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1. Einfihrung

Nach den letzten Schatzungen der Organisation fur wirtschaftliche Zusammenarbeit und
Entwicklung (OECD) wird die Weltbevélkerung bis zum Jahr 2032 auf 8,6 Milliarden
Menschen anwachsen. Dieser Anstieg der Weltbevolkerung und der daraus resultierende
Bedarf an Nahrungsmitteln ist die zentrale Triebkraft der steigenden Nachfrage nach
Agrarrohstoffen (OECD/FAO, 2023). Analog zu einer wachsenden Bevolkerung steigt auch
die Nachfrage an proteinreichen Nahrungsmitteln, um den Proteinbedarf der Bevolkerung
decken zu konnen. Eine erhéhte Produktion von pflanzlichen und tierischen Proteinquellen
ist daher nétig.

Aus einer erhohten Produktion von tierischen Proteinquellen resultiert auch ein steigender
Bedarf an Futtermitteln fur landwirtschaftliche Nutztiere, was unter anderem aufgrund der
Nahrungskonkurrenz zum Menschen, der begrenzten Verfiigbarkeit von Ressourcen wie
Ackerflache und Wasser sowie der Berlicksichtigung von Klimaschutzzielen, zunehmend
schwieriger wird (United Nations, 2017; Wu et al., 2014). Laut OECD wird die globale
Produktion an tierischen Produkten im ndchsten Jahrzehnt um ca. 10 % ansteigen. Fur diesen
Anstieg ist  vorrangig  Gefllgelfleisch, insbesondere = H&hnchenfleisch,  der
Hauptwachstumstreiber, weil Produktionskosten, Futtereffizienz und Verbraucherpreise
deutlich gunstiger sind als bei Rind, Schwein und Schaf (OECD/FAO, 2023). AuRerdem
besitzt Gefllgelfleisch, im Vergleich zu Rind- oder Schweinefleisch, eine fir die
menschliche Erndhrung giinstige Zusammensetzung. Es weist einen hohen Proteingehalt und
gleichzeitig einen niedrigen Fettgehalt auf (Wu et al., 2014). Aufgrund des hohen Gehaltes
an einfach ungesattigten Fettsduren ist das Fettsduremuster im Gefligelfleisch fur die
menschliche Erndhrung vorteilhaft. VVor diesem Hintergrund steht die Tiererndhrung somit
vor der Herausforderung alternative Futtermittel zu finden, die mit einer groferen
Nachhaltigkeit produziert werden koénnen und gleichzeitig die endlichen Ressourcen
schiitzen.

In dieser Dissertation sollen zwei alternative Futtermittel als Rationskomponenten und deren
Auswirkungen auf die Wachstumsleistung und auf tiefergehende ernahrungsphysiologische
Prozesse von Mastbroilern betrachtet werden. Untersucht wurden zum einen das Insektenfett
der schwarzen Soldatenfliege (Hermetia illucens), welches als Nebenprodukt der
Insektenmehlherstellung anfallt, und zum anderen das Mycel des Austernpilzes Pleurotus
sapidus, welches biotechnologisch hergestellt wurde. Das (bergeordnete Ziel dieser

Dissertation ist es, alternative Futtermittel zu finden, welche die Wachstumsleistung und



auch die Gesundheit der Broiler positiv bzw. zumindest nicht negativ beeinflussen, um somit
die Broilermast nachhaltiger zu gestalten.
In den folgenden Unterkapiteln sollen nun die Hintergrinde der jeweiligen Futtermittel

naher beschrieben werden.

1.1 Insektenfett in der Tiererndhrung

Zurzeit fungieren Insekten fur ca. zwei Milliarden Menschen in Asien, Lateinamerika und
Afrika als Nahrungsquelle. In den westlichen Landern hingegen spielt die Zucht von
essbaren Insekten zur Herstellung eines alternativen Proteinmehls flr die Tierfutterung und
nicht als Nahrungsquelle fir die Bevolkerung eine immer wichtigere Rolle (Grau et al.,
2017; Mwangi et al., 2018). Aus 6kologischer und wirtschaftlicher Sicht bringt die Zucht
der Insekten viele Vorteile mit sich: im Gegensatz zu landwirtschaftlichen Nutztieren
wachsen Insekten schneller, weisen eine bessere Futterverwertung auf und produzieren
niedrigere Treibhausgasemissionen. AufRerdem ist eine groBtechnische industrielle
Massenaufzucht ohne zusatzlichen Ackerflachenbedarf mdglich (Belluco et al., 2013,
Gessner et al., 2019; Oonincx und Boer, 2012; Oonincx et al., 2015; van Huis, 2016; Pinotti
et al., 2019). Ein weiterer Vorteil besteht darin, dass die Insekten nicht in
Nahrungskonkurrenz zum Menschen oder zu landwirtschaftlichen Nutztieren stehen, weil
sie auf sekundaren Abféallen wie geringwertigen pflanzlichen Nebenprodukten gehalten
werden konnen (Churchward-Venne et al., 2017; Grau et al., 2017). In der EU sind
mittlerweile sieben Insektenarten als Nutzinsekten zur Verwendung als Futtermittel
zugelassen, diese sind: die Soldatenfliege (Hermetia illucens), die Stubenfliege
(Musca domestica), der Mehlké&fer (Tenebrio molitor), der Getreideschimmelkafer
(Alphitobius diaperinus), das Heimchen (Acheta domesticus), die Kurzflugelgrille
(Gryllodes sigillatus) und die Steppengrille (Gryllus assimilis) (Verordnung EU 2017/893).
Abhangig vom Substrat auf dem die Insekten gehalten werden und ihrem
Entwicklungsstadium zum Zeitpunkt der Ernte weisen sie zwischen 42,0 % und 54,1 %
Rohprotein und 11,8 - 34,8 % Rohfett auf Trockenmassebasis auf (Astuti et al., 2018;
Kroeckel et al., 2012).

In der Tiererndhrung hat sich mittlerweile die schwarze Soldatenfliege (H. illucens)
aufgrund ihrer geringen Haltungsanforderungen und ihres schnellen Wachstums etabliert.
Der Rohproteingehalt im H. illucens Larvenmehl schwankt allerdings sehr stark zwischen
21,6 % und 65,5 % in der Trockenmasse (Lu et al., 2022). Die Schwankungen lassen sich
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darauf zurtckfihren, auf welchem Substrat die Larven gehalten wurden, in welchem
Entwicklungsstadium sie sich zum Zeitpunkt der Ernte befanden und ob bzw. auch mit
welcher Methode das Larvenmehl entfettet wurde. Beim Rohfett schwanken die Gehalte bei
nicht entfetteten Mehlen zwischen 29,4 % und 51,3 % (Lu et al., 2022). Nach einer
Entfettung liegt der Rohfettgehalt im Mittel bei ungeféhr 6,90 % (Lu et al., 2022). Wé&hrend
der Einsatz von H. illucens Larvenmehlen in der Tiererndhrung schon gut erforscht ist,
liegen zurzeit nur wenige Daten Uber den Einsatz des Insektenfettes, welches als
Nebenprodukt der Insektenmehlherstellung anfallt, vor. Das Fett stellt nach dem Protein die
zweitgrolRte Komponente in Insekten dar (Cerletti et al., 2021; Benzertiha et al., 2020). Wie
beim Protein ist der Fettanteil und die Qualitait davon abhdngig, in welchem
Entwicklungsstadium sich die Insekten beim Erntezeitpunkt befanden und auf welchem
Substrat sie gehalten wurden (Barragan-Fonseca et al., 2018; Fontaneto et al., 2011; Oonincx
et al., 2015). Die im Fett vorherrschenden Lipidspezies sind zu 99 % Triglyceride und die
dominierende Fettsdure im H. illucens Larvenfett ist die Laurinséure, eine geséttigte,
mittelkettige Fettséure, deren Anteil bei ca. 45 % der Gesamtfettsduren liegt (Marschall et
al., 2024; Tzompa-Sosa et al., 2021). Der hohe Anteil der geséattigten Fettsauren fuhrt zu
einer festen Konsistenz des Fettes bei Raumtemperatur.

Studien zeigen, dass mittelkettige Fettsduren antimikrobielle und antivirale Wirkungen
haben (Isaacs et al., 1995; Matsue et al., 2019), wodurch die Vermutung nahe liegt, dass der
Einsatz von H. illucens Larvenfett eine antimikrobielle und antivirale Wirkung im Darm von
Monogastern aufweisen kdnnte. Als eine Quelle von geséttigten Fettsauren, welche aufgrund
der fehlenden Doppelbindungen besser gegen Lipidperoxidation geschitzt sind, und der
durch vorangegangenen Studien belegten Einlagerung bzw. Widerspiegelung des
Fettsaureprofils des H. illucens Larvenfettes in verschiedene Gewebe, wie Leber, Plasma
und Brustmuskelgewebe, besteht die Hypothese, dass auch diese Gewebe aufgrund eines
erhdhten Anteils an gesattigten Fettsauren eine hohere Oxidationsstabilitat aufweisen
konnten (Kieronczyk et al., 2018; Kieronczyk et al., 2023; Kim et al., 2020b). Bei der
Erhitzung des Brustmuskels kommt es durch die Lipidperoxidation der ungesattigten
Fettsduren zu der Bildung von Cholesterol- und Phytosteroloxidationsprodukten. Diese
Oxidationsprodukte begtinstigen die Entstehung von Arteriosklerose, Krebserkrankungen
und haben negative Auswirkungen auf den Stoffwechsel, wie etwa auf den Lipid- und
Glucose-Metabolismus (Alemany et al., 2014; Kulig et al., 2016; Lin et al., 2016). Daher
kann eine erhohte Oxidationsstabilitdt des Muskelgewebes auch fur den Verbraucher

positive Auswirkungen mit sich bringen.



Das H. illucens Larvenfett wurde schon in der Fitterung von Broilern erfolgreich als
Austausch von Fettquellen, wie Sojadl, eingesetzt, wobei der Fokus dieser Studien vorrangig
auf den Wachstumsleistungen der Broiler lag (Benzertiha et al., 2019; Kieronczyk et al.,
2018; Kim et al., 2020b; Schiavone et al., 2017; Schiavone et al., 2018). Die Auswirkungen
des Insektenfettes auf tiefergehende Stoffwechselparameter wie das Transkriptom, das
Lipidom oder das Darmmikrobiom ist noch weitestgehend unbekannt. Die durchgefuhrte

Studie soll einen Einblick dahingehend geben.

1.2 Pilzmycele als Prabiotikum

In Hinblick auf Nachhaltigkeit sind Nebenerzeugnisse aus der Verarbeitung pflanzlicher
Rohstoffe fur die Tierfltterung besonders interessant. Diese Nebenprodukte haben oft einen
begrenzten Nahrwert fur die menschliche Erndhrung und konnen kaum anderweitig
ressourcenschonend genutzt werden. Beispiele hierflr sind verschiedene Trester, wie Apfel-
, Wein-, Zitrus- und Karottentrester, sowie Biertreber. Aufgrund ihres hohen Gehalts an
verdaulichkeitshemmender Rohfaser werden sie in der Futterung monogastrischer Tiere wie
Geflliigel eher selten und meist nur in konzentrierter Form als Quelle sekundéarer
Pflanzenstoffe wie Polyphenole eingesetzt (Huang and Lee., 2018). Durch eine indirekte
Nutzung als Substrat zur Kultivierung von essbaren Pilzen, wie etwa dem Austernpilz
Pleurotus sapidus, konnen diese Nebenstrome dennoch in der Gefliigelfiitterung eingesetzt
werden. In der Humanern&hrung sind essbare Pilze schon seit Jahrhunderten aufgrund ihres
niedrigen Energie- und Kohlenhydratgehalts und ihres hohen Gehalts an Faser,
Mikronahrstoffen und biologisch aktiven Proteinen, sowie ihrer anti-inflammatorischen,
antioxidativen, prabiotischen und antimikrobiellen Eigenschaften relevant (Chuang et al.,
2020; Ma et al., 2018; Rizzo et al., 2021). In der Tiererndhrung ist ihr Einsatz bislang noch
sehr gering (Das et al., 2010). lhre gesundheitlichen Aspekte sind aber auch fir die
Gesundheit und Leistung von Mastbroilern vorteilhaft, da auch beim Gefliigel lokale (im
Darm) und systemische Entziindungsprozesse eine Rolle spielen und einen negativen
Einfluss auf die Leistungen haben (Gessner et al., 2017).

Wahrend die Produktion von Pilzfruchtkdrpern ein langer und zeitaufwendiger Prozess ist,
ist die Produktion von Pilzmycelen im industriellen MaRstab mit Hilfe einer
biotechnologischen Umwandlung eines Nebenstroms ein effizienter und kostengtinstiger
Prozess, da viel Masse in einer relativ geringen Zeit hergestellt werden kann (Lee et al.,
2008; Rathore et al., 2019; Wan-Mohtar et al., 2016).



Pilzmycele weisen einen hohen Gehalt an pribiotischen Polysacchariden wie den f-
Glucanen auf, welche die mikrobielle Darmgemeinschaft, die Darmgesundheit und
Darmintegritat fordern (Maheshwari et al., 2020). Die B-Glucane in Pilzen sind aus D-
Glucose Monomeren aufgebaut, welche iiber den B-Typ der glycosidischen Bindungen (1,3
und 1,6) miteinander verknipft sind (Cerletti et al., 2021). Eine Studie mit Laborratten,
welche eine Diat mit einem Mycel aus der Familie der Austernpilze (Pleurotus spp.)
erhielten, zeigte eine glinstige Beeinflussung der mikrobiellen Darmgemeinschaft, wie auch
der Darmintegritat und -gesundheit, zudem wurde eine Hemmung des systemischen
Entzindungsgeschehens beobachtet (Maheshwari et al., 2021). Bislang fehlen allerdings
Studien zur Wirkung eines nachhaltig erzeugten Futtermittels auf Basis von Pilzmycelen in
der Broilerfutterung, was die Wichtigkeit der im Rahmen dieser Dissertation durchgefiihrten
Studie nochmals unterstreicht. Denn auch in der Broilerfutterung ist die Darmintegritat und
-gesundheit von herausragender Bedeutung fir die systemische Gesundheit und
Wachstumsleistung der Tiere, gerade in Bezug auf die industrielle Bodenhaltung, bei der
Erkrankungen eine groRere Rolle spielen. Ebenso ist die biotechnologische Umwandlung
eines kostengunstigen Nebenstroms aus der Verarbeitung pflanzlicher Rohstoffe, welche
nicht oder nur begrenzt in der Tierfltterung eingesetzt werden konnen, ein

vielversprechender Ansatz zur nachhaltigen Gestaltung der Broilermast.



