoic
acid (20:5n3; EPA). These were significantly higher in the S and C fillets than in the
FM fillets.

The feeding period of the present study was twice as long as the previous study
described by Schafberg et al. [13]. Consequently, the present individuals were also larger
and heavier. This goes along with the higher total lipid content of the fish. In relation to
the biomass, the present study showed higher PUFA and lower MUFA (monounsaturated
FA) contents than described by Schafberg et al. [13].

Thus, the changes in the FM recipe led to a good PUFA enrichment in the pike-perch
fillets in the present study. The accumulation of palmitoleic acid (16:1n7) in FM fillets
(6.36% fat™!) was significantly higher than in the fillets from Groups S (0.91% fat™!) or
C (0.77% fat™1). Palmitoleic acid is metabolized from palmitic acid via the stearoyl-CoA
desaturase pathway [13,59-62], this pathway seems to be favored by the intake of the
FM diet.
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Schafberg et al. [31] showed that the standard feed had a significantly higher palmitic
(2.22 g FA 100 g~ !) and palmitoleic acid (0.30 g FA 100 g~!) content than the FM diet
(palmitic acid 1.58 g FA 100 g~ !, palmitoleic acid 0.03 g FA 100 g~!) and the control feed
(palmitic acid 1.88 g FA 100 g~!, palmitoleic acid 0.03 g FA 100 g~!). However, when these
fatty acid contents were related to the total lipid content, there were no significant differ-
ences between the S (palmitic acid 23.6% fat~1 palmitoleic acid 0.91% fat_l) and FM diets
(palmitic acid 29.1% fat™!, palmitoleic acid 6.36% fat~!), whereas Diet C showed a slightly
lower content of those acids (palmitic acid 23.1% fat !, palmitoleic acid 0.77% fat !). There-
fore, the significantly higher content of palmitoleic acid in the fat of the FM fillet must result
from the microorganisms’ content of the FM feed. So, the reaction between stearoyl-CoA
desaturase and palmitic acid to form palmitoleic acid seems to be favored by the content of
microorganisms in the diet.

The FM fillets had significantly lower DHA, EPA, and arachidonic acid contents
than the fillets of the S and C groups, although the FM diet had higher DHA and EPA
contents than the S diet [31]. The FM diet seems to influence the fatty acid metabolism of
the pike-perch in that the elongation of the fatty acids is reduced. As a freshwater fish,
pike-perch tends to metabolize LA and a-linolenic acid (ALA). Thus, at the beginning of
the elongation cascade, LA and ALA are competitive substrates for the existing desaturases
and elongases in fish in order to form very-long-chain PUFA and to build them into lipids
and membranes [60-62].

The significantly lower DHA content in the FM fillets underlined that a longer feeding
trial was not necessarily an approach for a better accumulation. Another important point
for the low DHA content is that the diets (FM, S, and C) were not optimized or adapted
for pike-perch. This study was an attempt to see whether pike-perch would accept this
new diet formulation or reject it in general. Similarly, as described by Schafberg et al.
(2020), the rainbow trout fillets had higher DHA contents in their fillets than the pike-perch
fillets [31]. Both species received the same feeds, so the low DHA content must result from
their species-specific metabolism.

The discussion about the FA profile in the context of other pike-perch studies should
be done carefully. The ‘physiology” and the biosynthesis of specific metabolites such as
fatty acids depend above all on the species, and study design (age, size, sex, season, marine
or freshwater fish). In addition, geographical location and water temperature for fish are
decisive for which FAs are metabolized [58].

3.1.2. Rainbow Trout

The innovative microorganism-based feed mix of the present study was especially
optimized for the rainbow trout population, based on previous results [31]. Additionally,
Pike-perch was chosen for comparing between a predatory and non-predatory species. It
was hypothesized that the non-predatory rainbow trout will cope more easily with that
new fish feed mix.

Table 1 shows the growth performance and feed conversion parameters. The fish
did not show any significant differences in the initial weight (139 g + 33 g), but at the
end of the study, FM led to a significantly lower weight (410 g) than the diets of the two
other groups. The same trend was shown at the hand of the weight gain, the fillet weight,
the total length, the liver weight, k-factor, SGR, as well as the intestinal fat, the IFSI, HSI
and the FCR. The fish did not show significant differences depending on the diet. In the
present study, only 50% of the fish meal and oil content were substituted. Previous studies
showed that plant-based feeds show reduced growth performance (especially low weight
gain and high FCR), when large portions of fish meal or oil were replaced [45,63-66]. In
the present study, the control diet consisted of ~50% fish meal and oil. For FM, the half of
these ingredients was substituted. In the present study, FCR was at the same level for all
feeding groups, whereas the weight gain differed significantly. This result was also shown
in previous studies [63,64]. The substituted part is therefore a decisive criterion. The aim
of the present study was to create a feed that provides a similar growth performance to
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commercially available feeds (with traditional portions of fish meal and oil). The SGR of
the rainbow trout fed with FM was slightly lower than for fish of Groups C and S, but the
difference was not significant.

Fingerlings gain more weight in a shorter time than older individuals, because of
their developmental stage of growth. In the present study, older fish were used over a
comparatively longer study period and showed, expectedly, a lower weight gain. However,
the trend is the same; the ratio of FM to C was 0.73 in the study mentioned before [30],
whereas in the present study, the ratio was 0.67 for FM to C and 0.60 for FM to S.

The survival rate was slightly lower compared to the previous study described by
Schafberg et al. [13]. The growth performance and feed conversion confirmed that FM was
well adapted by rainbow trout, but still bearing a potential in terms of weight gain and
final market weight. The added value should be in the focus and sustainable practices
should also be a priority, like in other sustainable agricultures.

After 16 weeks, the liver color of the fish of the feeding group C was generally darker
than those of S and FM fish (Table 2). There were no differences in redness levels, but the
yellowness levels of S and FM livers were higher than those of C livers. The high dEgeeqmix
of C livers resulted in a shift from yellow to blue. The color difference dEcek4 resulted
from various changes: the yellowness level in the S livers increased, while it was decreased
in the C and FM livers. The decrease in lightness of the liver color also contributed to the
increased dE value of the C livers. From the color of the liver, conclusions can be drawn
about the accumulation of fat. The results show that the FM diet resulted in individuals
that were as healthy as the individuals of the standard diet group, as the dEfeeqmix of S-fed
livers was relatively low and the dEg..qmix was about half compared with fish fed with
feed C. This means that the liver of FM fish looks more like the liver of S fish than the liver
of C fish.

Schafberg et al. (2020) already showed the results of the nutritional parameters of the
fillets (Table 3) and the feeds, accordingly [31]. The dry mass, ash and protein content of
the fillets did not show significant differences [31]. There were significant differences in
the fat content (FM: 7.5%; C: 7.8%; S: 8.2%) and in the content of some PUFA in the fillets,
more precisely ALA, EPA, and DHA (Table 3) [31]. The four predominant fatty acids (in
descending order) in the fillets were: palmitic acid, LA, stearic acid, and oleic acid. These
fatty acids were also dominant in the feeds, as described above (3.1.1.) [31].

Authors further described the color of the lyophilized fillets [31], whereas the present
study focused on the color of fresh fillets. The fillet color of the fresh FM fish (Table 2)
was significantly different (L = 41) and not as bright as the color of the fresh fish resulting
from Diets S (L = 43) or C (L = 43). However, fresh FM fillets had the highest redness and
yellowness level. These differences also explain the high dE values. The same trend was
observed in the lyophilized samples [31]. The fresh and lyophilized samples of S and C
fillets were slightly brighter than the FM fillets, with the lightness of fresh fillets (L = 42)
being about half of the lyophilized samples (L = 72). The redness level of the fresh C
(a=1.5) and S fillets (a = 2.0) was significantly lower than in the FM fillets (a = 2.6), whereas
the lyophilized fillets of C (a = 1.8) showed the highest redness level (FMjy,: 1.1; Spy0: 0.2).
Moreover, as expected, the yellowness levels of the lyophilized samples were significantly
higher (b = 20.2) than in the fresh samples (b = 3.5). The differences in the yellowness level
can unexpectedly be observed more clearly in the fresh fillets (C: 0.63; FM: 6.94; S: 3.01).
As already described for pike-perch, a lower redness level means a color shift towards a
green color. The reason for such a “green shift” is the accumulation of chlorophylls from
the ingredient Arthrospira sp., whereas a higher yellowness level results from increased
carotenoid contents [13,20,31]. These results confirm outcomes of previous studies, where
fish meal was substituted with Spirulina platensis. Teimouri et al. (2016) showed that all
fillets that were fed with spirulina had a significantly lower luminosity, higher redness, and
higher yellowness levels than the control fillets [20]. Even more, the increasing amounts
of spirulina in the feeds correlated with an increasing redness and yellowness level and
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the decreasing luminosity [20]. Therefore, the change in the FM fillet colors in the present
study can be assigned to the spirulina content in the feed.

3.2. Sensory Evaluation

In order to perceive sensory differences more clearly, three comparison tests were
carried out (Figure 1). Here, fillets from two different diets were compared with each
other (Test I: FM vs. S; Test II: FM vs. C; Test I1I: C vs. S). In this study, the standard diet
represented a typical, commercially available fish feed, which is used for conventional fish
farming. Consequently, consumers are used to accepting the resulting fish fillets with regard
to color, odor, taste, and texture. The control feed and the feed mix were based on an almost
similar recipe: C consisted of ~50% fish meal and oil, whereas FM contained only half of
that. All fish groups were farmed under the same conditions. Consequently, the sensorial
changes can only refer to the feeds, but not environmental factors. Feed C differed from
FM in the content of fish meal, fish oil, and the further constituents of the microorganism
mix. Sensorial differences between the control fillets and the FM fillets can only be due to
the microorganism mix. Other important aspects are the strength of the sensory attributes
and how they affect potential consumers ('like or dislike’). Therefore, another aspect was
that the panelists had to differentiate between more intense and preferred attributes.

3.2.1. Pike-Perch

The three paired comparison tests of pike-perch fillets (Figure 1, Table S1) showed
that the FM fillets had differences in the intensities of the odor and the texture, but the
preferences were more balanced. The only significant difference was the intense odor of
the control fillets compared to the standard fillets (Test III), while there was no preference
in the smell. However, panelists made the most comments on the odor (Table 4). The C and
FM fillets were also described as ‘with a foreign smell’ or ‘more intense’ compared to the S
fillets. Lazo et al. (2017) described pike-perch as ‘earthy’ or ‘musty” in flavor. However, this
impression was not the dominant attribute by any feeding group of the present study [54].

Fillets of lean fish have less fat and a higher moisture content, also resulting in
different textures [67,68]. As described above, the total lipid contents showed no significant
variations, but the moisture of FM fillets was significantly higher than for the S and C
fillets. Panelists’ comments on the texture were balanced and no group was preferred.
Even though the colors of the fillets had no significant differences in the compared test, the
panelists described the FM fillets as ‘darker’ than the other groups. Correspondingly, fillets
of S and C were described as ‘pale’. The color perception of the panelists is in contrast to the
measured color values of the fresh fillets, where the FM fillets were the brightest. Moreover,
the redness level of the FM fillets was lower, and the yellowness level was slightly higher
than in the other groups. This suggests the impression that either the yellowness level
had a larger influence on the perception of the panelists or that further processes during
preparation led to a serious change in the fillet color. This is very interesting, because the
dE value of the fresh filets is low and the panelists” description were not expected.

Lu et al. (2003) also showed that solely feeding spirulina to tilapia did not lead to
sensorial differences [69]. Pike-perch and tilapia are both Percomorphaceae and seem to
get along well with feeding on cyanobacteria regarding the sensory aspects of their fillets.
However, it could be that in different countries, perception of fillet color is different. While
some countries prefer more colored fillets, some prefer a more natural appearance.
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Figure 1. Comparison Test I-III of pike-perch (left) and rainbow trout (right). The left side of each sub-figure (I-III) shows
the intensity distribution of the “expressed/distinct” attribute (taste, odor, texture, and color), and on the right side the
“preferred” attributes of the sensory test are shown. Comparison Test I: comparison of the standard feed (S; blue) with the
feed mix (FM; green), Comparison Test II: FM vs. the control feed (C; yellow), and Comparison Test III: S vs. C. When there
was no significant difference between the respective aspects, ‘no difference’ (ND, grey) was noted accordingly.
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Table 4. Panelists’ commentary/impressions and frequency of occurrence regarding the paired comparison tests of

pike-perch. The numbers describe how often the respective attribute is mentioned by the panelists.

Test 1 Test I1 Test II1
Sensory
Attribute S M ¢ M s ¢
foreign smell foreign By soft 1 foreign foreign 1 foreign 3
smell smell smell smell
herbal 1
intense 1 intense 3 intense 1
no aroma 3 no aroma 2
Odor pungent 1 pungent 1 pungent 2
musty 1 musty 1
not intense 1 not intense 2
fishy 1 fishy 1
sweet 1
darker 1 darker 1 darker 1
gray 4 gray 5
Color pale 1 pale 6 pale 1 pale 3 pale 3
dry 1
fibrous 1
too
too soft 1 soft 2 too soft 1 soft 2 too soft 1
Texture too
firm 1 firm 1 firm 3 . 1 too firm 5
firm
voluminous 1
. foreign foreign foreign foreign
forelgn taste 3 taste 2 taste taste taste 1
raw potato 4 pgi;\;o 2  rawpotato 2  raw potato 1 raw potato 4
bland 1 bland 3 bland 1 bland
Taste sweet 1 sweet 1 sweet 1
musty 1 musty 2 musty 1
bitter 1 bitter 1
notin- 4 tintense 2
tense
fishy 2
dry 1

S = Standard Industrial Diet; FM = Feed Mix; C = Control.

3.2.2. Rainbow Trout

The paired comparison tests of rainbow trout fillets (Figure 1, Table S2) showed more
significant differences than the sensory evaluation of pike-perch. The frequency of noted
comments was almost the same for both species (Table 5). In this comparison (Tests I-
III), the attribute ‘too dark” was the most noted one. The FM fillets showed significant
differences in the intensity of color (Test II, expressed aspects) and were described as ‘too
dark’ or ‘yellow to brown’. C fillets had the preferred color (Figure 1, Test II, Table S2),
but were also described as “pale’ and ‘light’ compared to FM fillets and as ‘too dark’,
‘red’, ‘white’, and ‘pale’ compared to S fillets, whereas the S fillets” descriptions were
more inconsistent (‘yellow to red’, “pale’, and ‘brown’, Test III). The fresh FM fillets had
the highest redness and yellowness levels. In the sensory evaluation, the FM fillets were
described as ‘darker’ than the S and C fillets. These observations match with the previously
determined color values. In the sensory evaluation, C fillets were described as ‘pale’, but a
significant majority of the panelists preferred them against the S fillets.