2. Ziele der Studien

Im folgenden Kapitel sollen die Ziele und Hypothesen der beiden Futterungsstudien

aufgezeigt werden.

2.1 Austausch von Sojadl durch das Fett von Hermetia illucens Larven
Die erste Futterungsstudie, die in den Publikationen 1 und 2 verdffentlicht wurde,
beschéftigte sich mit einem teilweisen und vollstdndigen Austausch des Sojadls als

Fettquelle durch das H. illucens Larvenfett in Broilerdiaten.

2.1.1 Wirkung des Austauschs von Sojadél durch Hermetia illucens Larvenfett auf die
Leistung, die Verdaulichkeit, das Darmmikrobiom, das Lebertranskriptom und das
Leber- und Plasmalipidom von Mastbroilern

Das Ziel des ersten Teils dieser Studie, die in Publikation 1 veréffentlicht wurde, war es,
den teilweisen (50 %) sowie vollstandigen (100 %) Austausch von Sojadl durch H. illucens
Larvenfett auf den Stoffwechsel bei Mastbroilern der Rasse Cobb 500 zu untersuchen. Sojadl
wurde in der Studie durch ein Nebenprodukt ersetzt. Neben der Erfassung der
Leistungsdaten und der Fettverdaulichkeit wurden auch verschiedene Screening-
Technologien verwendet, um tiefergehende Erkenntnisse zum Stoffwechselgeschehen auf
Ebene des Darmmikrobioms im Caecum, des Transkriptoms der Leber und des Lipidoms in
Plasma und Leber zu gewinnen. Die Hypothese, welche aufgestellt wurde, bestand darin,
dass der Austausch von Sojadl durch das H.illucens Larvenfett keine nachteiligen
Stoffwechselwirkungen ausiibt und somit das Wachstum sowie die Tiergesundheit nicht

beeintrachtigt.
Publikation 1

Schéfer, L.; Grundmann, S. M.; Maheshwari, G.; Hoéring, M.; Liebisch, G.; Most, E.; Eder,
K.; Ringseis, R. (2023): Effect of replacement of soybean oil by Hermetia illucens fat on
performance, digestibility, cecal microbiome, liver transcriptome and liver and plasma

lipidomes of broilers. Journal of Animal Science and Biotechnology 14 (1): 20



2.1.2 Ein Austausch von Sojadl durch das Fett von Hermetia illucens Larven in
Broilerdiaten verandert das Brustmuskellipidom und verringert die Lipidoxidation
des Brustmuskels wahrend der Hitzebehandlung

Der zweite Teil dieser Studie, welcher in Publikation 2 vertffentlicht wurde, hatte das Ziel
zu untersuchen, inwieweit der Austausch des Sojadls durch das H. illucens Larvenfett die
Oxidationsstabilitdt des Brustmuskels der Broiler beeinflusst. Es wurde die Hypothese
aufgestellt, dass das H. illucens Larvenfett, welches einen hohen Anteil an gesattigten
Fettsduren enthalt, die Entstehung von Lipidperoxidationsprodukten, wie Cholesterol- und
Phytosteroloxidationsprodukten, im erhitzten Brustmuskel reduziert. Eine langfristige
Aufnahme von Cholesterol- und Phytosteroloxidationsprodukten kann ein gesundheitliches
Risiko darstellen. Um den Gehalt an Cholesterol- und Phytosteroloxidationsprodukten im
gegarten Brustmuskel zu messen, wurde ein Teil des Brustmuskels der Broiler fur 50 min
bei 170 °C erhitzt.

Publikation 2

Schéfer, L.; Grundmann, S. M.; Friedrichs, S.; Litjohann, D.; Horing, M.; Liebisch, G.;
Most, E.; Ringseis, R.; Eder, K. (2023): Replacement of soybean oil by Hermetia illucens
larvae fat in broiler diets alters the breast muscle lipidome and reduces lipid oxidation of the

breast muscle during heat-processing. Archives of Animal Nutrition 77 (2): 121-140



2.2 Einsatz eines biotechnologisch produzierten Pleurotus sapidus Mycels
In der zweiten Futterungsstudie, welche in den Publikationen 3 und 4 verdffentlicht wurde,
erhielten Broiler eine 2,5 und 5 prozentige Zulage von P. sapidus Mycel in den Diaten. Die

Herstellung des Mycels erfolgte biotechnologisch mit Melasse als Nahrmedium.

2.2.1 Auswirkungen eines biotechnologisch hergestellten Pleurotus sapidus Mycels auf
das Darmmikrobiom, das Lebertranskriptom und das Plasmametabolom von
Mastbroilern

Das Ziel dieser Studie, welche in Publikation 3 verdffentlicht wurde, bestand darin, ob ein
biotechnologisch hergestelltes P. sapidus Mycel auf Basis eines pflanzlichen Nebenstroms
in Broilerdiaten zur nachhaltigen Gestaltung der Broilermast eingesetzt werden kann.
Untersucht wurden die Wachstumsleistung der Broiler, die Zusammensetzung der
Darmmikrobiota sowie verschiedene physiologische Merkmale wie die Darmintegritét, die
Néhrstoffverdaulichkeit, die Leberlipide, das Lebertranskriptom und das Plasmametabolom.
Zu diesem Zweck wurden auch in dieser Studie verschiedene Screening-Technologien wie
die Transkriptomik und Metabolomik sowie die metagenomische Analyse der
Darmmikrobiota eingesetzt. Die Hypothese der Studie lautete, dass die f-Glucane, welche
in hohem Mafe im P. sapidus Mycel vorhanden sind und die nachweislich eine prabiotische
Wirkung besitzen, positive Auswirkungen auf die mikrobielle Gemeinschaft im Darm und
die Integritat des Darms haben, sowie die Stoffwechselgesundheit und die Leistung positiv

beeinflussen.
Publikation 3

Schéfer, L.; Grundmann, S. M.; Ruhl, M.; Zorn, H.; Seel, W.; Simon, M.-C.; Schuchardt, S.;
Most, E.; Ringseis, R.; Eder, K. (2024): Effects of a biotechnologically produced Pleurotus
sapidus mycelium on gut microbiome, liver transcriptome and plasma metabolome of
broilers. Poultry Science 103 (9): 103975



2.2.2 Wirkung eines biotechnologisch hergestellten Pleurotus sapidus Mycels auf die
Expression von Genen, die an der Proteinsynthese und dem Proteinabbau im
Brustmuskel von Mastbroilern beteiligt sind

Der zweite Teil der Studie, welcher in Publikation 4 verdffentlicht wurde, beschaftigte sich
damit, eine Erklarung fur den reduzierten relativen Brustmuskelanteil, welcher bei den
Broilern auftrat, die das P. sapidus Mycel in ihren Diaten erhielten, zu finden. Es wurde die
Hypothese aufgestellt, dass das P. sapidus Mycel und der hohe Gehalt an B-Glucanen den
relativen Brustmuskelanteil reduzieren, indem die Expression von Genen verringert wird,
die an der Proteinsynthese beteiligt sind, und die Expression von Genen erhéht wird, die am
Proteinabbau beteiligt sind.

Publikation 4

Schafer, L.; Herrero-Encinas, J.; Ruhl, M.; Zorn, H.; Most, E.; Eder, K.; Ringseis, R. (2024):
Research note: Effect of a biotechnologically produced Pleurotus sapidus mycelium on
expression of genes involved in protein synthesis and degradation in breast muscle of
broilers. Poultry Science 103 (12): 104450



3. Originalarbeiten

3.1 Wirkung eines Austauschs von Sojadl durch Hermetia illucens Larvenfett
auf die Leistung, die Verdaulichkeit, das Darmmikrobiom, das Leber-

transkriptom und das Leber- und Plasmalipidom von Mastbroilern
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lipidomes of broilers
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Effect of replacement of soybean oil G

by Hermetia illucens fat on performance,
digestibility, cecal microbiome, liver
transcriptome and liver and plasma lipidomes
of broilers

Lea Schafer!, Sarah M. Grundmann', Garima Maheshwari?, Marcus Héring?, Gerhard Liebisch?, Erika Most',
Klaus Eder' and Robert Ringseis'

Abstract

Background In contrast to protein-rich insect meal, the feed potential of insect fat is generally less explored and
knowledge about the suitability of insect fat as a fat source specifically in broiler diets is still limited. In view of this, the
present study aimed to comprehensively investigate the effect of partial (50%) and complete replacement of soybean
oil with insect fat from Hermetia illucens (HI) larvae in broiler diets on performance, fat digestibility, cecal microbi-
ome, liver transcriptome and liver and plasma lipidomes. Thus, 100 male, 1-day-old Cobb 500 broilers were randomly
assigned to three groups and fed three different diets with either 0 (group HI-0, n=30), 2.5% (group HI-2.5, n=35) or
5.0% (HI-5.0, n = 35) Hermetia illucens (HI) larvae fat for 35 d.

Results Body weight gain, final body weight, feed intake, and feed:gain ratio during the whole period and apparent
ileal digestibility coefficient for ether extract were not different between groups. Cecal microbial diversity did not dif-
fer between groups and taxonomic analysis revealed differences in the abundance of only four low-abundance bacte-
rial taxa among groups; the abundances of phylum Actinobacteriota, class Coriobacteriia, order Coriobacteriales and
family Eggerthellaceae were lower in group HI-5.0 compared to group HI-2.5 (P < 0.05). Concentrations of total and
individual short-chain fatty acids in the cecal digesta were not different between the three groups. Liver transcriptom-
ics revealed a total of 55 and 25 transcripts to be differentially expressed between groups HI-5.0 vs. HI-0 and groups
HI-2.5 vs. HI-0, respectively (P <0.05). The concentrations of most lipid classes, with the exception of phosphatidyletha-
nolamine, phosphatidylglycerol and lysophosphatidylcholine in the liver and cholesterylester and ceramide in plasma
(P<0.05), and of the sum of all lipid classes were not different between groups.

Conclusions Partial and complete replacement of soybean oil with Hl larvae fat in broiler diets had no effect on
growth performance and only modest, but no adverse effects on the cecal microbiome and the metabolic health of
broilers. This suggests that Hl larvae fat can be used as an alternative fat source in broiler diets, thereby, making broiler
production more sustainable.
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Introduction

In recent years, insect biomass has been increasingly rec-
ognized as an alternative and sustainable source of feed for
monogastric livestock [1-3]. Consequently, the use of pro-
cessed insect biomass as a feed for poultry and pigs has been
authorized by the European commission in 2021 [4], with the
aim of improving sustainability of food systems and securing
food supply. Owing to its high protein content (40%—50%
of dry matter (DM) depending on the insect species [5] and
provided that the rearing substrate is suitable [6, 7]), research
dealing with the feed potential of insect biomass has primar-
ily focused on its role as a source of protein. In this context,
a large number of studies in different monogastric livestock
species demonstrated that insect larvae meal obtained from
different edible insect species suitable for large-scale produc-
tion, such as Tenebrio molitor (TM) and Hermetia illucens
(HI), can replace conventional protein sources, like soybean
meal, without impairing performance, metabolic health or
product quality [8—11]. Apart from protein, insect larvae
contain a significant amount of fat (up to 47% and 43% of
DM in HI and TM, respectively, depending on the rearing
substrate [12]), which can be obtained by a defatting process
during insect meal production in order to increase the pro-
tein content and improve the storage stability of the insect
meal. In contrast to insect meal, the feed potential of insect
fat is far less explored. Despite that several studies have dem-
onstrated that TM or HI fat has no negative impact on per-
formance, gut morphology, selected blood parameters and
product quality in broilers, laying hens and turkeys [13-21],
knowledge about the suitability of insect fat as a fat source in
broiler diets is still limited. In particular, in-depth analysis of
the effects of insect fat on the gut microbiome and interme-
diary metabolism is lacking.

Despite that fatty acid composition of insect larvae is
influenced by the fatty acids in the rearing substrate [5],
the fatty acid composition of TM and HI fat are completely
different. While TM fat consists mainly of unsaturated
fatty acids (up to 80%), most of which are long-chain fatty
acids (LCFA; C18:1 and C18:2; [11]), the majority of total
fatty acids in HI fat are saturated fatty acids (SFA) [5, 16].
This explains that HI fat, but not TM fat has a hard con-
sistency at room temperature. A further characteristic of
HI fat is its high proportion of the medium chain-fatty acid
(MCFA) lauric acid (C12:0) (= 40%; [16]). Interestingly,
MCFA including lauric acid have been reported to exert
antimicrobial effects (e.g., against Gram-positive cocci
and Escherichia coli) in the gut of broilers [22, 23], and,
thus, dietary inclusion of HI fat might alter the gut micro-
biota composition. Considering recent evidence that feed

efficiency in broilers is affected by the gut microbiota com-
position through different mechanisms, such as a more
complete digestion of substrates, an increased production
of short-chain fatty acids (SCFA) or a decreased stimula-
tion of the intestinal immune system [24, 25], an altera-
tion of the gut microbiota might be of great relevance to
broiler’s performance. In addition, convincing evidence
exists that the gut microbiota has also a profound influ-
ence on energy metabolism and feeding behavior of the
host due to the ability of the gut microbiota to communi-
cate with the host along the gut-liver axis via different gut-
derived compounds [26]. Moreover, MCFA-rich dietary
fats might also exert a direct effect on energy metabolism,
because triglyceride (TG)-bound MCFA are considered to
be more efficiently absorbed than TG-bound LCFA due
to easier emulsification and less dependence on pancre-
atic lipase [27, 28], thereby increasing digestible energy
intake to support a higher growth performance. Against
this background, the present study aimed to comprehen-
sively investigate the effect of partial (50%) and complete
replacement of soybean oil, the most commonly used fat
source in commercial broiler diets, with HI larvae fat in
broiler diets on performance, fat digestibility, cecal micro-
biome, liver transcriptome and liver and plasma lipidomes.