The color values of the fresh C fillets also had lower redness and yellowness levels
compared to the S fillets. This trend was also stated by Teimouri et al. (2013), because
with increasing spirulina content in the feed, luminosity decreased, and the redness and
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yellowness levels increased [20]. Conversely, the control group also had the highest L
value and the lowest redness and yellowness values here. The odors of all groups were
balanced and did not show any significant differences concerning intensity and preference
(Table 5). The most-noted attributes for the C fillets in Test III were from ‘no flavor’ to ‘too
intense’ over ‘pungent’ or ‘musty’. There were no preferences for fillet texture. The C fillets
showed a more intense texture in Test Il but were not recognized in Test III. The FM fillets
were described to be ‘too firm” in Test I, but this trend was not identified in the other tests
(Table 5).

Craft et al. (2016) explained that with a higher protein content, and therefore a lower
fat content, fish fillets can become ‘too firm’ [65]. The significantly lower fat content of
the FM fillets in the present study supports this statement, whereas the lower protein
content contradicts this hypothesis. In Test I, FM fillets showed a more intense taste, but
the preference in Test I was balanced. In Test II, control fillets had a more intense taste, but
also here the preference was balanced. In Test III, the expressed tastes of S and C fillets
were balanced, whereas the S fillets were preferred. Both fillet groups were described
to have ‘a foreign taste’, but the C fillets were also described as “fishy” and ‘too intense’.
Typical off-flavors and odors such as ‘earthy’, ‘musty’, or ‘pungent’, also being noted in the
present tests, can be assigned to metabolites that derive from microorganism-supplemented
feeds [70,71] or can result from contaminations in the recirculation of the deep water system
associated with possible accumulations of off-flavor compounds.

Table 5. Panelist’s commentary /impressions and frequency of occurrence regarding the paired comparison tests of rainbow
trout. The numbers describe how often the respective attribute is mentioned by the panelists.

Test 1 Test I1 Test II1
Sensory
Attribute S M ¢ M s ¢
pungent 1 pungent 1 pungent 1 pungent 1 pungent 2
fishy 2 fishy 3 fishy 1 fishy 1
sweet 2 sweet 2
Odor musty 1 musty 1 fmu§’cy 1 mugty 1
oreign foreign
1 1
smell smell
not 4 no aroma 2
aroma
not intense 1
too intense 1
yellow

yellow 1 yellow 1 to red 2 red 2

Col too 3 too dark 4 too dark 5
olor dark

pale 1 pale 1 pale 2

light 1 white 2

brown 1 brown 1
too soft 1 too soft 1 too soft too
soft

Texture t00

too firm 2 . 4 too firm 1 too firm 1
firm

dry 1 dry 1
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Test I Test 11 Test 111
Sensory
Attribute S M ¢ M S ¢
juicy 1
bland 2 bland 5 bland 1
musty 1 musty 1 musty 1
raw
raw potato 1 potato 1
bitter 2 bitter 2
. foreign foreign foreign foreign foreign
Taste fore1gn taste 2 taste 1 taste 1 taste 1 taste 2 taste 2
fishy 2 fishy 4 fishy 1 fishy 3
aquaous 1 aquaous 2
balanced balanced
2 1
taste taste
smooth 1
great taste 1
not in- 1 not intense 1
tense
intense 1 too intense 2
taste
fatty 1

S = Standard Industrial; FM = Feed Mix; C = Control.

4. Conclusions

The present study showed that the substitution of fish meal and oil with a microor-
ganism mix is not an optimal diet for pike-perch. Even though the present study period
was longer than the one performed in a previous study [13], there was still not a well
feed adaption of the pike-perch. The use of this new feed mix for pike-perch farming
regarding the growth performance is not recommended at the moment. Promisingly, the
sensorial differences between the fillets resulting from the standard and the feed mix were
not significant. From this view, it can be a starting point to further optimize similar feed
mixes for pike-perch farming.

Regarding the rainbow trout population, the present study showed that the growth
performance and morphometric parameters of the feed mix groups reached a similar result
as the conventionally fed groups. The growth of the FM groups was slightly reduced, but
those deficits could be compensated, when the growing period is enlarged until reaching a
marketable size. Consumers’ attitudes towards growth duration and individual size in fish
farming through more sustainable feed should also be generally reconsidered, all being
similar aspects to those associated with other sustainably grown livestock. The sensory
aspects of the feed mix in rainbow trout farming seem to be positive for the consumer and
promising for future studies. The numerous comments regarding the sensory impression
should not be interpreted too negatively, as the comparison tests hardly showed any
significant differences in preferences of the fillets.

This can be a point for the start of a larger consumer acceptance study.

In general, these observations show that low dE values can have a large effect on the
final products. In this context, it is questionable whether traditional customers are willing
to pay for a (white) fish with a conspicuous fillet color or whether they can be encouraged
to buy those by additional information or advertising. The most important attribute for
customers overall is still the taste. In this context, panelists” statement of ‘foreign taste” was
balanced over all groups, and the panelists had no preference.

Further, it can be stated that in the present study, the partial substitution of fish meal
and oil led to fish fillets without significant sensorial differences compared to fillets of fish
that were fed with the standard diet. Occurrences of texture variants, color differences,
off-flavors, and odors were minimal. Even when there were significant differences in
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the intensity of attributes, it did not have a great impact on the preference choice of
the panelists.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10081799 /s1, Table S1. Paired comparison tests of pike-perch. The panelists decided
which of the tested group has the more expressed attribute and which attributes of the groups they
prefer. If the panelists had the impression there were no difference, the answer ND was given;
Table S2. Paired comparison tests of rainbow trout. The panelists decided which of the tested group
has the more expressed attribute and which attributes of the groups they prefer. If the panelists had
the impression there were no difference, the answer ND was given.
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7. Zusammenfassende Diskussion

Die Diskussion erfolgt chronologisch entlang der Herstellungsstufen (Tabelle 4) beginnend
mit den Rohstoffen der Futtermittel, tiber mogliche Futtermittel und ihr Einsatz in einer ersten
Teststudie bis zum finalen Futtermittel in einer Pilotstudie und der abschlieBenden
sensorischen Bewertung der Filets.

/Festleguug der Qualitdtsparameter

Identifizierung der bendtigten Mikroorganismen
» Fetthefen (u.a. Hansenula, Rhodotorula und Lipomyces )
* Griinalgen (Scenedesmus, Chlorella und Nannochloropsis)

\_* Cyanobakterien (Arthrospira sp.und verschiedene Spirulina platensis)

4 7
Extrusionsversuch 1 Extrusionsversuch 2
» Kontrolle * Kontrolle
» Testfutter 1 &2 » Testfutter 3 & 4

N >

/] Fiitterungsversuch 1 & 2 (F1 und F2) im KleinmaBstab an Zander und N\
F u"”u,"gs' Regenbogenforelle
= studie * Dauer: ca. 50 - 63 Tage
Kleinmag-  Futtermittel:
siab * F1: Kontrolle, Testfutter 1, 2, kommerziell erhaltliches Futter

N » F2: Kontrolle, Testfutter 3, 4, kommerziell erhaltliches Futter >,

4 )
* Crypthecodinium cohnii
* Arthrospirasp.
* Rhodotorula glutinis

. 7

Extrusionsversuch 3
» Testfutter 5
« Kontrolle

Fiitterungsversuch im PilotmaBstab an Zander und Regenbogenforelle
* Dauer: ca. 4 Monate
« Futtermittel:

« Testfutter 5

« Kontrolle

« kommerziell erhaltliches Futter

Fiitterungs-
studie

PilotmaB-
stab

Abbildung 4 Schema des Ablaufs der vorliegenden Studie.