Methods

Animals and diets

The 35-d feeding trial was approved by the Animal Welfare
Officer of the Justus Liebig University Giessen (approval
no.: JLU 786_M). All experimental procedures described
followed established guidelines for the care and handling
of laboratory animals. The experiment included 100 male,
1-day-old broiler chickens (Cobb 500, Cobb, Wiedemar,
Germany), which were randomly assigned to three groups
(5 broilers/cage, group 1: 6 cages, group 2 and group 3: 7
cages). The mean initial body weight (BW) (44.9+24 g;
mean =+ SD) was similar across the groups. The broilers were
kept in 2.1 m? cages equipped with nipple drinkers and feed
automates and had free access to feed and water. At the
floor of the cages there were cardboards, which were cov-
ered with litter to allow scratching, pecking and dustbath-
ing. Cardboards and litter were exchanged 2 times per week
during the first two weeks and every 2 d during the last
three weeks of the trial. In addition, broilers were provided
with perches in elevated position for resting and sleep-
ing. Light intensity was constantly at 40 Lux and the light
regime was 24 h:0 h, 23 h:1 h, 22 h:2 h, 21 h:3 h, 20 h:4 h,
19 h:5 h (light:dark) at d 1, 2, 3, 4, 5, 6, and 18 h:6 h from d
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7 onward, as recommended by the breeder [29]. The room
temperature decreased from 28-29 °C on d 1, measured at
pen height, to 23-24 °C on d 35. During the first 6 d, infra-
red lamps (Albert Kerbl GmbH, Buchbach, Germany) were
used as additional heat sources in order to adjust the tem-
perature at the cage floor to 34 °C. Mean relative humid-
ity was 60.0%=+1.9%. The groups (group 1: HI-0, group 2:
HI-2.5, group 3: HI-5.0) were fed three different diets, which
varied only in the fat source (HI-0: 0 HI fat and 5% soybean
oil, HI-2.5: 2.5% HI fat and 2.5% soybean oil, HI-5.0: 5.0%
HI fat and 0 soybean oil), in a three-phase feeding system
(starter diet form d 1 to 10, grower diet from d 11 to 21, fin-
isher diet from d 22 to 35). The HI fat was purchased from
Madebymade (Pegau, Germany) and stored at —20 °C until
diet preparation. Prior to diet preparation, the stability of
HI fat was assessed by determining the acid value and the
percentage of polar compounds [30]. Low values for both
parameters indicated no significant oxidation of the HI fat.
Company’s details on the rearing conditions (substrate,
duration) and further processing of the HI larvae are not
available for reasons of confidentiality. The composition of
the three diets are shown in Table 1. The finisher diets con-
tained 0.5% titanium dioxide as indicator in order to cal-
culate the apparent ileal digestibility (AID) coefficient for

Table 1 Composition of the broiler diets, g/kg
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ether extract by the indicator method [31]. The diets met
the broiler’s requirements of nutrients and energy accord-
ing to the breeder’s recommendations [32]. For diet prepa-
ration, three different basal feed mixtures for the starter,
grower and finisher period, respectively, were produced
from all feed components except the fat source using mixing
machines (V100 and V250, Diosna, Germany). The experi-
mental diets were obtained by mixing the different basal
feed mixtures with the intended amounts of fat sources
(soybean oil, HI fat) using the mixing machine. Prior to add-
ing the HI fat, the HI fat was melted in an electric oven at
50 °C. Subsequently, the experimental diets were pelleted
using a pelleting device (V3/30 C, Simon-Heesen, Boxtel,
Netherlands) and aliquots of all diets were stored at —20 °C
for analysis of diet composition. Diets were fed in crumbled
form during the first 3 d, and in pellet form (2 mm diam-
eter) from d 3 until the end of the trial. Body weight (indi-
vidually) and feed intake (per cage) were determined on d
1, 10, 21 and 35, and the feed:gain ratio was calculated from
feed intake and body weight gains on cage basis.

Analysis of diet composition
Concentrations of DM, crude protein, crude ash, ether
extract, crude fiber and amino acids in the main diet

Item Starter diets Grower diets Finisher diets
HI-0 HI-2.5 HI-5.0 HI-0 HI-2.5 HI-5.0 HI-0 HI-2.5 HI-5.0

Maize 300 300 300 280 280 280 280 280 280
Soybean meal (44% CP) 380 380 380 320 320 320 300 300 300
Wheat 205 205 205 2835 2835 2835 308.65 308.65 308.65
Soybean oil 50 25 - 50 25 - 50 25 -
Hl fat 25 50 - 25 50 - 25 50
Mineral & vitamin mix — Starter” 20 20 20 - - - - - -
Mineral & vitamin mix — Grower’ - - - 20 20 20 - - -
Mineral & vitamin mix — Finisher - - - - - - 20 20 20
Monocalciumphosphate 15 15 15 15 15 15 9 9 9
Calciumcarbonate 15.5 15.5 15.5 15.5 15.5 15.5 15 15 15
Sodiumchloride 4 4 4 4 4 4 4 4 4
DL-Methionine 32 32 32 3 3 3 26 26 26
L-Lysine 2.1 2.1 2.1 2.5 2.5 2.5 1.8 1.8 1.8
L-Threonine 1.1 1.1 1.1 0.9 0.9 0.9 04 04 04
L-Arginine 14 14 14 13 13 13 0.5 0.5 0.5
[-Valine 15 15 15 2.5 2.5 2.5 16 16 16
L-Isoleucine 12 12 12 1.8 1.8 1.8 145 145 145
TiO, - - - - - - 5 5 5

“The mineral & vitamin mix supplied the following minerals and vitamins per kg diet (starter/grower/finisher): Fe, 40/40/40 mg; Cu, 15/15/15 mg; Mn,

100/100/100 mg; Zn, 100/100/100 mg; |, 1/1/1 mg; Se, 0.35/0.35/0.35 mg; vitamin A, 10,000/10,000/10,000 IU; vitamin D5, 5000/5000/5000 IU; vitamin K3, 3/3/3 mg;
vitamin E, 80/50/50 IU; vitamin B,, 3/2/2 mg; vitamin B,, 9/8/6 mg; vitamin By, 4/3/3 mg; vitamin B,,, 0.02/0.015/0.015 mg; biotin, 0.2/0.18/0.18 mg; folic acid,
2/2/1.5 mg; nicotinic acid, 60/50/50 mg; choline chloride, 500/400/350 mg; pantothenic acid, 15/12/10 mg

The experimental diets did not contain any technological (e.g., emulsifier) or zootechnical feed additives (e.g., feed enzymes)
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components (wheat, maize, soybean extraction meal)
and the experimental diets were determined by official
methods [33]. Concentrations of sugar and starch were
analyzed in the experimental diets by official methods
(sugar according to method 7.2.1 and starch according to
method 7.1.3 [33]). Total lipid fatty acid composition of
HI fat, soybean oil and diets were analyzed as described
below. Apart from total lipid fatty acid composition, the
detailed composition (all major lipid classes and indi-
vidual lipid species) of the HI fat was comprehensively
analyzed using lipidomics, as described for liver and
plasma (see below). The apparent N-corrected metabo-
lizable energy (AME)) content of the diets was calculated
according to the formula of the World’s Poultry Science
Association (WPSA) for poultry compound feed [34]:

AMEy (MJ/kg) = [(0.01551 X crude protein) + (0.03431

(2023) 14:20

Page 4 of 19

titanium dioxide as an inert marker [31]. Prior to analy-
sis, ileal digesta samples were freeze-dried and ground
using a centrifugal mill (Retsch, Haan, Germany). Ileal
digesta concentration of the indigestible indicator TiO,
was determined by the method of Brandt and Allam with
slight modifications [37]. Concentration of ether extract
in the ileal digesta was determined by official methods
as described above. Based on the ileal concentrations of
indicator, the AID coefficient for ether extract was calcu-
lated according to the following formula:

AID coefficient (%) =100 — [(TiO, piet/TiO; pigeqta)

x (EE JEE pie0) X 1001,

_Digesta

in which TiO, p, is the TiO, concentration in the diet
(% DM), TiO, pigeg, is the TiO, concentration in the ileal

X ether extract) + (0.01669 X starch) + (0.01301 X sugar)]

Considering that the AME and AMEy content of HI
larvae fat for broiler chickens was shown to be similar to
that of soybean oil [35], the formula is appropriate to cal-
culate the ME contents of the experimental diets.

Sample collection

A total of 12 (group HI-0) and 14 (groups HI-2.5 and HI-5.0)
broilers per group (two broilers from each cage), whose
body weights represented the mean body weight of the
whole group, were selected for sample collection in order to
avoid that effects were biased by random selection of broil-
ers with very low or very high body weights. All analyses
described below were carried out in these animals. The ani-
mals were killed by bleeding (opening of Vena jugularis and
Arteria carotis) under electrical anesthesia using a BTG-
40A stunning device (Westerhoff Gefliigeltechnik, Hoogst-
ede, Germany) in accordance with the European legislation
for euthanasia of animals [36]. Whole blood was collected
into ethylenediaminetetraacetic acid-coated polyethylene
tubes (9 mL S-Monovette, Sarstedt, Niimbrecht, Germany).
Plasma was prepared by centrifugation (1100 x g, 10 min) at
4 °C and stored at —20 °C. The liver was excised, washed in
ice-cold NaCl solution (0.9%), weighted and small aliquots
were snap-frozen in liquid nitrogen and stored at —80 °C.
The gastrointestinal tract was removed and digesta from
the ileum (segment between Meckel’s diverticulum and
the ileo-cecal junction) and the cecum was collected. Tissue
and digesta samples were snap-frozen in liquid nitrogen and
stored at —80 °C pending analysis.

Determination of AID coefficient for ether extract
The AID coefficient for ether extract was determined at
the end of the experiment by the indicator method using

digesta (% DM), EE pg.q, is the ether extract concen-
tration in ileal digesta (% DM), and EE py, is the ether
extract concentration in the diet (% DM).

Determination of microbiota composition and diversity

in the cecal digesta

Metagenomic DNA was isolated from approximately
180-200 mg of cecal digesta using genomic DNA col-
umns (Macherey-Nagel, Diiren, Germany) according to
Lagkouvardos et al. [38]. V3-V4 regions of the 16S rRNA
genes were amplified using bacteria-specific primers fol-
lowing a two-step procedure according to the Illumina
sequencing protocol as described [38]. Amplicons were
sequenced using a MiSeq system (Illumina, Inc., San
Diego, CA, USA). Further processing of raw sequences
was carried out as described recently [39]. Finally,
sequences with a relative abundance >0.1% in at least one
sample were sorted, merged and operational taxonomic
units (OTU) were picked at a threshold of 97% similar-
ity. Taxonomic classification to the OTU was assigned
using the SILVA database [40]. Further downstream
analyses were done using Rhea (https://lagkouvardos.
github.io/Rhea/). The differential abundance analysis of
taxa was performed on the aggregated data at the differ-
ent taxonomic levels as described [38]. For estimation of
diversity within samples (a-diversity), the Shannon and
Simpson indices, the most common indices to compare
diversity, were calculated and transformed to the corre-
sponding effective number of species according to Jost
[41], because they are better suited at indicating the true
diversity between samples and are minimally affected
by the number of rare species. To measure the similar-
ity between different microbial profiles, the p-diversity
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was determined by calculating generalized UniFrac dis-
tances with PERMANOVA statistical test as described
previously [38]. Visualization of bacterial profiles among
different groups was done by computation of non-metric
multidimension distance scaling (NMDS) [42].

Determination of SCFA concentrations in the cecal digesta
Cecal digesta SCFA concentrations were determined
as described previously [43]. In brief, 50 mg aliquots of
cecal digesta were mixed with 0.5 mL 5% o-phosphoric
acid containing internal standard (0.15 mg/mL crotonic
acid). Extraction was carried out by vortexing for 3 min
and subsequent centrifugation at 21,100 x g at 4 °C for
10 min. Prior to injection, the supernatant was centri-
fuged again at 21,100 x g at 4 °C for 5 min. 1 pL of the
extract was injected into a gas chromatograph (Clarus
580 GC system, Perkin Elmer, Waltham, USA) equipped
with a polar capillary column (10 m free fatty acid phase,
0.32 mm internal diameter, 0.25 pm film thickness;
Macherey and Nagel, Diiren, Germany) and a flame ioni-
sation detector.

RNA extraction and hepatic transcript profiling

Total RNA from liver aliquots (20 mg) were isolated
using TRIzol reagent (Invitrogen, Karlsruhe, Germany)
according to the manufacturer’s protocol. RNA quantity
and quality were assessed spectrophotometrically using
an Infinite 200 M microplate reader equipped with a
NanoQuant plate (both from Tecan, Mainz, Germany).
The average RNA concentration and the A,¢,/A,q, ratio
of all total RNA samples (n=40, means+SD) were
421448 ng/uL and 1.90£0.02. For hepatic transcript
profiling, total RNA samples from six randomly selected
broilers/group were sent on dry-ice to the Genomics
Core Facility “KFB—Center of Excellence for Fluores-
cent Bioanalytics” (Regensburg, Germany). Following a
further RNA quality check using an Agilent 2100 Bio-
analyzer (Agilent Technologies, Waldbronn, Germany),
which revealed an average RNA integrity number (RIN)
value of 8.23 +0.19 for all samples (n =18, means £ SD),
total RNA samples were processed using an Affymetrix
GeneChip Array (Chicken Gene 1.0 ST), which covers
18,214 genes represented by 439,582 probes, according
to the Applied Biosystems = GeneChip'~ Whole Tran-
script (WT) PLUS Reagent Kit User Guide (Thermo
Fisher Scientific, Waltham, MA, USA). Following scan-
ning of the processed GeneChips, cell intensity files,
which provided a single intensity value for each probe
cell, were generated from the image data using the Com-
mand Console software (Affymetrix). The compressed
array image files (CEL files) were imported into the
Applied Biosystems Transcriptome Analysis Console
(TAC) (v. 4.0.2) software (Thermo Fisher Scientific)
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for calculation of summarized probe set signals (in
log2 scale) using the Robust Multichip Analysis algo-
rithm, comparison fold changes (FC) and significance
P-values (ANOVA). Annotation of the microarrays was
performed with the “ChiGene-1_0-st-vl.na36.galgal3.
transcript.csv” annotation file. The microarray data of
this study have been deposited in MIAME compliant
format in the NCBI’s Gene Expression Omnibus pub-
lic repository [44]. Owing to the rather moderate dif-
ferences in the hepatic transcriptomes between groups
HI-5.0 vs. HI-0 and groups HI-2.5 vs. HI-0, the differen-
tially expressed transcripts were filtered based on a fold
change>1.5 or<—1.5 and a P-value<0.05. Identical or
similar filter criteria were also applied in several recent
studies [45, 46]. Filtering of differentially expressed tran-
scripts using the Benjamini & Hochberg false discovery
rate adjustment method could not be applied, because
the adjusted P-values for all transcripts were > 0.05.