7.1. Nachhaltige Fischfuttermittel: Substitution und Effekte

Die vorliegende Dissertation konzentriert sich auf die Moglichkeit einer partiellen
Substitution von Fischmehl und Fischol in Fischfuttermitteln, um einen mafigeblichen Beitrag
zur Forderung der Nachhaltigkeit zu leisten. Wie bereits in Kapitel 3 und 4 ausfiihrlich
erortert, wird eine konsequente Verfolgung einer nachhaltigen Aquakultur in Deutschland
angestrebt, um sicherzustellen, dass diese zukiinftig als hochwertige und nachwachsende
Ressource vollumfassend nutzbar ist.
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Fir die Entwicklung eines geeigneten Fischfuttermittels mit einem signifikant reduzierten
Anteil an Fischmehl und Fischol wurde das Produkt in sé@mtlichen Herstellungsstufen
umfassend betrachtet und analysiert (Abbildung 4). Zu Beginn erfolgte die Festlegung der
Inhaltsstoffe, anhand derer die Qualitdt beurteilt und Unterschiede iiber den
Herstellungsprozess hinweg bewertet wurden. Die Reduzierung des Fischmehls und/oder
Fischols fiihrt zwangslaufig zu Nahrstoffliicken, die insbesondere (essenzielle) Aminosduren
bzw. Proteine und Fettsduren bzw. Fette betreffen.

Die ausschlieBliche Verwendung einer einzigen Substanz zur Kompensation dieser
Nahrstoffliicke setzt sehr hohe Anforderungen an diese spezifische Zutat. In den letzten zwei
bis drei Jahrzehnten wurde mehrfach nachgewiesen (Tabelle 3), dass die ausschlieBliche
Verwendung einer einzelnen Substanz als Ersatz zu verdnderten, teils nachteiligen
Wachstumsleistungen fiihrt. Daher konzentrieren sich viele Studien darauf, entweder
Fischmehl oder Fischdl zu substituieren, um lediglich eine Nahrstoffliicke auszubalancieren.

Die Substitutionen hatten unterschiedliche Auswirkungen auf die untersuchten Individuen. So
zeigte sich meist ein langsameres Wachstum gegeniiber der Kontrollgruppe, verbunden mit
einer hoheren Futterverwertungsrate, wenn Fischmehl substituiert wurde. Diese Defizite
lassen sich auf die Verdanderungen im verfiigbaren Aminosdureprofil der Ersatzstoffe und auf
antinutritive Substanzen wie Phytate zuriickfiihren.”®¢7

Bei der Substitution von Fischdl liegt der Fokus auf der Analyse des Fettsdureprofils der
untersuchten Spezies.!*>!13* So zeigten bereits andere Studien, dass der vollstindige Ersatz von
Fischél durch pflanzliche Ole (Raps-, Leinsamen- und Sojasl) negative Auswirkungen auf die
Wachstumsleistung der untersuchten Fische haben kann.!® Die iiberwiegenden Studien
konzentrieren sich auf den anteiligen Ersatz von Fischmehl und Fischol. Dartiber hinaus gibt
es auch Ansitze, vollstandig auf Fischmehl und -61 im Futter zu verzichten, die als ,.fish-free
feeds* bezeichnet werden, 08156159

Um diese potentiellen negativen Auswirkungen zu minimieren, wurde in den hier
untersuchten Studien (Kapitel 6) nicht nur eine einzelne Zutat zur Substitution von Fischmehl
und Fischol verwendet, sondern mehrere Zutaten kombiniert, um die N&hrstoffliicke zu
schliefen."*"32 Der Vorteil bestand darin, dass die Nahrstoffliicken kontrollierbarer waren
und leichter ausgeglichen werden konnten.

7.2. Auswahl der Mikroorganismen

Mikroorganismen lassen sich in verschiedenen Fermentern und Anlagen groBtechnisch
kultivieren und ihre Zusammensetzung kann durch eine entsprechende Prozessfiithrung
kontrolliert werden. Fiir ihr Wachstum werden zunehmend Nebenstrome oder Beiprodukte
aus anderen Industrien verwendet, um den Nachhaltigkeitsansatz zu unterstiitzen und eine
kosteneffiziente Kultivierung zu erméglichen.”®7-12416% Eine Vielzahl von Hefen, Mikroalgen
und Cyanobakterien wurden bereits in der Literatur als Protein- und/oder Lipidquelle oder als
Quelle von bioaktiven Substanzen bzw. Zutaten beschrieben. ¢

Wenige Studien ersetzen Fischmehl und -61 durch eine Kombination von MO.>*!¢! In der
vorliegenden Arbeit wird die Reduktion von ca. 50% auf 25% Fischmehl und -6l
beschrieben.!>*132 Das entspricht einer groBeren Reduzierung als bei anderen Studien, wie
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beispielsweise der Aufzucht von jungen Europdischen Wolfsbarschen. Bei dieser Studie
wurde der Anteil an Fischmehl- und -61 von 31% auf etwa 23% bis 18% reduziert.>*

Die Kultivierung der jeweiligen MO ist entscheidend fiir die Zusammensetzung des Futters,
da diese die Bildung und den Gehalt der Primér- und Sekunddrmetabolite beeinflusst. Daher
wurden verschiedene Spezies aufgrund ihrer Eigenschaften anhand der verfiigbaren Literatur
vorab ausgewdhlt und anschlieBend im Rahmen eines Rohstoffscreening auf ihre Eignung als
potenzielle Quelle von Proteinen oder Lipiden untersucht.

Durch die Literaturrecherche und die Moglichkeit der praktischen Umsetzung wurden
Chlorella vulgaris, Scenedesmus sp., Nannochloropsis spp. und Arthrospira sp. am 1GV
kultiviert. Anschliefend wurden Inhaltsstoffanalysen durchgefiihrt, um die Eignung zu priifen
und um mogliche Prozess- bzw. Biomarker zu identifizieren. Hierbei wurden u.a.
Proteingehalte, Fettgehalte, Elementaranalysen, sekunddr Metabolite oder die antioxidative
Aktivitdt bestimmt. Dariliber hinaus wurden verschiedene Fetthefen u.a. der Gattungen
Rhodotorula, Candida, Hansenula und Lipomyces am Institut fiir Angewandte und
Molekulare Mikrobiologie der Technischen Universitdt Berlin kultiviert. AnschlieBend
wurden die Fetthefe auf ihren Fettgehalt und ihre Fettsdureverteilung untersucht.
Crypthecodinium cohnii wurde aufgrund des hohen DHA-Gehaltes in der Trockenmasse
ausgewihlt, um so auch den Gehalt im Fisch zu erh6hen. Abschlieend fiel die Wahl auf die
Entwicklung einer Mischung aus Crypthecodinium cohnii, Arthrospira sp. und Rhodotorula
glutinis.'>

7.3. Fiitterungsstudie im KleinmaRstab

Die vorgestellte Fiitterungsstudie im KleinmaBstab (Kapitel 6.1 und Abbildung 4) zeigt, dass
samtliche Futtermittelmischungen sowohl von Regenbogenforellen als auch Zandern
angenommen wurden. Dariiber hinaus wurde das Mischungsverhéltnis der Mikroorganismen
identifiziert, welches zu einem Futtermittel fiihrte, das unseren Qualititsanspriichen
insbesondere beziiglich der Wachstumsparameter und antioxidativen Aktivitét entsprach.

In der Studie im KleinmaBstab wurden vier verschiedene Testfuttermischungen im Vergleich
zu einem Kontrollfutter und einem konventionellen Standardfutter untersucht. Das
Standardfutter ist ein konventionelles, auf dem Markt erhiltliches Futter, welches dazu diente,
herkommlich gefiitterte Fische zu erzeugen. Das Kontrollfutter wurde nach einem
Standardrezept eines Futtermittelherstellers formuliert, welches zu etwa 50% aus einer
Mischung aus Fischmehl und Fischol bestand. Dieses Kontrollfutter wurde als Referenz
verwendet, um das Verhalten im Herstellungsprozess, sowie die Akzeptanz und Verwertung
der anderen nicht substituierten Zutaten im Futter zu analysieren. Die neu entwickelten
Fischfutter hingegen enthielten lediglich etwa 25% Fischmehl und Fischél, die anderen 25%
wurden durch eine von vier Mischung an Mikroorganismenbiomassen (Tabelle 5) ersetzt.

Das Hauptziel dieser Fiitterungsstudie im KleinmaBstab bestand darin, das optimale
Mischungsverhéltnis des Mikroorganismen-Mixes zu ermitteln, um die bestmogliche Qualitét
bei den geziichteten Fischen und den verbraucherrelevanten Fischfilets zu erzielen. Die vier
Testfutter unterschieden sich in der Zusammensetzung der Mikroorganismen zueinander. Die
Gehalte der MO-biomassen, Crypthecodinium cohnii, Arthrospira sp. und Rhodotorula
glutinis, beschreiben in allen Testfuttermitteln etwa ein Viertel des Futters.

80



Zusammenfassende Diskussion

In der Studie im KleinmaBstab zeigten die Untersuchungen, dass das Mischungsverhiltnis der
verwendeten Zutaten zur Substitution innerhalb des Futters wichtig ist (Tabelle 5). Denn nur
eines der getesteten Futter (Testfutter Nr. 3) konnte akzeptable Wachstumsparameter bei
beiden untersuchten Fischarten erzielen.!>® In Tabelle 6 werden sowohl die Wachstums- und
Leistungsparameter als auch die chemischen Parameter dargestellt, die zur Beurteilung der
Fischqualitit herangezogen wurden.!>*!32 Diese Wachstums- und Leistungsparameter sind
etablierte Kennzahlen, die in der Aquakultur zur Qualitdtsbeurteilung herangezogen werden
und als Standardparameter gelten.

Tabelle 5 Gehalt an Mikroorganismen, Fischmehl und Fischél in den Testfuttern Nr. 1 bis
Nr. S und der Kontrolle

Kontrolle | Testfutter | Testfutter | Testfutter | Testfutter | Testfutter
Zutat [%] Nr.1 Nr.2 Nr.3 Nr. 4 Nr.5
Fischmehl 37,5 18,9 18,9 18,9 18,9 19,0
:‘:””’s””" ; 12.9 12,9 19.4 9.7 12,1
R. glutinis - 6,5 9,7 3,2 9,7 8,0
C. cohnii - 6.5 3,2 3,2 6.5 5,6
Fischol 13,6 6.8 6.8 6.8 6.8 6.8

Die in Betracht gezogenen chemisch-analytischen Parameter wurden gezielt im Hinblick auf
die Forschungsfrage ausgewdihlt. Voranging wurden dabei typische, produktspezifische
Parameter gepriift, die von lebensmittelrechtlicher Relevanz sind (Kapitel 4.4). Besonderes
Augenmerk wurde auf den Proteingehalt und den Fettgehalt gelegt, da diese Gehalte aufgrund
der Teilsubstitution potenzielle Hinweise auf die bereits erwdhnten moglichen
Néhrstoffliicken liefern konnen. Daher erfolgte eine eingehende Untersuchung des
Fettsdureprofils, um auch antioxidativ wirksame ein- und mehrfach ungesittigte Fettsduren zu
identifizieren. Neben diesen lipophilen Antioxidantien wurden auch hydrophile
Substanzklassen mittels Folin-Ciocalteu-Test (Gesamtphenolgehalt, englisch.: Total phenolic
content; TPC), Trolox Aquivalent Antioxidative Kapazitit -Assay (englisch: Trolox
equivalent antioxidant capacity; TEAC) und Elektronenspinresonanz (Radikalabbau, ESR)
untersucht, um die antioxidative Aktivitit abzuschitzen.

Die antioxidative Aktivitit ist keine klar definierte GréBe, die durch nur einen Parameter
beschrieben werden kann. Daher wurden hier fiinf verschiedene Assays angewendet, um die
potentielle antioxidative Wirkung abzuschitzen und zu bewerten. Hierbei wurden bewusst
Methoden gewihlt, die bestimmte Substanzklassen oder funktionelle Gruppen nédher
charakterisieren. Fiol et al. (2013) zeigten bereits, dass die Bestimmungen mittels TPC, TEAC
und ESR verwendet werden konnen, um die antioxidative Aktivitdt in rohem und
prozessiertem Kohl zu bewerten.!®? Angesichts der ebenfalls stark pigmentierten Matrices in
der vorliegenden Arbeit wurden ebenfalls diese Assays an die Matrices (MO, Fischfutter und
Fischfilet) angepasst. Aufgrund der ausgeprigten Farbintensitdt der MO wurden zusétzlich die
Gehalte an Carotinoiden und Chlorophyll untersucht, da diese Substanzklassen ebenfalls
antioxidative Eigenschaften haben.

81



Zusammenfassende Diskussion

Tabelle 6 Ausschnitt der betrachteten Parameter zur Qualitiitsbeurteilung aus
Schafberg et al. %152

Wachstums- und Chemisch analytische Parameter
Leistungsparameter
Endgewicht Leberanteil Asche Chlorophyllgehalt
Gewichtszuwachs Bauchfettanteil | Proteingehalt Carotinoidgehalt
Langenzuwachs Leberfarbe Trockenmasse Gesamtphenolgehalt
(TPC-Assay)
Lebergewicht Filetfarbe Fettgehalt Antioxidative Kapazitit
(TEAC-Assay)
Spezifischer Uberlebensrate | (un)gesittigte Fettséuren Radikalabbau mittels
Wachstumsfaktor Elektronenspinresonanz
Spektroskopie (ESR)
Futterquotient Sensorik (Farbe, Geruch,
Geschmack, Textur)

Vorherige Studien untersuchten bereits, dass der Carotinoidgehalt im Blut in Zusammenhang
mit dem Gewicht, der spezifischen Wachstumsrate, und dem Futterquotienten stand und mit
hohen Konzentrationen im Filet korrelierten.®* Die Anreicherung antioxidativer Substanzen
war daher ein erwiinschter Effekt in der vorliegenden Arbeit (Kapitel 4). Carotinoide und
Chlorophylle sind lipophile Substanzen, die im Filet akkumuliert werden konnen, aufgrund
ihrer starken Farbgebung konnen sie eine Farbverdnderungen bewirken. Wéhrend der
Fiitterungsstudie im Kleinmalistab wurde visuell festgestellt, dass die Anreicherung der
Carotinoide und Chlorophylle zu leicht griinstichigen und orangefarbenen Filets fiihrte. Die
Farbverdnderung zu grofleren Rot- und Gelbanteilen in Fischfilets durch die Verwendung von
Spirulina im Futter wurde bereits beschrieben.”® Aufgrund dieser visuellen Verinderungen
und der nicht zufriedenstellenden Wachstums- und Leistungsparameter wurde vor dem
Beginn des Pilotversuchs die Rezeptur der Testfutter erneut iiberarbeitet und ein fiinftes
Versuchsfutter erstellt.