Gene set enrichment analysis (GSEA) was performed
with the identified differentially expressed transcripts in
order to identify enriched Gene Ontology (GO) terms
within GO category biological process using the Data-
base for Annotation, Visualization and Integrated Dis-
covery (DAVID) 6.8 bioinformatic resource [47, 48].
Biological process and molecular function terms were
considered as enriched if P<0.05.

Validation of microarray data using gPCR analysis
Microarray data of 16 differentially expressed transcripts
were validated by qPCR. For qPCR analysis, total RNA
from all broilers (n=12-14/group) was used. Synthesis
of cDNA and qPCR analysis was performed with a Rotor-
Gene Q system (Qiagen, Hilden, Germany) as described
recently in detail [49]. Gene-specific primers were syn-
thesized by Eurofins MWG Operon (Ebersberg, Ger-
many). Characteristics of primers are listed in Additional
file 1: Table S1. Normalization was carried out using mul-
tiple reference genes as described recently [50].

Tissue homogenization and lipid extraction

Frozen liver tissue was homogenized in methanol/water
(50/50, v/v) with addition of 1% sodium laurylsulfate
using bead-based homogenization at a concentration of
0.05 mg/uL [51]. Lipid class specific, non-endogenous
internal standards were added prior to lipid extraction.
An amount of 2 mg liver (wet weight) or a volume of 10
uL plasma was subjected to lipid extraction according to
the protocol by Bligh and Dyer [52]. A volume of 0.5 mL
of the chloroform phase was recovered by a pipetting
robot and vacuum dried. The residue was dissolved in
1.2 mL chloroform/methanol/2-propanol (1:2:4, v/v/v)
with 7.5 mmol/L ammonium formate.
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Lipidomic analysis of major lipid classes by mass
spectrometry

The analysis of lipids was performed by direct flow
injection analysis (FIA) using a high-resolution Fourier
Transform (FT) hybrid quadrupole-Orbitrap mass spec-
trometer (FIA-FTMS) [53]. TG, diglycerides (DG) and
cholesteryl esters (CE) were recorded in positive ion
mode as [M + NH,]" in m/z range 500~1000 and a target
resolution of 140,000 (at m/z 200). CE species were cor-
rected for their species-specific response [54]. Ceramides
(Cer), phosphatidylcholines (PC), ether PC (PC O),
phosphatidylethanolamines (PE), ether PE (PE O), phos-
phatidylglycerols (PG), phosphatidylinositols (PI), and
sphingomyelins (SM) were analyzed in negative ion mode
in m/z range 520-960; lysophosphatidylcholines (LPC)
and lysophosphatidylethanolamine (LPE) in m/z range
400-650. Multiplexed acquisition (MSX) was applied for
free cholesterol (FC) and the internal standard FC[D7]
[54]. Lipid annotation is based on the latest update of the
shorthand notation [55].

The datasets from liver and plasma lipidomes were sub-
jected to principal component analysis (PCA) using the
MetaboAnalystR 3.2 package for R version 4.2.1. For the
PCA, the relative metabolite composition of individual
lipid species within the different lipid classes were used.
Prior to the PCA, variables with missing values were
either excluded from the analyzes if more than 50% of the
samples were missing or the missing values were replaced
by the limit of detection (1/5 of the minimum positive
value of each variable). After normalization by log trans-
formation and autoscaling the remaining values were
used for the PCA.

Determination of fatty acid composition of total lipids

of the diets and the liver

Fatty acid composition of total lipids of the liver and the
diets was determined by gas chromatography-flame
ionization detection (GC-FID). Briefly, total lipids were
extracted from 75 mg liver aliquots with a 3:2 (v/v)-
mixture of n-hexane and isopropanol containing C19:0
(50 mg/mL) as internal standard. After extraction, samples
were centrifuged (1200 x g, 10 min) and an aliquot of the
supernatant was evaporated under a stream of N, at 37 °C.
Lipids were subsequently transmethylated using trimethyl-
sulfonium hydroxide solution (Sigma-Aldrich) and the
resulting fatty acid methyl esters (FAME) were separated
by a GC-FID system described in detail recently [56].

Statistical analysis

Statistical analysis was conducted with SPSS 27 software
(IBM, Armonk, NY, USA). The cage served as the exper-
imental unit for feed intake and feed:gain ratio and the
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individual animal for all other data. All parameters were
tested with the Shapiro—Wilk test for normal distribution
and with the Levene’s test for homoscedasticity. When
the normal distribution was followed only after a log
transformation, the log transformed data were used for
statistical analysis. Differences between the three groups
were analyzed by one-way analysis of variance (one-
way ANOVA) followed by a Tukey’s post-hoc test when
the data were normally distributed and the variances
were homogeneous. If the data showed heterogeneity of
variance, the means of the three groups were analyzed
using Welch’s ANOVA in conjunction with the post-hoc
Games-Howell test. If the normal distribution was not
followed, a Kruskal-Wallis one-way ANOVA was per-
formed using the Mann—Whitney U test with Bonferroni
correction as post-hoc test. For all tests, a P-value <0.05
was considered statistically significant.

Results

Lipid composition of the HI fat

Analysis of the composition of major lipid classes
of the HI fat revealed that HI total lipids consisted
almost completely of TG (99.2% of total fat). All other
lipid classes detected (PG, PC, DG, PE and SM) made
up <0.3% of total lipids (Table 2). Analysis of individual
TG species demonstrated that TG 36:0, TG 38:0, TG
40:0 and TG 42:2 were the most abundant TG species,
whereas all other TG species contributed <5% of all TG
species (Table 2). The majority of TG species of the HI
fat was saturated (56.7%), while TG species with one,
two and three or more double bonds made up 14.0%,
17.3% and 12.0%, respectively. Due to the low propor-
tions of PG, PC, DG, PE, PC-O, SM and LPC in the HI
fat, the individual lipid composition of these non-TG
lipid classes is not reported. Analysis of the fatty acid
composition of HI fat by GC-FID revealed that SFA
were the dominating fatty acids, with C12:0 (57.2%),
C14:0 (8.7%) and C16:0 (10.9%) contributing to 76.8%
of total fatty acids (data not shown). The essential fatty
acids C18:2 n-6 and C18:3 n-3 made up 10.6% and 0.8%,
of total fatty acids, respectively.

Composition of the experimental diets

The three experimental diets within each feeding phase
had similar concentrations of crude nutrients, sugar,
starch and energy (Table 3) and amino acids (Addi-
tional file 1: Table S2), but substantially differed in the
fatty acid composition of dietary total lipids (Table 3).
With increasing replacement of soybean oil by HI fat,
the proportions of C10:0, C12:0 and C14:0 markedly
increased, while those of C18:0, C18:1, C18:2 n-6 and
C18:3 n-3 decreased. As a consequence, the dominat-
ing fatty acids in the HI-5.0 diet were in decreasing
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Table 2 Lipid composition of the Hermetia illucens larvae fat
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Item Content

Lipid class, % of total lipids
TG 99.20+£0.02
PG 0.28+0.01
PC 0.18+0.01
DG 0.17£0.01
PE 0.12+£0.02
SM 0.0240.01

TG species, % of total TG species?
34:0 2.06+0.04
36:.0 30.06£0.49
370 0.60+0.31
380 12254051
38:1 0.59+0.01
40.0 7.76£039
40:1 240+£0.10
420 211+£0.22
42:1 3.91£0.08
422 6.04+1.04
423 0.734+0.07
44.0 092+£0.10
441 2.10+£0.21
44:2 1.65£0.09
46:1 2.54+£043
46:2 4.8040.21
463 0.95+0.03
48:1 092+0.21
48:2 1.79£0.15
483 1.78£0.07
484 1.89+£0.18
50:2 1.21+£0.06
50:3 0.86+0.03
52:2 0.56£0.09
52:3 1.13+£0.02
52:4 130+0.17
Sum DBO 56.73£1.16
Sum DBI1 13.99+0.98
Sum DB2 17294126
Sum DB3 633+£0.16
Sum DB4 4.18+0.39
Sum DB5 0.94+£0.11
Sum DB6 0.4540.08
Sum DB7 0.09+£0.01

Abbreviations: DB Double bond, DG Diglycerides, LPC Lysophosphatidylcholine,
PC Phosphatidylcholine, PC O PC-ether, PE Phosphatidylethanolamine, PG
Phosphatidylglycerol, SM Sphingomyelin, TG Triglycerides

2Only TG species > 0.5% are shown. Data are means + SD, n=4 samples

order: C12:0, C18:2 n-6, C18:1, C16:0 and C14:0; in the
HI-2.5 diet the dominating fatty acids were in decreas-
ing order: C18:2 n-6, C18:1, C12:0, C16:0 and C18:3

Page 7 of 19

n-3; in the HI-0 diet the dominating fatty acids were in
decreasing order: C18:2 n-6, C18:1, C16:0, C18:3 n-3
and C18:0. Monounsaturated fatty acids and polyunsat-
urated fatty acids in the HI fat total lipids made up 9.4%
and 11.4%, respectively.

Performance and ether extract digestibility

Performance data (body weight gain, final body weight,
feed intake, and feed:gain ratio) during the whole period
were not different between groups. However, body
weight gain and feed intake during the starter period
were higher in groups HI-2.5 and HI-5.0 than in group
HI-0 (P<0.05, Table 4). No differences of performance
data between groups were found during the grower and
the finisher period. AID coefficient for ether extract also
did not differ between groups.

Cecal microbiota diversity and composition

In order to identify alterations of the cecal microbiota
structure of the broilers, 16S rRNA-based high-through-
put sequencing was applied. Following quality check,
chimera check and filtering, the high-quality sequences
obtained from the cecum digesta samples of the 40
broilers were delineated into 90 OTUs at 97% sequence
identity (Additional file 1: Table S3). Treatment effect
on microbial diversity was evaluated by the use of dif-
ferent diversity metrics. None of the metrics used to
describe a-diversity (effective species richness, shannon
effective, simpson effective, evenness) differed between
groups (Fig. la). In addition, B-diversity of cecal bacte-
rial community calculated based on generalized UniFrac
distances did not differ among groups. The MetaNMDS
plot generated to visualize the difference in p-diversity of
cecal bacterial community among groups shows that no
clustering was most visible among groups (Fig. 1b).

To analyze the effect on the microbiota composition, the
microbial community was analyzed at different taxonomic
levels (phylum, class, order, family, genus). In total, only
the relative abundances of four different bacterial taxa dif-
fered among groups. At the phylum level, only the relative
abundance of the least abundant bacterial phylum, Act-
inobacteriota, contributing less than 0.15% to total bacte-
rial phyla was different among groups. While the relative
abundance of this phylum was lower in group HI-5.0 than
in group HI-2.5 (P<0.05), it did not differ between group
HI-5.0 and HI-0 and between group HI-2.5 and HI-0
(Fig. 1c). Amongst five different bacterial classes identified
in the cecal digesta of the broilers, only the relative abun-
dance of Coriobacteriia, which belong to the phylum Act-
inobacteriota, was affected by treatment; while the relative
abundance of this phylum was lower in group HI-5.0 than
in group HI-2.5 (P<0.05), it did not differ between group
HI-5.0 and HI-0 and between group HI-2.5 and HI-0. At
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Table 3 Concentrations of nutrients and energy in the broiler diets

Item Starter diets Grower diets Finisher diets

HI-0 HI-2.5 HI-5.0 HI-0 HI-2.5 HI-5.0 HI-0 HI-2.5 HI-5.0

Analyzed crude nutrient content
Dry matter, % FM 875 87.5 874 87.6 87.3 87.7 87.5 874 88.1
Crude protein, % DM 216 216 216 19.8 20.0 20.0 19.1 19.0 19.3
Ether extract, % DM 73 7.1 72 7.6 74 74 7.6 74 72
Crude ash, % DM 56 59 59 55 55 56 55 54 55
Crude fiber, % DM 35 36 35 39 39 39 4.2 43 4.0
Sugar, % DM 33 3.0 27 38 3.0 2.7 29 3.0 34
Starch, % DM 35.7 359 355 372 364 37.7 364 386 383
AMEN#, MJ/kg DM 12.2 12.2 12.1 124 12.1 12.3 12.0 12.3 12.3

Fatty acids®, % of total fatty acids
C10:0 - 041 0.82 - 046 0.81 - 044 0.80
C12:0 042 18.23 37.65 022 19.06 38.09 0.50 19.06 38.03
C14:0 0.18 293 5.89 0.15 3.09 597 0.20 3.08 6.05
C16:0 11.82 11.88 12.17 11.44 12.06 12.19 11.59 12.12 12.26
c16:1 022 1.00 1.90 0.16 1.02 1.92 0.16 1.07 1.92
180 399 3.10 1.85 398 3.09 1.86 3.89 3.09 1.87
c18:1 24.00 19.44 1242 2557 18.65 12.60 25.00 19.00 12.56
C182n-6 5132 3773 2294 50.88 36.83 2313 50.93 37.26 23.02
C183n-3 5.66 3.74 1.65 548 3.55 1.64 5.55 3.56 1.62
C20:0 0.51 038 0.28 046 037 0.28 045 034 0.28

Abbreviations: AME, Apparent N-corrected metabolizable energy, DM Dry matter, FM Fresh matter

2 Only fatty acids > 0.5% of total fatty acids are shown. “The AME content of the feed was calculated according to the formula of the World’s Poultry Science

Association for poultry compound feed

the order level, the relative abundance of Coriobacteriales
(class Coriobacteriia) was identified as the only bacterial
order differing between groups; its relative abundance
was lower in group HI-5.0 than in group HI-2.5 (P<0.05),
but was not different between groups HI-5.0 and HI-2.5
(Fig. 1c). At the family level, the only taxon identified to
be altered was the Eggerthellaceae (order Coriobacteri-
ales), whose abundance was lower in group HI-5.0 than
in group HI-2.5 (P<0.05), but was not different between
group HI-5.0 and HI-0 and between group HI-2.5 and
HI-0 (Fig. 1c). No differences between groups were found
regarding the relative abundances of bacterial genera.

Cecal concentrations of short-chain fatty acids

The concentrations of total and individual SCFA [acetic
acid (C2:0), propionic acid (C3:0), isobutyric acid (1C4:0),
butyric acid (C4:0), isovaleric acid (iC5:0) and valeric acid
(C5:0)] in the cecal digesta were not different between
the three groups (Fig. 2).

Liver transcriptome

According to the filter criteria applied (P<0.05; fold
change>1.5 and<—1.5), a total of 55 transcripts were
identified as differentially expressed (upregulated: 31,

downregulated: 24) in the liver between groups HI-5.0
and HI-0. In Fig. 3a, the differentially expressed tran-
scripts between groups HI-5.0 and HI-0 are illustrated as
red dots in the Volcano plot. Amongst the upregulated
genes, only three genes (BDKRBI, XDH, IG]J) exhibited a
regulation > 2.0-fold. The top 10 upregulated transcripts
were in decreasing order of their fold change (in brack-
ets): BDKRBI (2.57), XDH (2.36), IGJ (2.10), DPP4 (1.90),
ENDOUL (1.83), UPP2 (1.82), EMB (1.81), BASPI (1.76),
SIK1 (1.71) and B3GALT2. Amongst the downregulated
genes, five genes (IL22RA2, ANKRD22, LOC101749538,
ATP2B2, SLC6A13) were regulated < —2.0-fold. The top
10 downregulated transcripts were in increasing order of
their fold change: IL22RA2 (—5.09), ANKRD22 (—3.76),
LOC101749538 (—2.55), ATP2B2 (—2.15), SLC6AI3
(—2.12), DDO (—1.89), SCAP (—1.88), SPATA4 (—1.84),
CA4 (—1.82) and ULKI (—1.81). The fold change and
P-value of all differentially expressed transcripts between
group HI-5.0 vs. HI-0 are shown in Additional file 1:
Table S4.

Considering the same filter criteria as for the compar-
ison of groups HI-5.0 vs. HI-0, a total of 25 transcripts
were identified as differentially expressed (upregu-
lated: 19, downregulated: 6) in the liver between groups
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Table 4 Performance data and apparent ileal digestibility (AID) coefficient for ether extract of broilers fed diets with either 0 (HI-0),

2.5% (HI-2.5) or 5.0% (HI-5.0) Hermetia illucens (HI) larvae fat for 35 d

Item HI-0 HI-2.5 HI-5.0 P-value
Whole period (d 1 to 35)
Initial BW, g 448+04 447409 451409 0.719
Final BW, g 2740+ 139 2696 £ 237 2738+£92 0.860
BW gain, g 2696+ 138 26514237 2693+92 0.861
Feed intake, g 37454183 3696+ 236 3719+£127 0.898
Feed:Gain ratio, g/g 1.3940.02 1.4040.11 1.384+0.03 0.537
Starter period (d 1 to 10)
BW gain, g 272417° 290410° 287412° 0.049
Feed intake, g 290+ 19° 307 +8° 308+£11° 0.042
Feed: Gain ratio, g/g 1.09+£0.02 1.09+£0.01 1.08£0.01 0437
Grower period (d 11 to 21)
BW gain, g 823437 830+61 819434 0.901
Feed intake, g 1068 +£53 1081£61 1065+£43 0.842
Feed: Gain ratio, g/g 1.30£0.01 1.30£0.04 1.30+0.03 0926
Finisher period (d 22 to 35)
BW gain, g 1601 £91 1522+£210 1587+£79 0.560
Feed intake, g 23874124 2309+181 2346+98 0612
Feed: Gain ratio, g/g 1.4940.03 1544023 1.4840.06 0.822
AID coefficient for EE, % 89.0+16 886+15 88.8+238 0.950

Data are means = SD, n=6-7 cages/groups. Abbreviation: BW Body weight, EE Ether extract

HI-2.5 and HI-0 (Fig. 3b). Only three genes (NSMF,
CHIA, BDKRBI) were regulated>2.0-fold and no
genes were regulated < —2.0-fold. The 10 most strongly
upregulated transcripts were in decreasing order of
their fold change (in brackets): NSMF (2.29), CHIA
(2.16), BDKRBI (2.04), ENPEP (1.80), PEKFB3 (1.80),
MIR1790 (1.72), SIK1 (1.71), DPP4 (1.71), LOC395159
(1.69) and CP (1.66). The 6 downregulated transcripts
were in increasing order of their fold change: GUCY2C
(—=1.53), ATP2B2 (—1.53), INDOLI (—1.51), MIR17
(=1.51), DDO (—1.51) and PROMI (—1.50). The fold
change and P-value of all differentially expressed tran-
scripts between groups HI-2.5 vs. HI-0 are shown in
Additional file 1: Table S5.

Microarray data of 16 differentially expressed transcripts
between groups HI-5.0 and HI-0 were validated by qPCR. As
shown in Additional file 1: Table S6, the effect direction (pos-
itive or negative fold change) was the same between micro-
array and qPCR for all validated transcripts, whereas the
effect size (value of fold change) differed to some extent for
the validated transcripts between microarray and qPCR. Sta-
tistical analysis of qPCR data revealed that twelve transcripts
were regulated either significantly (CA4, DDO, IL22RA2,
HMGCS1, SCAP, SH2D4A, ULKI, XDH) or at a P-value<0.1
(AKR1DI1, ANKRD22, MTHFS, OGN), whereas four tran-
scripts (DPP4, FANCL, SIK1, SPATA4) were not regulated.

In order to extract biological meaning from the tran-
scripts differentially expressed between groups HI-5.0
and HI-0, GSEA was performed using GO category bio-
logical process. Due to the low number of differentially
expressed transcripts, GSEA was not conducted for the
comparison of groups HI-2.5 and HI-0. Within GO cat-
egory biological process, the most enriched biologi-
cal process terms assigned to the transcripts regulated
between groups HI-5.0 and HI-O were (in increasing
order of their P-values): small molecule biosynthetic pro-
cess, cholesterol metabolic process, secondary alcohol
metabolic process, sterol metabolic process, lipid biosyn-
thetic process, steroid biosynthetic process, cholesterol
biosynthetic process and secondary alcohol biosynthetic
process (Fig. 3c).

Liver and plasma lipidomes

The major lipid classes in the liver were in decreasing
order: TG, PC, PE, FC, PI, DG, SM, CE, PE O, Cer, LPC,
LPE, PC O and PG. Despite that the sum of total lipid
classes in the liver were not different between groups
(HI-0: 47.6+£8.9 pmol/g, HI-2.5: 42.4+8.9 pmol/g,
HI-5.0: 47.7+6.5 umol/g, mean+ SD, n=12-14/group,
P=0.170), hepatic concentrations of PE, LPC, LPE and
PG differed between groups (P<0.05), even though only
slightly (Fig. 4a). Hepatic concentrations of LPE and PG



Schéfer et al. Journal of Animal Science and Biotechnology

70 4 50 -
65 P<0.392 P<0.730 D HI-0
w o 957
8 60 - 2 x O He2s
e o 40 4 -
£ 851 % : B His0
E 50 - £ 35
5 45 E - :
=g 40 4 &=
w a o5
35 -
30 - 20 4
35 - 0.65 -
P<0.769 063 ] P<0554
g k 0.61 1
T 25 g 081 S 4
£ 4 0.57
g 201 ; 0.55 :
0.53 4
< w
é 15 0.51
2P 0.49
- 0.47 4
gt — 0.45 -
Phylum Order
100 -
90 - Protecbacteria
80 - Firmicutes
= Bacteroidota
= Actinobacieriota

100 4
90
80 1
70 4
60 1
50 -

- 25.

| W B
15 4
] 10 -
] =]
0.0 | 04

HI-0 HI-2.5 HI-5.0 HI-0 HI-2.5 HI-5.0

Relative abundance, %
Relative abundance, %

(2023) 14:20

Page 10 of 19

. ]
Family
T e A 100 - PINE T
= unknown_ Clostridia UCG-014
Tisslereliales
uOsclllospirales 20 = Ruminococcaceas
4 uPeplosireplococcaceae
=Manoglobales mOscillospiraceas
mLactobacillales 80 4 =Monoglobaceas
rradopies o
= Erysipelotrichales 2 70 4 E " pr group
c
Enterobacterales ] = Erysipelolrichacsae
c = Erysipelatoclostridiaceas
= Corlobacieriales 5 601 Enterobacleriaceae
o
uClostridia UCG-014 : Eggerthellaceae
= Bacteroidales 2 S0 - SBulyrictacoacens
= 25 - = Bacteroidaceae
[
L m T . .
15 4
10
54
04

HI-0 HI-2.5 HI-5.0

Fig. 1 Analysis of the cecal microbiome. Indicators of a-diversity (effective richness, shannon effective, simpson effective, evenness) of the cecal
bacterial community (A), visualization of the difference in 3-diversity of cecal bacterial community between groups by non-metric multidimension
distance scaling plot (B), and distribution of cecal bacteria at different taxonomic levels (phylum, order, family) (C) of broilers fed diets with either O
(HI-0), 2.5% (HI-2.5) or 5.0% (HI-5.0) Hermetia illucens (HI) larvae fat for 35 d. A: Box and whisker plots for n=12-14 broilers/group; C: Data are means
for n=12-14 broilers/group. **Means without a common letter differ across the groups, P<0.05

were higher in group HI-5.0 than in groups HI-O and
HI-2.5 (P<0.05). Concentrations of PE and LPC in the
liver were higher in group HI-5.0 than in group HI-2.5
(P<0.05), but not compared to group HI-0.

In contrast to the slight or absent differences in the
concentrations of the lipid classes in the liver between
groups, pronounced differences between groups were
seen with regard to the composition of individual lipid
species within the different lipid classes. Regarding TG,
the dominating lipid class in the liver, relative propor-
tions of species with zero and one double bonds were

higher in group HI-5.0 than in group HI-0, while those
with five and six double bonds were lower in group
HI-5.0 than in group HI-0 (P<0.05, Fig. 4b). With regard
to PC, the second most abundant hepatic lipid class,
relative proportions of species with one and three dou-
ble bonds were higher and those with four, five and six
double bonds were lower in group HI-5.0 than in group
HI-0 (P<0.05, Fig. 4c). Within PE, the third most abun-
dant lipid class in the liver, relative proportions of species
with two and three double bonds were higher and those
with four, six and eight double bonds were lower in group
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Fig. 2 Analysis of microbial fermentation profile in the gut. Concentrations of individual [acetic acid (C2:0), propionic acid (C3:0), butyric acid (C4:0),
isobutyric acid (iC4:0), valeric acid (C5:0), isovaleric acid (iC5:0)] and total (=sum of individual) short-chain fatty acids (SCFA) in the cecal digesta of
broilers fed diets with either 0 (HI-0), 2.5% (HI-2.5) or 5.0% (HI-5.0) Hermetia illucens (HI) larvae fat for 35 d. Data are means 4= SD, n=12-14 broilers/

group

HI-5.0 than in group HI-0 (P<0.05, Fig. 4d). The propor-
tions of all individual TG, PC and PE species are shown
in Additional file 1: Table S7.

In plasma, the major lipid classes were in decreas-
ing order: PC, CE, FC, TG, PE, SM, LPC, PC O, PE O,
DG, LPE and Cer (Fig. 5a). Like the concentrations of
most lipid classes (PC, FC, TG, PE, SM, LPC, PC O, PE
O, D@, LPE), the sum of total lipid classes in plasma did
not differ among groups (HI-0: 7992+ 1423 umol/L,
HI-2.5: 7683 £1742 pmol/L, HI-5.0: 8550+752 umol/L,
mean + SD, n=12-14/group, P=0.358). In contrast, the
plasma concentrations of CE and Cer differed among
groups (P<0.05), but only slightly; plasma concentra-
tions of CE and Cer were higher in group HI-5.0 than in
group HI-0. Plasma concentration of Cer in group HI-5.0
was also higher than in group HI-2.5 (P<0.05), whereas
plasma concentration of CE did not differ between
group HI-5.0 and group HI-2.5. Similar as in the liver,
pronounced differences among groups were observed
regarding the composition of individual lipid species
within the different lipid classes in plasma. With regard
to CE, the dominating lipid class in the plasma, relative
proportions of species with zero and one double bonds
were higher in group HI-5.0 than in group HI-0, while
those of species with two, three, four, five and six dou-
ble bonds were lower in group HI-5.0 than in group
HI-0 (P<0.05, Fig. 5b). Regarding PC, the second most
abundant plasma lipid class, the relative proportions of
PC species with zero, one and three double bonds were
higher, whereas those with four, five, six and seven dou-
ble bonds were lower in group HI-5.0 than in group HI-0
(P<0.05, Fig. 5¢). With regard to TG, relative proportions

of species with zero, one, and two double bonds were
higher and those with four, five, six, seven and eight dou-
ble bonds were lower in group HI-5.0 than in group HI-0
(P<0.05, Fig. 5d). The proportions of all individual CE,
PC and TG species in plasma are shown in Additional
file 1: Table S8.

The pronounced differences among groups with regard
to the composition of individual lipid species within the
different lipid classes in liver and plasma were reflected
by the results from PCA analysis which was carried out
with the relative proportions of individual lipid spe-
cies of all lipid classes. The dimensional reduction of
the lipidome datasets from the liver (Fig. 6a) and the
plasma (Fig. 7a) revealed a clear separation (rightward
shift) between the three feeding groups with increasing
dietary levels of HI fat. For the liver lipidome the cumu-
lative proportion is 54.6% with principal component
1 accounting for more than 40% of the variance of the
dataset. In the plasma, the cumulative proportion adds
up to 51.8% with principal component 1 accounting for
38.8%. The loading plot for the liver lipidome dataset
shows that the left shift of the HI-0 group was mainly
caused by individual TG and PC lipid species with three
or more double bonds and the right shift of the HI-2.5
and HI-5.0 groups was mainly caused by individual TG,
PC and PE lipid species with less than 3 double bounds
(Fig. 6b). In the plasma, the right shift of the HI-2.5 and
HI-5.0 groups was largely driven by individual TG, PC
and PE species with less than three double bounds, while
the left shift of the HI-O group is driven by individual
TG, PC and CE species with more than 3 double bounds
(Fig. 7b).
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Fig. 3 Differential transcriptome analysis of the liver. Volcano plot illustrating the differentially expressed transcripts in the liver of broilers between
group HI-5.0 vs. HI-0 (A) and group HI-2.5 vs. HI-0 (B). The double filtering criteria are indicated by horizontal (P-value < 0.05) and vertical (fold
change>1.5 or< —1.5) dashed lines. Red dots in the upper left and the upper right corner represent the downregulated and the upregulated
transcripts, respectively. C Most enriched gene ontology (GO) biological process terms associated with the transcripts differentially expressed
between group HI-5.0 vs. HI-0. GO terms are sorted by their enrichment P-values (EASE score) (top: lowest P-value, bottom: highest P-value)

Fatty acid composition of liver total lipids

As expected, fatty acid composition of hepatic total lipids
was affected by dietary inclusion of HI fat. Proportions of
C12:0, C14:0 and C16:1 were higher in group HI-5.0 than
in groups HI-2.5 and HI-0, whereas proportion of C18:3
n-3 was lower in groups HI-5.0 and HI-2.5 than in group
HI-0 (P<0.05, Table 5).