7.4. Einfluss der Herstellung auf Testfutter Nr. 5

Da die Testfutter Nr. 1 bis Nr. 4 keine zufriedenstellenden Ergebnisse hervorbrachten, wurde
das Mischungsverhéltnis der MO ein weiteres Mal gedndert. Das Testfutter Nr. 5 enthélt daher
ca. 12% Arthrospira sp., 8% R. glutinis und ca. 6 % C. cohnii (Tabelle 5).

Wie bereits erwihnt, haben die Primér- und Sekundirstoffe der MO und Inhaltstoffe der
Zutaten einen mafigeblichen Einfluss auf die Qualitit des spateren Filets. Das Testfutter Nr. 5
wurde daher wihrend des Herstellungsprozesses ndher untersucht, wobei der Fokus auf
Veranderungen in der antioxidativen Aktivitdt wihrend des Extrusionsprozesses lag. Wéhrend
der Extrusion wirken verschiedene Krifte wie Temperaturen im Bereich von 70 — 150 °C und
Driicke bis 25 MPa auf die Futtermischung, was zu Verdnderungen der funktionellen
Eigenschaften der Rohstoffe fiihrt. Aufgrund der verwendeten Zutaten treten u.a. Maillard-
Reaktionen ein und es kann zur Oxidation von Lipiden fithren. Der Einfluss der Extrusion
wurde auch in den Ergebnissen der Tests zur Beurteilung der antioxidativen Aktivitat
(Carotinoidgehalt, Chlorophyllgehalt, Gesamtphenolgehalt und Radikalabbau) sichtbar, denn
diese nahm im Testfutter Nr. 5 {iber den fortschreitenden Prozess ab. Dariiber hinaus war die
antioxidative Aktivitét des Testfutter Nr. 5 groBer als die des Kontrollfutters.
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Neben Carotinoiden und Chlorophyllen wurde vermutet, dass die antioxidative Aktivitit auch
auf mogliche Polyphenole aus den MO zuriickzufiihren sein konnten. Da die Kultivierung der
MO nicht auf die vermehrte Produktion von Polyphenolen abzielte, wurde angenommen, dass
deren Gehalt gering war. Durch interne Vorversuche wurden verschiedene Polyphenole aus
Mikroalgen nach der Extraktion und Anreicherung mittels LC-MSMS im MRM-Modus
nachgewiesen.!®® Die Gehalte waren sehr gering, jedoch wurde aufgrund der Extrusion des
Futters eine erhebliche Reduktion der vorhandenen Polyphenole erwartet, welche bereits in
verschiedenen Studien gezeigt wurde.!®* Aufgrund der beobachteten Reduktion in den
antioxidativen Assays wurde daher auf eine weitere Betrachtung ausgewéhlter Polyphenole
im Futter und im Fischfilet verzichtet.

7.5. Fiitterungsstudie im PilotmafRstab

Die Fiitterungsstudie im PilotmaBstab zeigte erfolgreich, dass das finale Testfutter Nr. 5 bei
Regenbogenforellen eine vergleichbare Qualitdt erreicht wie bei der Fiitterung eines
konventionellen Fischfuttermittels. Dariiber hinaus verdeutlichte diese Studie, dass das
Futtermittel weiter angepasst werden muss, um es erfolgreich in der Zanderhaltung nutzen zu
konnen.

Die Fiitterungsstudie im Pilotmafistab zeichnete sich durch den verldngerten
Beobachtungszeitraum (PilotmaBstab: 4 Monate, Kleinmafstab: 60 Tage) sowie die erhohte
Anzahl untersuchter Individuen aus (PilotmaBstab: 64 — 70 Individuen pro Futter und Becken,
Kleinmafistab 13 Individuen pro Futter und Becken). Die vorliegende Pilotstudie zeigte, dass
die Wachstumsleistung der Gruppe, die Testfutter Nr.5 erhielten, zu vergleichbaren
Eigenschaften bei Regenbogenforellen fiihrte wie bei denen, die das Standard- oder
Kontrollfutter erhielten. Ebenso zeigten die Wasser-, Asche- und Proteingehalte in allen
Fischen keine signifikanten Unterschiede. Der Fettgehalt der Fischfilets wies geringfiigige
Unterschiede auf (1 — 2%), wobei die Fettsdurezusammensetzung variierte. Dies war auf das
spezifische Fettsdureprofil des jeweiligen Futters zurlickzufiihren, wobei insbesondere die
hohen Gehalte an Linolsdure und die PUFA in den Filets der mit Testfutter Nr. 5 gefiitterten
Fische auf den Gehalt der MO im Futter zuriickzufithren sind.!¢>-1¢7

Durch den ldngeren Untersuchungszeitraum zeigten sich in dieser Studie erneut Verfiarbungen
im Filet aufgrund der Akkumulation von Carotinoiden, die jedoch nicht so pridgnant
hervorstachen wie in der vorhergegangenen Kleinstudie.'"® Einer Akkumulation von
Chlorophyllen, die zu einer griinen Farbung der Filets fiihrt, wurde durch die Reformulierung
des Futters entgegengewirkt. Somit war ein weiterer Aspekt der Weiterentwicklung des
Testfutters Nr. 5, insbesondere in Bezug auf Regenbogenforellen, erfolgreich. Neben den
beschriebenen Pigmenten wurden ebenfalls wieder der TPC, der TEAC und der ESR-Assay
durchgefiihrt. Hier wurden keine signifikanten Verénderungen der antioxidativen Aktivitét in
den Filets betrachtet. Der TEAC- und der TPC-Assay zeigten keine Korrelation in Bezug auf
die eingesetzte Mikroorganismen-Mischung, wihrend die TEAC- und die ESR-Ergebnisse
den gleichen aufsteigenden Trend iiber die Zeit zeigten. Einen dhnlichen Trend haben bereits
andere Publikation beschrieben.!>!®® Die Erhohung der antioxidativen Aktivitit im Filet
resultierte daher ausschlieBlich durch die Akkumulation der Pigmente.