Discussion

In the present study, the effect of replacement of soy-
bean oil with HI larvae fat in broiler diets on the cecal
microbiome and metabolic health was comprehensively

investigated using omics technologies. Since no study
existed in the literature reporting the lipid composi-
tion of HI fat in detail, with the exception of total lipid
fatty acid composition, lipidomics was applied for the
first time to fully characterize the HI fat. Our lipidomic
analysis showed that the HI larvae fat used consisted
almost completely (>99%) of TG, whereas PG, PC, DG,
PE and SM were only minor lipid classes. Amongst the
TG species, saturated ones (34:0, 36:0, 38:0, 40:0, 42:0)
made up approximately 60% of all TG species. TG spe-
cies with one or two double bonds contributed to nearly
30% of all TG species, while those with three or more
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Fig. 4 Analysis of the liver lipidome. Concentrations of the major lipid classes in the liver (A) and lipid species composition within the three

most abundant lipid classes in the liver, TG (B), PC (C) and PE (D), of broilers fed diets with either 0 (HI-0), 2.5% (HI-2.5) or 5.0% (HI-5.0) Hermetia
illucens (HI) larvae fat for 35 d. Lipid species were grouped according to the number of double bonds (DB). Data are means+SD, n=12-14
broilers/group. Abbreviations: CE, cholesteryl ester; Cer, ceramide; DG, diglycerides; FC, free cholesterol; LPC, lysophosphatidylcholine; LPE,
lysophosphatidylethanolamine; PC, phosphatidylcholine; PC O, PC-ether; PE, phosphatidylethanolamine; PE O, PE-ether; PG, phosphatidylglycerol;

PI, phosphatidylinositol; SM, sphingomyelin; TG, triglycerides

double bonds contributed less than 10% of all TG species.
In line with the high proportion of saturated TG spe-
cies and TG species with a low number of double bonds,
additional fatty acid analysis of HI larvae fat total lipids
revealed that C12:0, C16:0, C14:0 and C10:0 in decreas-
ing order of their proportions made up nearly 80% of
total fatty acids. Our observation that saturated TG spe-
cies made up 60% of all TG species, while saturated fatty
acids made up 80% of all fatty acids in HI fat total lipids,
however, is not a discrepancy. This is likely attributed
to the fact that saturated fatty acids are not exclusively
found in TG species with zero double bonds, but are
also present in TG species with 1 or more double bonds.
Regardless of this, our data from lipidomics and fatty acid
analysis clearly show that the HI fat used in the present
study contained large amounts of saturated fatty acids,
which largely explains the hard consistency of the HI fat
at room temperature. Despite the marked difference in
the fatty acid profile between soybean oil, the commonly
used fat source in broiler diets, and HI larvae fat, partial
or complete replacement of soybean oil with HI larvae fat
had no effect on performance parameters (feed intake,
body weight gain, feed:gain ratio) of the broilers over the
whole 35 d-period. In line with the unaltered growth per-
formance, ileal digestibility of ether extract determined

during the finishing period did not differ among groups.
This indicates that soybean oil replacement with HI lar-
vae fat has neither beneficial nor adverse effects on fat
digestibility, feed utilization and growth performance of
broilers. However, our study revealed that feed intake and
body weight gain, but not feed efficiency were increased
by dietary inclusion of HI larvae fat during the starter
period, whereas no effect was found during the grower
and the finisher period. This suggests that feed accept-
ance was obviously improved in broilers during the early
d of life by the use of HI larvae fat. The reason underlying
this observation is unclear, but we exclude the possibility
that the taste of the soybean oil used in the HI-0 diet was
impaired due to fat deterioration during storage or diet
preparation, because the same batch of soybean oil was
also used for the diet of group HI-2.5, despite feed intake
of this group was similar as in group HI-5.0. Unfortu-
nately, comparable data from other studies are not availa-
ble to explain our observation. While in two other studies
dealing with the use of HI larvae fat as an alternative fat
source in broiler diets performance data were reported
either for the whole period [16] or only the finishing
period [13], a further study did not provide any perfor-
mance data [17]. However, the latter study is not suitable
due to inadequate control of nutrient composition of the
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diets as evident from the marked difference of crude fat
content between the starter diets (3.6% and 5.9% in the
control diet and HI larva fat diet, respectively).

Despite studies demonstrating antimicrobial effects
of MCFA in the intestine of broilers at dosages between
0.35% and 1.4% in the feed [22, 23], the present study,
in which the dietary concentration of MCFA (sum of
C10:0 and C12:0) was about 1.25% and 2.5% in groups
HI-2.5 and HI-5.0, respectively, showed only a very little
impact of dietary inclusion of HI larvae fat on the cecal
microbiome. This was evident from the observation that
cecal microbial diversity (« and B) did not differ between
groups and taxonomic analysis revealed differences in
the abundance of only four low-abundance bacterial taxa
among groups; namely, the relative abundances of the
phylum Actinobacteriota, the class Coriobacteriia, the
order Coriobacteriales and the family Eggerthellaceae
(all belonging to Actinobacteriota) were lower in group
HI-5.0 compared to group HI-2.5, but the abundances of
these bacterial taxa did not differ between groups HI-5.0
and HI-0 and between groups HI-2.5 and HI-0. No dif-
ferences at all were found between groups in the abun-
dances of bacterial families belonging to the two main

phyla, Bacteroidota and Firmicutes, together account-
ing for approximately 99% of all bacteria in the three
groups. Considering this and the rather small reduc-
tion in the abundances of the abovementioned bacte-
rial taxa suggests that the impact of HI larvae fat on the
cecal microbiota structure was very low. One important
reason might be that the amount of MCFA reaching the
cecum was not sufficient to exert pronounced antimicro-
bial effects. This assumption is supported by our observa-
tion that the ileal digestibility of crude fat was very high
(approximately 90% in all groups) and the fact that TG-
bound MCFA are hydrolysed and absorbed more rap-
idly than TG-bound long-chain fatty acids due to easier
emulsification and less dependence on pancreatic lipase
activity [27, 28]. In agreement with this, an increased
ileal fat digestibility has been observed in a recent study
with broilers by dietary substitution of soybean oil by HI
fat [20]. Nevertheless, reports exist demonstrating that
short-term administration of specific MCFA, such as
caprylic acid (C8:0) and 1-monoglyceride of capric acid
(C10:0), via the feed or the drinking water reduces cecal
colonization of pathogenic bacteria, such as Campy-
lobacter jejuni, after artificial infection [22, 23, 57].
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of principal component analysis (PCA) of the liver lipidome of the broilers. Broilers were fed diets with either 0 (HI-0), 2.5% (HI-2.5) or 5.0%
(HI-5.0) Hermetia illucens (HI) larvae fat for 35 d. Data are principal components (PC 1 or PC 2) and their loadings calculated based on the
relative abundances of the lipid species within their lipid classes, n=12-14 broilers/group. Abbreviations: Cer, ceramide; DG, diglycerides; LPC,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PC O, PC-ether; PE, phosphatidylethanolamine; PE O,

PE-ether; PG, phosphatidylglycerol; Pl, phosphatidylinositol; TG, triglycerides

However, contradictory results have been reported from
another study, in which addition of either non-coated or
coated specific MCFA (C6:0, C8:0, C10:0) to the feed at
comparable concentrations as in the studies from Solis de
los Santos et al. [22, 23] did not reduce cecal Campylo-
bacter colonization in broilers [58]. The reason for these
contradictory results is not clear, but differences between
studies in the formulation of the MCFA in the feed may
explain that the MCFA were less absorbed in the small
intestine, thereby, reaching the ceca at higher concentra-
tions in the one study than in the other. Thus, it is possi-
ble that the formulation of the diets containing HI larvae
fat in the present study allowed an efficient absorption of
MCEFA in the small intestine, but a low passage of MCFA
into the ceca of the broilers.

Owing to differences between bacterial families of dif-
ferent taxa with regard to the use of fermentation sub-
strates and the metabolic pathways engaged in substrate
utilization, a shift in the gut microbial community is
typically accompanied by an altered profile of microbial
fermentation products, such as SCFA, in the gut. Since
dietary inclusion of HI larvae fat into the broiler diets did
not cause a substantial shift in the bacterial community
of the cecum, the unaltered concentrations of total and
individual SCFA in the cecal digesta among the three

groups are not surprising and are a further indication of
the limited impact of HI larvae fat on the cecum micro-
biota of the broilers. In agreement with our results, a
recent study demonstrated that complete replacement of
5% corn oil in the diet with HI larvae fat did not affect the
concentrations of total and individual SCFA and viable
counts of Clostridium perfringens in the ileum and cecum
of broilers during a 30-d-feeding period [16]. In addi-
tion, feeding a diet containing about 1% MCFA as lau-
ric acid had no influence on the DNA copy numbers of
some beneficial bacteria (Lactobacillus and Bifidobacte-
rium spp.), opportunistic pathogens (Enterobacteriaceae,
Escherichia coli) and the pathogen Campylobacter jejuni
in the jejunal digesta of broilers [59].

Consistent with our finding that the dietary fats
including the HI larvae fat were readily absorbed in the
small intestine, the present study revealed some effects
of dietary inclusion of HI larvae fat on the hepatic and
plasma lipidomes of the broilers. However, the effects
of dietary inclusion of HI larvae fat were mainly related
to the individual lipid species composition of the lipid
classes, whereas the concentrations of the different lipid
classes in liver and plasma were either not or only mar-
ginally (liver: PE, PG, LPC and LPE; plasma: CE and
Cer) affected. In line with this, the sum of total lipids in
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of principal component analysis (PCA) of the plasma lipidome of the broilers. Broilers were fed diets with either 0 (HI-0), 2.5% (HI-2.5) or 5.0%
(HI-5.0) Hermetia illucens (HI) larvae fat for 35 d. Data are principal components (PC 1 or PC 2) and their loadings calculated based on the relative
abundances of the lipid species within their lipid classes, n=12-14 broilers/group. Abbreviations: CE, cholesteryl ester; Cer, ceramide; LPC,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PC O, PC-ether; PE, phosphatidylethanolamine; PE O,

PE-ether; SM, sphingomyelin; TG, triglycerides

Table 5 Fatty acid composition of hepatic total lipids of broilers
fed diets with either 0 (HI-0), 2.5% (HI-2.5) or 5.0% (HI-5.0)
Hermetia illucens (HI) larvae fat for 35 d

Fatty acid’,  HI-0 HI-2.5 HI-5.0 P-value

g/100 g total

fatty acids
C12:0 05640175 1034£02°  1534034° 0000
C14:0 0484018  1.184+041° 189+4053°  0.000
C16:0 220427 224421 223424 0.945
161 1934068 1814085° 2624055 0012
C180 215429 215424 197422 0.108
C181n9  216+44 20444 231433 0.204
C182n6 205426 204422 193429 0436
C183n-3  0614£009° 050+0.11°  043£0.10° 0000
C203n-6 0874031 0974033 0954015 0352
C204n-6 8524209  846+174  7.10£134 0065
C226n-3 0924037 0834034  067+018 0035

Data are means = SD, n= 12-14 broilers/group. "Only fatty acids>0.5 g/100 g
total fatty acids are shown

liver and plasma were not influenced by dietary treat-
ment. With regard to the individual lipid species com-
position of the different lipid classes, the most striking
observation was that the proportions of lipid species

with zero or few double bonds (e.g., in the liver: TG spe-
cies with 0 and 1 double bonds, PC species with 1 and
3 double bonds, PE species with 2 and 3; in plasma: TG
species with 0, 1 and 2 double bonds) were increased
but those with four or more double bonds (e.g., in the
liver: TG species with 5 and 6 double bonds, PC spe-
cies with 4, 5 and 6 double bonds, PC species with 4, 6
and 8 double bonds; in plasma: TG species with 4, 5, 6,
7 and 8 double bonds) were decreased in group HI-5.0
compared to group HI-0. These alterations in the indi-
vidual lipid species composition of lipid classes likely
reflected the higher percentage of saturated fatty acids
in the HI-5.0 broiler diets (59%—60%) than in the HI-2.5
(37%—-38%) and the HI-O0 (16%—17%) broiler diets,
thereby, resulting in a higher intake of saturated fatty
acids from HI larvae fat. Although most of the altera-
tions in the plasma and liver lipidomes among the treat-
ment groups were probably attributed to the marked
difference in fatty acid composition between soybean oil
and HI larvae fat, certain changes in the liver or plasma
lipidomes might also reflect specific metabolic effects of
the characteristic fatty acids, such as MCFA, contained
in the HI larvae fat. For instance, the reason for the
slight increase of CE by HI larvae fat might be based on
the fact that MCFA, such as capric acid and lauric acid,
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and the long-chain saturated fatty acid myristic acid and
palmitic acid exert hypercholesterolemic effects and
increase blood levels of low-density lipoprotein (LDL)
[60-62], in which CE makes up approximately 50%,
at least in humans. Considering this, it appears possi-
ble that the raise in plasma CE levels in group HI-5.0
resulted from elevated LDL levels. The latter might
be explained by an effect of HI larvae fat on different
aspects of lipoprotein metabolism, such as the catabo-
lism of very-LDL (VLDL) particles by lipoprotein lipase
in extrahepatic tissues (white adipose tissue, skeletal
muscle), hepatic clearance of LDL particles from plasma
or the exchange of CE between lipoproteins which is
governed by CE transfer protein.

In order to provide a deeper insight into the meta-
bolic effects of HI larvae fat in broilers, differential
transcriptome analysis of the liver was carried out.
The finding that only 55 annotated genes out of more
than 19,000 genes screened were found to be differen-
tially expressed between group HI-5.0 and group HI-0
and the number of genes regulated greater twofold
was very low, suggests that the impact of HI larvae fat
inclusion on the hepatic transcriptome was modest.
As expected, the impact of HI larvae fat inclusion on
the hepatic transcriptome was less at the lower die-
tary inclusion level of HI larvae fat; i.e., only 25 anno-
tated genes were identified as differentially expressed
between groups HI-2.5 and HI-0, from which 7 genes
were also differentially expressed between groups
HI-5.0 and HI-0. Bioinformatic GSEA of these 55 dif-
ferentially expressed hepatic genes revealed a particu-
lar involvement of the encoded proteins in biological
processes dealing with sterol metabolism, such as cho-
lesterol metabolic process, cholesterol biosynthetic
process, sterol metabolic process, steroid biosynthetic
process and lipid biosynthetic process. This observa-
tion was likely explained by the finding that several
genes involved in sterol synthesis, such as HMGCS1
(encoding 3-hydroxy-3-methylglutaryl-CoA synthase
1), SCAP (encoding SREBF chaperone), AKRIDI
(encoding aldo—keto reductase family 1 member D1),
FDFTI (encoding farnesyl-diphosphate farnesyltrans-
ferase 1) and HSD17B7 (encoding hydroxysteroid
17-beta dehydrogenase 7), were amongst the genes
differentially expressed between groups HI-5.0 or
HI-2.5 and HI-0. Despite that the proteins encoded
by HMGCS1, FDFT1 and SCAP are involved in cho-
lesterol synthesis [63], the unaltered levels of free
cholesterol and CE in the liver between groups sug-
gests that the regulation of these genes by HI larvae
fat inclusion had no impact on hepatic cholesterol lev-
els. Plausible reasons might be that the regulation of
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these genes occurred either only at the transcriptional
level or at a too weak level to substantially alter the
abundance of the encoded proteins. In any case, our
findings from hepatic transcriptome analysis indicate
that the effect of soybean oil replacement with HI lar-
vae fat on intermediary metabolism of broilers is rela-
tively weak.

Conclusion

Comprehensive analysis of the effect of partial and com-
plete replacement of soybean oil with HI larvae fat in
broiler diets on growth performance, cecal microbi-
ome, liver transcriptome and liver and plasma lipidomes
revealed only very modest, but not any adverse effects
of dietary HI larvae fat inclusion. Interestingly, growth
performance of the broilers during the starter period
was even improved by dietary inclusion of HI larvae fat.
The findings of this study suggest that HI larvae fat can
be used as an alternative fat source in broiler diets, which
makes broiler production more sustainable through the
exclusion of soybean oil and the utilization of HI lar-
vae fat from regional production.
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ABSTRACT Submerged cultivation using low-value
agro-industrial side streams allows large-scale and effi-
cient production of fungal mycelia, which has a high
nutritional value. As the dietary properties of fungal
mycelia in poultry are largely unknown, the present
study aimed to investigate the effect of feeding a Pleuro-
tus sapidus (PSA) mycelium as a feed supplement on
growth performance, composition of the cecal micro-
biota and several physiological traits including gut
integrity, nutrient digestibility, liver lipids, liver tran-
scriptome and plasma metabolome in broilers. 72 males,
1-day-old Cobb 500 broilers were randomly assigned to
3 different groups and fed 3 different adequate diets con-
taining either 0% (PSA-0), 2.5% (PSA-2.5) and 5%
(PSA-5.0) P. sapidus mycelium in a 3-phase feeding sys-
tem for 35 d. Each group consisted of 6 cages (replicates)
with 4 broilers/cage. Body weight gain, feed intake and
feed:gain ratio and apparent ileal digestibility of crude
protein, ether extract and amino acids were not different
between groups. Metagenomic analysis of the cecal

microbiota revealed no differences between groups,
except that one a-diversity metric (Shannon index) and
the abundance of 2 low-abundance bacterial taxa (Clos-
tridia UCG 014, Eubacteriales) differed between groups
(P < 0.05). Concentrations of total and individual short-
chain fatty acids in the cecal digesta and concentrations
of plasma lipopolysaccharide and mRNA levels of proin-
flammatory genes, tight-junction proteins, and mucins
in the cecum mucosa did not differ between groups.
None of the plasma metabolites analyzed using tar-
geted-metabolomics differed across the groups. Hepatic
transcript profiling revealed a total of 144 transcripts to
be differentially expressed between group PSA-5.0 and
group PSA-O0 but none of these genes was regulated
greater 2-fold. Considering either the lack of effects or
the very weak effects of feeding the P. sapidus mycelium
in the broilers it can be concluded that inclusion of a sus-
tainably produced fungal mycelium in broiler diets at
the expense of other feed components has no negative
consequences on broilers performance and metabolism.

Key words: broiler, liver transcriptome, plasma metabolome, gut microbiome, mycelium

INTRODUCTION

According to the latest estimates, the world popula-
tion will increase from 7.9 billion people in 2022 to 8.6
billion people in 2032. The rise in world population will
result in a global increase in the consumption of animal
products which is associated with an increased require-
ment for animal feed (OECD/FAO, 2023). The
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strongest increase in animal production will be in poul-
try meat that is affordable compared to other livestock
meat and has a favorable combination of a high protein
and a low lipid concentration. However, feed production
is not only complicated by the fact that natural resour-
ces such as farmland and water are becoming increas-
ingly limited but also that the production of feed for
poultry as a monogastric species competes with human
nutrition (Wu et al., 2014). It is therefore of great impor-
tance to produce animal feed with increased sustainabil-
ity compared to conventionally produced feed using
feedstuffs which do not compete with human nutrition.
Agricultural side streams with a high fiber content ful-
fill these demands, because they are used in human
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nutrition only to a limited extent. In monogastric ani-
mals, such side streams with a high fiber content, like
brewer’s grain, sugar beet pulp and pomace, have also a
very limited nutritional value due to their low digestibil-
ity (Huang and Lee, 2018). However, a potential strat-
egy to increase the nutritional value of side streams with
a low digestibility is to use them as a substrate for the
production of edible mushrooms. Mushrooms possess a
unique enzyme system enabling them to degrade a wide
array of non-starch polysaccharide- and lignin-contain-
ing substrates contained in the abovementioned side
streams and, thereby, to upcycle low-value side streams
into high-value fungal biomass. The most commonly cul-
tivated mushrooms include Agaricus bisporus, Lentinula
and Pleurotus spp. (Chang and Buswell, 1996). Mush-
rooms have a high nutritional value due to their high
concentrations of protein, fiber, vitamins and minerals,
in combination with a low concentration of lipids (Mat-
tila et al., 2001; Valverde et al., 2015). While commercial
mushroom products are obtained from fruiting bodies,
which are produced in a time-exhausting process, sub-
merged cultivation has the potential to produce mycelial
biomass at large-scale and in an efficient manner (Papas-
pyridi et al., 2012). Apart from providing protein, fiber,
vitamins and minerals, the mycelium of Pleurotus spp.
could be interesting for poultry nutrition due to its high
concentration of p-glucans. The B-glucans are well-
known to act as potent prebiotics in monogastric ani-
mals (Lam and Chi-Keung Cheung, 2013). Prebiotics
beneficially modulate the structure of the gut microbial
community through promoting the growth of beneficial
commensal bacteria, such as Lactobacillus spp. and Bifi-
dobacterium spp.. The commensals protect the outer
mucin layer from colonization by opportunistic patho-
gens, thereby, strengthening the intestinal barrier func-
tion, which strongly relies on tight-junction proteins, for
example, claudins (CLDN) and occludin (OCLN),
sealing the space between adjacent intestinal epithelial
cells and different mucin (MUC) glycoproteins, for
example, MUC2 and MUC5AC, preventing the direct
bacterial contact with the intestinal epithelial cells.
Apart from modulating the gut microbiota structure,
prebiotics have been shown to exert several beneficial
metabolic effects including blood and liver lipid-lowering
and anti-inflammatory effects (Cheung, 1998; Manzi,
2000; Maheshwari et al., 2020). The latter effects are
supposed to be mediated by several gut-derived com-
pounds, such as short-chain fatty acids (SCFA), and
the improved gut barrier function, which prevents the
translocation of pro-inflammatory bacterial compo-
nents, for example, lipopolysaccharide (LPS), into the
systemic circulation.

As the dietary properties of fungal mycelia in poultry
feeding are largely unknown, the present study aimed to
investigate the effect of feeding P. sapidus mycelium as
a dietary supplement, included into the diet at the
expense of wheat, on growth performance, composition
of the cecal microbiota and several physiological traits
including gut integrity, nutrient digestibility, liver lip-
ids, liver transcriptome and plasma metabolome in

broilers. For this end, several screening technologies,
such as transcriptomics, metabolomics, and metage-
nomic analysis of the gut microbiota were applied. The
hypothesis of the study was that the g-glucans, which
have been documented to exert a prebiotic effect, in the
P. sapidus mycelium have beneficial effects on the gut
microbial community and influence gut integrity, meta-
bolic health and performance in a favorable manner.

MATERIAL AND METHODS

Biotechnological Production of P. sapidus
Mycelium

P. sapidus (German Collection of Microorganisms and
Cell Cultures DSMZ, strain number 8266) was used for
the production of vegetative mycelium. All cultivation
procedures were performed in a sterile environment. The
chemicals utilized were purchased from Carl Roth
(Karlsruhe, Germany) and Sigma-Aldrich (Merck,
Darmstadt, Germany). The stock culture was cultivated
according to the method of Ahlborn et al. (2019). A mix-
ture of 30 g/L malt extract and 3 g peptone was used for
the precultures. After a 6-d cultivation period at 24°C in
the dark on a rotary shaker at 110 rpm (KS 4000 i con-
trol, IKA, Staufen, Germany), the preculture was trans-
ferred to a main culture. The medium of the main
culture contained yeast extract, magnesium sulfate
hydrate, potassium dihydrogen phosphate, and different
trace elements as described by Trapp et al. (2018). In
addition, the main culture media contained isomaltulose
molasses (ISM) from Siidzucker AG (Offstein, Ger-
many). After another 6-d cultivation period at 24°C in
the darkness on a rotary shaker, the main culture was
homogenized using Art-Miccra D-8 (ART Labortechnik,
Miillheim, Germany) and transferred to a 150 L bioreac-
tor (Biostat D 100, B. Braun International, Melsungen,
Germany) for fermentation (Maheshwari et al., 2020).
The bioreactor was equipped with a Rushton-type
impeller, a pH electrode, and a temperature sensor. The
main culture was grown at 24°C and 150 rpm with an
air-flow rate of 3.0 NL per min. After 6 d, P. sapidus
mycelium was harvested using a 250-micron sieve, thor-
oughly washed with water, freeze-dried, and stored at
-20°C (Maheshwari et al., 2020).

Chemical Analysis of P. sapidus Mycelium

Crude protein (CP), crude ash (CA), ether extract
(EE), crude fiber (CF), sugar, starch, fatty acids and
amino acids in the P. sapidus mycelium were analyzed
according to the official methods (Verband Deutscher
Landwirtschaftlicher Untersuchungs- und Forschung-
sanstalten, VDLUFA, 2012). For the measurement of
glucans, the enzyme assay kit for mushroom and yeast
B-glucan from Megazyme (Ireland) was used in accor-
dance with the manufacturer’s protocol. The chitin con-
tent was determined by a colorimetric assay with
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modifications described recently (Ahlborn et al., 2019;
Maheshwari et al., 2020).

Animals, Experimental Design, and Diets

The 5-wk feeding trial with 72 males, 1-day-old broiler
chickens (Cobb 500, Cobb-Vantress, Weidemar, Ger-
many) was approved by the Animal Welfare Officer of
the Justus Liebig University Giessen (approval no.: JLU
843 M). All experimental procedures described fol-
lowed established guidelines for laboratory animals care
and handling. The broilers were randomly assigned to 3
different groups (4 broilers/cage, 6 cages/group), with a
similar mean initial body weight (38.1 £+ 2.9 g; mean +
SD; N = 72) across the groups. The broilers were housed
in 2.1 m? cages with nipple drinkers and feed automates
and had free access to feed and water. The floor was cov-
ered with hemp-based litter (Hemparada, HempFlax
Group B.V., Oude Pekela, Netherlands) which allowed
scratching, pecking and dustbathing and was exchanged
2 times per week during the first 2 wk and every 2 d dur-
ing the last 3 wk of the trial. In addition, broilers were
provided with perches in elevated position for resting
and sleeping. Light regime followed a schedule of 24 h:0
h, 23 h:1 h, 22 h:2 h, 21 h:3 h, 20 h:4 h, 19 h:5 h (light:
dark) at d 1, 2, 3, 4, 5, 6, and 18 h:6 h from d 7 onward
and the light intensity was constantly 40 Lux, as recom-
mended by the breeder. The room temperature
decreased from 28 to 29°C on d 1, measured at pen
height, to 23 to 24°C on d 35. Infrared lamps (Albert
Kerbl GmbH, Buchbach, Germany) were used as addi-
tional heat sources during the first 6 d to adjust the tem-
perature at the cage floor to 34°C. Mean relative
humidity was 60.0 £ 1.9%. The groups were fed 3 differ-
ent nutrient adequate diets containing either 0% (group
PSA-0), 2.5% (group PSA-2.5) or 5% (group PSA-5.0)

P. sapidus mycelium in a 3-phase feeding system (starter
diet form d 1 to 10, grower diet from d 11 to 21, finisher
diet from d 22 to 35). The composition of the 3 diets is
shown in Table 1. The composition of the diets met the
broiler’s requirements of nutrients and energy according
to the breeder’s recommendations (Cobb-Vantress,
2022). Diets were provided in crumbled form during the
first 3 d, and in pellet form (2 mm diameter) from d 3
until the end of the trial. On d 1, 10, 21, and 35 body
weight (individually) and feed intake (per cage) were
determined. The feed:gain ratio was calculated from
feed intake and body weight gains on cage basis.