Die Studie im PilotmalBstab, die auf Zander ausgerichtet war, erzielte nicht den gleichen Erfolg
wie die Pilotstudie der Regenbogenforellen.!*® Die mit Testfutter Nr. 5 gefiitterten Zander
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wiesen signifikant geringere Endgewichte auf, was wiederum zu erheblichen Unterschieden
im Gewichtszuwachs im Vergleich zu den anderen beiden Gruppen (Kontroll- und
Standardfutter) fiihrte.!*>!13¢ Die Wachstumsleistung und Futterverwertung der mit Testfutter
Nr.5 gefiitterten Zander waren nicht zufriedenstellend, was auf die unterschiedliche
Verdauung von Karnivoren (hier: Zander) und Omnivoren (hier: Regenbogenforelle)
zuriickzufiihren sein konnte. %171

Diese Studie hatte das Ziel herauszufinden, ob Zander die Mikroorganismen-Mischung,
Testfutter Nr. 5, akzeptieren oder grundsitzlich ablehnen. Als Schlussfolgerung ldsst sich
festhalten, dass das Futter weiteren Optimierungen unterliegen muss, um als vollwertiges
Zanderfutter genutzt werden zu konnen.

7.6. Sensorische Betrachtung der Fischfilets

Die Pilotstudie befasste sich zudem mit den sensorischen FEigenschaften von
Regenbogenforellen und Zander.!>?> Hier wird gezeigt, dass es durch das neue Futter zu
Abweichungen im Aussehen der Filets kommen kann, diese bei den Fischarten jedoch anders
wahrgenommen werden.

Im Rahmen eines paarweisen Vergleichstests wurden von den Priifenden die Attribute Farbe,
Geruch, Geschmack und Textur in Bezug auf Ausprdgung und Prdferenz bewertet. Die
Priifenden wurden ermutigt, zusétzliche Anmerkungen zu machen, falls sie weitere
Eigenschaften bemerkten. Die Zanderfilets wurden iiberwiegend als ausgewogen, ohne
signifikante sensorische Unterschiede bewertet, obwohl die Wachstumsleistung nicht optimal
war. Bei den Regenbogenforellenfilets wurden mehr Unterschiede als bei den Zanderfilets
festgestellt. Beispielsweise wurde das Filets der Fische, die mit Testfutter Nr. 5 gefiittert
wurden, als zu dunkel beschrieben, wihrend die Filets der Kontroll- und Standardgruppen als
blass oder hell bezeichnet wurden. Dennoch wurden keine Filets einer Gruppe deutlich
bevorzugt.

Bei den Filets beider Spezies waren die Unterschiede in Bezug auf Farbe, Geschmack, Geruch
und 7extur minimal. Selbst bei signifikanten Unterschieden in der Intensitit dieser Attribute
hatte dies keinen wesentlichen Einfluss auf die Préiferenzwahl der Priifenden. Hier stellt sich
die Frage, ob der Verbraucher gewillt ist bzw. durch entsprechende Kampagnen iiberzeugt
werden kann, dass das Aussehen der Filets der Fische, die mit Testfutter Nr. 5 gefiittert
werden, das ansprechendere Filet in der Zukunft sind. Ein &hnlicher Gew6hnungseffekt wurde
in den 1980er bzw. 1990er Jahren bei Lachsforellen erreicht, als begonnen wurde Forellen mit
carotinoidhaltigem Futter zu fiittern.

84



Ausblick

8. Ausblick

Der Aquakultursektor wird voraussichtlich in den kommenden Jahrzehnten weiter
expandieren.’ In diesem Zusammenhang wird auch der Anteil an nachhaltiger Aquakultur
zunehmen. Es sollte daher im allgemeinen Interesse der Futtermittel- und Lebensmittel-
wirtschaft liegen, den Bedarf an nachhaltigem Futter zu decken. Dariiber hinaus miissen die
Konzepte fiir die Aquakultur und Fischerei neu tiberdacht werden. Island gelang es ein Null-
Abfall-Konzept umzusetzen, indem nicht nur die Fische, sondern sémtliche Nebenstrome und
Abfille der Fischindustrie zu 100% verwertet werden.

Die vorliegenden Fiitterungsstudien dieser Arbeit bieten Einblicke in das erhebliche Potential
der ausgewdhlten Rohstoffe. Sie legen nahe, dass weitere Studien im gréBeren MalBstab
erforderlich sind, um die FEignung eines Futters, das Fetthefen, Mikroalgen und
Cyanobakterien enthdlt, fiir den Finsatz in konventionellen Aquakulturbetrieben zu
validieren. Diese Experimente sollten dazu dienen, eine gleichbleibende Qualitdt in den
Fischpopulationen sicherzustellen und potentiell negative Auswirkungen zu identifizieren.
Bei der Bewertung des Wachstums sollte die Vergleichsgruppe nicht nur konventionelle
Haltungsarten, sondern auch 6kologische Aquakulturen beinhalten.

In Anbetracht der steigenden Bedeutung des Tierwohls sollte untersucht werden, ob das hier
entwickelte Futter aufgrund seines Gehalts an Antioxidantien zur Stressreduktion bei den
Fischen beitragen kann. Es ist ebenfalls ratsam, die Wachstumsleistung und
Schlachtparameter anderer Fischarten zu untersuchen. Insbesondere sollten Karpfen wegen
ihrer hohen Produktionszahlen in Deutschland in Betracht gezogen werden. Es sollten
Fiitterungsstudien auch bei Kleinproduzenten (der Teichwirtschaft) angedacht werden. Auf
diesem Wege kann tiberpriift werden, ob der Umgang und die Handhabe mit dem neuen Futter
in der Praxis umsetzbar sind.

Die Ausweitung der sensorischen Beurteilungen auf ein groBeres Panel kann weitere
Erkenntnisse zur Verbraucherakzeptanz aufdecken. So konnten Beliebtheitstests bei
Verbrauchergruppen in Betracht gezogen werden, um die Markteinfithrung der Produkte zu
planen. Die Akzeptanz eines Produktes auf dem Markt ist entscheidend fiir dessen Erfolg.

In Bezug auf das Futtermittel sollte die Analytik erweitert und Lagerungsversuche in den
Priifungsumfang inkludiert werden. Dariliber hinaus wire es sinnvoll, im weiteren Verlauf
neue Prozessmarker wihrend des Extrusionsprozesses sowie der Lagerung zu identifizieren
und zu validieren.
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10. Anhang
10.1. Ergéinzende Informationen zu den Publikationen (Supplemental
Material)

10.1.1. Publikation II

Impact of processing on the antioxidant activity of a microorganism-enriched fish feed and
subsequent quality effects on fillets of rainbow trout (Oncorhynchus mykiss)

Michaela Schafberg, Karin Loest, Andreas Miiller-Belecke, Sascha Rohn

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.aquaculture.2019.734633

This article was originally published in Aquaculture, 518 by Schaftberg, M., Loest, K., Miiller-
Belecke, A. & Rohn, S., Impact of processing on the antioxidant activity of a microorganism-
enriched fish feed and subsequent quality effects on fillets of rainbow trout (Oncorhynchus
mykiss), 734633, 2020, Copyright 2019 Elsevier B.V. All rights reserved (2019),

https://www.sciencedirect.com/science/article/abs/pii/S0044848619309597?via%3Dihub
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Table S1. Ingredient composition for 1 kg of the control diet and feed mix

Diet Control diet Feed Mix

Ingredients [kg]

Fish meal 70 0.379 0.190
Arthrospira sp. (DW) - 0.121
Rhodotorula glutinis (DW) - 0.090
Crypthecodinium cohnii (DW) - 0.045
Wheat 0.140 0.140
HP-shredded soy extract 0.120 0.120
Pea protein 0.100 0.100
Hemoglobin powder 0.050 0.050
Feather meal hydrolys. 0.050 0.050
Fish oil 0.136 0.068
Misc:

Monoca-Phosphat (Cafk) 0.020 0.020
Aqua-Mix /F 0.5 0.004 0.004
Cholinchlorid 60% 0.002 0.002
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Anhang

10.1.2. Publikation II1

Pike-Perch (Sander lucioperca) and Rainbow Trout (Oncorhynchus mykiss) fed with an
Alternative Microorganism Mix for Reducing Fish Meal and Oil
— Fishes’ Growth Performances and Quality Traits

Michaela Schafberg, Karin Loest, Andreas Miiller-Belecke, Sascha Rohn

Supplementary Materials: The following are available online at

https://www.mdpi.com/article/10.3390/foods10081799/s1

Copyright: © 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (https:// creativecommons.org/licenses/by/ 4.0/).
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Table S1. Paired comparison tests of pike-perch. The panelists decided which of the tested group has the more expressed at-
tribute and which attributes of the groups they prefer. If the panelists had the impression there were no difference, the answer
ND was given.

Attribute Test I Test 11 Test 111
Standard Industrial ND Feed Mix Control ND Feed Mix Standard Industrial ND Control
Expressed
Odor 6 7 11 5 8 11 3 5 16*
Color 2 14 9 8 9 7 5 14 5
Texture 6 6 12 5 4 15 2 13 9
Taste 9 8 8 7 9 8 6 7 11
Preferred
Odor 5 10 9 8 8 8 10 6 8
Color 5 17 1 11 10 3 5 15 4
Texture 8 10 6 9 6 9 7 14 3
Taste 4 10 9 7 9 8 8 10 6

Significance levels: * p < 0.20; ** p < 0.05; ND = no differences.

Table S2. Paired comparison tests of rainbow trout. The panelists decided which of the tested group has the more expressed
attribute and which attributes of the groups they prefer. If the panelists had the impression there were no difference, the an-
swer ND was given.

Attribute Test1 Test 11 Test 111
Standard Industrial ND Feed Mix Control ND Feed Mix Standard Industrial ND Control
Expressed
Odor 9 7 8 9 10 5 5 6 13
Color 3 14 7 4 0 20%* 18** 4 2
Texture 7 7 10 16* 6 2 8 8 8
Taste 6 4 14 14 4 6 9 5 10
Preferred
Odor 12 7 5 4 13 7 9 7 8
Color 8 15 1 13 4 7 0 5 19%*
Texture 11 8 5 6 11 7 4 13 7
Taste 12 3 9 9 5 10 14 5 5

Significant levels: * p <0.20; ** p < 0.05; ND = no differences.



Anhang

10.2. Auflistung der verwendeten Gefahrenstoffe

Im folgenden Verzeichnis (Tabelle 7) sind alle verwendeten Chemikalien geméll VO (EG)
1272/2008 unter Angabe ihrer CAS-Nummern und der Gefahrenbeurteilungen (Tabelle 8)

gemdl dem global harmonisierten System (GHS) aufgefiihr

Tabelle 7 Liste der verwendeten Gefahrstoffe

Substanz
ABTS (2,2'-Azino-di(3-
ethylbenzthiazolin-6-

sulfonsiiure))
Aceton

Acetylchlorid

Dinatriumhydrogen-
phosphat
Ethanol

Folin — Ciocalteu’s Reagenz

Fremys Salz
(Kaliumnitrosodisulfonat)

Gallussidure

Kaliumdihydrogen-
phosphat
Kaliumpersulfat

Lysozym (70.000 U mg-1)

Menhaden Fish Ol
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CAS-Nr.

28752-68-
3

67-64-1

75-36-5

7558-79-4

64-17-5

Gemisch
aus
10377-48-
7, 13472~
45-2,
7664-38-
2,7647-
01-0,
7726-95-6
14293-70-
0

149-91-7
7778-77-0

7727-21-1

12650-88-
3

8002-50-4

GHS-
Symbol

t.172

H-Sitze

P-Siitze

Kein Gefahrstoff gemiBl VO (EG) 1272/2008

02, 07

02, 05

225-319 -
336

225-314

210-233-240 -
241-242 -305 +
351 +338
210-260 - 280 -
303 +361 +353 -
305 +351+338 -
310

Kein Gefahrstoff gemiBl VO (EG) 1272/2008

02, 07

05

02

225-319

290-314

260 - 302 -
312-332

210-233-240 -
241 - 242 -305 +
351 + 338

234 -280-303 +
361 +353-304 +
340 +310-305 +
351 +338-363

223 -231+232 -
280 -301 +312 -
302 +352+312 -
304 +340 + 312

Kein Gefahrstoff gemiBl VO (EG) 1272/2008
Kein Gefahrstoff gemiBl VO (EG) 1272/2008

03,07, 08

08

H272 - H302
- H315 -
H317 - H319
- H334 -
H335

H334

P210 - P220 -
P280 - P301 +
P312 - P302 +
P352 - P305 +
P351 + P338
P261 - P284 -
P304 + P340 +
P312 - P501

Kein Gefahrstoff gemill VO (EG) 1272/2008
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Fortsetzung Tabelle 7

Substanz

n-Heptan

Petrolether (Sdp. 40-60 °C)

Salzsiure (37%)

Supelco ® 37 Component
FAME Mix

Trichloressigsiiure

Trolox (6-Hydroxy-2,5,7,8-
Tetramethylchroman-2-
carbonsiure)

Ultrapure deionized water

CAS-Nr.

142-82-5

8032-32-4

7647-01-0

Gemisch
mit 75-09-
2

76-03-9

53188-07-
1

7732-18-5

GHS-
Symbol
02, 07,
08, 09

02,07, 08

05, 07

07,08

05, 09

07

H-Sitze

225-304 -
315-336 -
410

225-304 -
315-336 -
361f-373 -
411
290-314 -
335

H315-H319
- H336 -
H351

314 - 335 -
410

315-319 -
335

P-Siitze

210-240-273 -
301 +330 + 331 -
302 +352-403 +
233
201-210-273 -
301 +310-303 +
361 +353-331

280-303 +
361+353 - 305 +
351 +338+310
P202 - P261 -
P264 - P302 +
P352 - P305 +
P351 + P338 -
P308 +P313
260-271-273 -
280 -303 + 361 +
353 -305+351 +
338 - 391
261-305+351 +
338

Kein Gefahrstoff gemaBl VO (EG) 1272/2008

Tabelle 8 GHS Kennzeichnung und Bedeutung gemiiff VO (EG) 1272/2008 '¢

Kodierung Bedeutung
02 Endziindbar
05 Korrosiv, dtzend
06 Akute Toxizitét
07 Achtung
08 Gesundheitsgefahren
09 Gewissergefahrdend
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11. Eidesstattliche Versicherung

Hiermit versichere ich an Eides statt, die vorliegende Dissertation selbst verfasst und keine
anderen als die angegebenen Hilfsmittel benutzt zu haben. Die eingereichte schriftliche
Fassung entspricht der auf dem elektronischen Speichermedium. Ich versichere, dass diese
Dissertation nicht in einem fritheren Promotionsverfahren eingereicht wurde. In diese Arbeit
eingebrachte Ergebnisse aus Praktika und Projektstudien entstammen meiner Anleitung.

Hamburg, den 24.06.2024 Michaela Schafberg
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