Sample Collection

On d 35, all animals were killed by bleeding (opening of
Vena jugularis and Arteria carotis) under electrical anes-
thesia using a BTG-40A stunning device (Westerhoff
Gefliigeltechnik, Hoogstede, Germany) in accordance with
the European legislation for euthanasia of animals (EUR -
Lex, 09.01.2024). For determination of the metabolic
parameters twelve broilers per group (2 broilers from each
cage), whose body weight represented the mean values of
the whole group, were selected. Whole blood was individu-
ally collected into tubes containing ethylenediaminetetra-
acetic acid (9 mL S-Monovette, Sarsted, Numbrecht,
Germany) as an anti-coagulant. For plasma preparation,
whole blood was centrifuged (1,100 x ¢, 10 min) at 4°C
and stored at -80°C for further analysis. The liver was
excised, weighted and aliquots were snap-frozen in liquid
nitrogen and stored at -80°C until analysis. The gastroin-
testinal tract was removed and digesta and mucosa from
the ileum and the cecum were collected. Mucosa and
digesta samples were snap-frozen in liquid nitrogen and
stored at -80°C until analysis. Feed samples were collected
after feed manufacturing and stored at -20°C.

Table 1. Composition of the broiler diets supplemented with 0% (PSA-0), 2.5% (PSA-2.5) or 5% (PSA-5.0) of Pleurotus sapidus myce-

lium.
Starter diets Grower diets Finisher diets
PSA-0 PSA-2.5 PSA-5.0 PSA-0 PSA-2.5 PSA-5.0 PSA-0 PSA-2.5 PSA-5.0
Components (g/kg)
Maize 283.7 281.9 284 280 280 280 320 320 320
Soybean meal (42% CP) 373 370 370 310 310 310 270 270 270
Wheat 203.7 193.7 176.7 268.7 254.6 240 265.6 251 236.6
P. sapidus mycelium 0 25 50 0 25 50 0 25 50
Soybean oil 50 50 50 50 50 50 50 50 50
Cellulose 20 10 0 20 10 0 20 10 0
Mineral & vitamin mix' 20 20 20 20 20 20 20 20 20
Monocalcium phosphate 15 15 15 15 15 15 15 15 15
Calcium carbonate 15.5 15.5 15.5 15.5 15.5 15.5 15.5 15.5 15.5
Sodium chloride 4 4 4 4 4 4 4 4 4
DL-Methionine 3.8 3.8 3.8 3.6 3.6 3.6 34 3.4 3.3
L-Lysine 4.4 4.3 4.2 4.6 4.5 4.3 4.4 4.2 4.1
L-Threonine 2 2 2 1.8 1.7 1.6 1.5 1.5 14
L-Arginine 1.9 1.8 1.8 2 1.9 1.8 1.8 1.7 1.6
L-Valine 2 2 2 3 2.7 2.7 2.2 2.2 2.1
L-Isoleucine 1 1 1 1.8 1.5 1.5 1.6 1.5 1.5
Titanium dioxide 0 0 0 0 0 0 5 5 5

'The mineral & vitamin mix supplied the following minerals and vitamins per kg diet (starter/grower /finisher): Fe, 40/40/40 mg; Cu, 15/15/15 mg;
Mn, 100/100,/100 mg; Zn, 100/100/100 meg; I, 1/1/1 mg; Se, 0.35,/0.35/0.35 mg; vitamin A, 10,000,/10,000,/10,000 TU; vitamin D3, 5,000/5,000/5,000 TU;
vitamin K3, 3/3/3 mg; vitamin E, 80/50/50 IU; vitamin B1, 3/2/2 mg; vitamin B2, 9/8/6 mg; vitamin B6, 4/3/3 mg; vitamin B12, 0.02/0.015/0.015 mg;
biotin, 0.2/0.18/0.18 mg; folic acid, 2/2/1.5 mg; nicotinic acid, 60/50/50 mg; choline chloride, 500/400/350 mg; pantothenic acid, 15/12/10 mg.
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Determination of the Chemical Composition
of the Diets

Concentrations of dry matter (DM), CP, CA, EE,
CF, sugar, starch, amino acids and fatty acids in the
main diet components (wheat, maize, soybean extrac-
tion meal) and the experimental diets were determined
using the official methods (Verband deutscher landwirt-
schaftlicher Untersuchungs- und Forschungsanstalten,
VDLUFA, 2012). To calculate the CP content of the P.
sapidus mycelium, a specific, chitin corrected N-to-pro-
tein conversion factor of 4.17 (Souci et al., 2016) was
used, for all other components and for the experimental
diets a N-to-protein conversion factor of 6.25 were used.
To calculate the apparent N-corrected metabolizable
energy (AME y) content of the diets, the formula of the
World’s Poultry Science Association for poultry com-
pound feed was used (WPSA, 1984):

AMEx(MJ /kg)
= [(0.01551 * crude protein) 4 (0.03431 * crude lipids)
+ (0.01669 * starch) + (0.01301 x sugar)]

Determination of Apparent lleal Digestibility

The determination of the apparent ileal digestibility
(AID) of EE, CP and amino acids at the end of the
experiment was performed with the indicator method
using titanium dioxide (TiO3) as an inert marker in the
finisher diets (d 22—35) (Short et al., 1996). Prior to
analysis, ileal digesta samples were freeze-dried and
manually grounded under nitrogen with a mortar. The
concentration of the indigestible indicator TiO, in the
ileal digesta was determined according to the method of
Brandt and Allam (1987) with slight modifications.
Concentrations of EE, CP and amino acids in the ileal
digesta were determined by official methods as described
above. Based on the ileal concentrations of indicator,
the AID of EE, CP and amino acids were calculated
according to the following formula:

AID(%) = 100 — [(TiOy piet/TiOs Digesta)

x (Nutrient _ .., /Nutrient _py;..) x 100],

in which TiOy pje is the TiOs concentration in the diet
(% DM), TiOs pigesta is the TiO, concentration in the
ileal digesta (% DM), Nutrient pigesta i the nutrient
(EE, CP, amino acids) concentration in ileal digesta (%
DM), and Nutrient p; is the nutrient (EE, CP, amino
acids) concentration in the diet (% DM).

Determination of Microbiota Composition
and Diversity in the Cecal Digesta

16S rRNA gene amplicon sequencing was performed
at Life & Brain as described recently in detail (Beller et
al., 2024). QIIME 2 version 2022.8 was used to process
the 16S sequencing data (Bolyen et al., 2019). Raw

sequencing data were deposited as FASTQ files at the
NCBI5s Sequence Read Archive (SRA) repository under
BioProject accession number PRJNA1120330. DADA2
was deployed for sequencing quality control, including
filtering for PhiX reads and chimeric sequences, and
denoising (Callahan et al., 2016). To identify amplicon
sequencing variants (ASV) with >99% similarity, a pre-
trained SILVA classifier (silva-138-nr99-16S-V3-V4-
classifier) was used. The a-diversity, -diversity, and rel-
ative abundance were analyzed with the MicrobiomeA-
nalyst platform using the default settings (Dhariwal et
al., 2017; Chong et al., 2020).

Determination of SCFA Concentrations in
the Cecal Digesta

SCFA concentrations in cecal digesta were deter-
mined as previously described (Fiesel et al., 2014). In
brief, 50 mg aliquots of cecal digesta were mixed with
0,5 mL 5% o-phosphoric acid containing internal stan-
dard (0.15 mg/mL crotonic acid). Extraction was per-
formed by vortexing for 3 min followed by
centrifugation at 21,000 x g for 10 min at 4°C. One uL
of the extract was injected into a gas chromatograph
(Clarus 580 GC system, Perkin Elmer, Waltham, MA)
equipped with a polar capillary column (30 m free fatty
acid phase, 0.32 mm internal diameter, 0.25 pum film
thickness; Macherey and Nagel, Diiren, Germany) and a
flame ionisation detector.

Concentration of LPS in Plasma

The concentration of LPS in plasma was analyzed
using an ELISA Kit (Chicken Lipopolysaccharide
ELISA Kit, LOT: 2K235N; Assay Genie, Dublin, Ire-
land) according to the manufacturer’s protocol.

Total RNA Extraction From Liver and Cecum
Mucosa and qPCR Analysis

Aliquots from the liver (20—30 mg) and aliquots from
cecum mucosa (30—50 mg) were used for total RNA
extraction using TRIzol reagent (Invitrogen, Karlsruhe,
Germany) according to the manufacturers protocol.
Total RNA was analyzed for quantity and quality using
an Infinite 200M microplate reader with a NanoQuant
plate (both from Tecan, Mainz, Germany). The mean
RNA concentration and A260/A280 ratio of all total
RNA samples were 385 £ 64 pug/mL and 1.91 £ 0.02
(N =36 or n=12/group) and 466 + 62 pg/mL and 1.93
+ 0.02 (N = 36 or n = 12/group) for liver and cecum
mucosa, respectively. The synthesis of cDNA was per-
formed as described previously (Chiappisi et al., 2017).
qPCR analysis of target and reference genes was per-
formed with a Rotor-Gene Q system (Qiagen) using the
KAPA SYBR FAST qPCR Mastermix (Merck, Darm-
stadt, Germany) and gene-specific primer pairs from
Eurofins MWG Operon (Ebersberg, Germany), as
recently described (Meyer et al., 2019). The properties
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of primers are listed in Supplemental Table S1 for cecum
mucosa. The qPCR data were normalized using 4 refer-
ence genes (ACTB, GAPDH, SDHA and YWHAZ)
(Vandesompele et al., 2002). Also, gPCR analysis was
carried out for validation of microarray data (17 genes)
of the liver. The characteristics of these primers are
listed in Supplemental Table 52.

Determination of Triglyceride and
Cholesterol Concentration in Plasma and
Liver

The plasma and liver concentrations of triglycerides
(TG) and cholesterol (Chol) were determined by using
enzymatic reagent kits from DiaSys (Triglycerides FS
LOT: 60161285; Cholesterol FS LOT: 50302128/34859,
both from DiaSys Diagnostic Systems GmbH, Holzheim,
Germany). The concentration of TG and Chol in the liver
were measured by preparing liver lipid extracts using a
mixture of n-hexane and isopropanol (3:2, v/v) according
to Hara and Radin (1978). Afterwards, extracted lipids
were dried and dissolved with chloroform and Triton X-
100 (1:1, v/v). Chloroform was evaporated by a stream of
nitrogen. The test reagents were added to the lipids dis-
solved in Triton X-100 (Eder and Kirchgessner, 1994).

Hepatic Transcript Profiling

Following a further RNA quality check by an Agilent
2100 Bioanalyzer, which revealed an average RNA
integrity number value of 7.49 £ 0.48 for all samples
(N = 18, means = SD), total RNA samples were proc-
essed using an Affymetrix GeneChip Array (Chicken
Gene 1.0 ST), according to the Applied Biosystems Gen-
eChip Whole Transcript (WT) PLUS Reagent Kit User
Guide (Thermo Fisher Scientific, Waltham, MA). After
scanning of the processed GeneChips, cell intensity files,
where a single intensity value for each cell is provided,
were generated from the image data using the Command
Console software (Affymetrix). The compressed array
image files (CEL files) were imported into the Applied
Biosystems Transcriptome Analysis Console (v. 4.0.2)
software (Thermo Fisher Scientific) for calculation of
summarized probe set signals (in log2 scale) using the
Robust Multichip Analysis algorithm, comparison fold
changes (FC) and significance P-values (ANOVA).
Gene names were annotated with the “ChiGene-1 0-st-
vl.na36.galgal3.transcript.csv” annotation file. The
microarray data of this study have been deposited in
MIAME compliant format in the NCBIs Gene Expres-
sion Omnibus (GEO) public repository under GEO
accession number GSE269154 (Edgar et al., 2002). The
differentially expressed transcripts were filtered based
on a FC > 1.3 or < -1.3 and a P-value < 0.05 between
groups PSA-5.0 vs. PSA-0 and groups PSA-2.5 vs. PSA-
0. Identical or similar filter criteria were also applied in
several recent studies (Ringseis et al., 2019; Grundmann
et al., 2023; Schifer et al., 2023). Gene set enrichment
analysis (GSEA) was performed with the identified

differentially expressed transcripts in order to identify
enriched Gene Ontology (GO) terms within GO cate-
gory biological process (BP), molecular function (MF)
and cellular component (CC) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways using the
Database for Annotation, Visualization and Integrated
Discovery bioinformatic resource 6.8 (Huang et al.,
2009; Sherman et al., 2022). GO terms were considered
as enriched if P < 0.05.

Targeted Plasma Metabolomics

Targeted quantification of 1019 plasma metabolites
was performed using a combination of liquid chromatog-
raphy (Agilent 1290 infinity 1T LC, Santa Clara, CA)
and mass spectrometry (SCIEX 5500 QTrap MS, Darm-
stadt, Germany) with the MxP Quant 500XL kit (BIO-
CRATES Life Sciences AG, Innsbruck, Austria) as
described recently in detail (Marschall et al., 2023).
Prior to the analysis, variables with missing values were
either excluded from the analyses if > 50% of the sam-
ples were missing, or the missing values were replaced by
the limit of detection (1/5 of the minimum positive value
of each variable). Metabolites were filtered based on
their interquartile range. After normalization by loga-
rithmic transformation and autoscaling, the remaining
values (507) were used for statistical analysis and princi-
pal component analysis (PCA).

Statistical Analysis

Statistical analysis was performed using SPSS 28 soft-
ware (IBM, Armonk, NY). The cage served as the exper-
imental unit for feed intake and feed:gain ratio and the
individual animal for all other data. All parameters were
tested for normal distribution by Kolmogorov-Smirnov
test for initial body weight, final body weight and body
weight gain (all animals alive at the end of the trail,
N = 65 broilers or n = 21-22 broilers/group) and the
Shapiro-Wilk test for feed intake, feed:gain ratio (cage
basis, N = 18 cages or n = 6 cages/group) and biochemi-
cal and qPCR data (2 animals per cage, N = 36 or
n = 12 broilers/group). For test of homoscedasticity the
Levene’s test was used. If normal distribution was only
observed after a log-transformation, the log-transformed
data were used for statistical analysis. Differences
between the 3 groups were analyzed using one-way anal-
ysis of variance (one-way ANOVA) followed by a
Tukey’s post-hoc test for normally distributed data with
homogeneous variances. For data with heterogeneity of
variance, means of the 3 groups were analyzed using
Welch’s ANOVA in conjunction with the Games-Howell
post-hoc test. In the case that data were not-normally
distributed, a Kruskal-Wallis one-way ANOVA
was performed using the Mann-Whitney U test with
Bonferroni correction as post-hoc test. For all the above-
mentioned tests, a P-value < 0.05 was considered
statistically significant. Statistical analysis of the metab-
olomics dataset was performed using MetaboAnalyst
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version 6.0 (Xia et al., 2009). Metabolites with a false
discovery rate (FDR) < 0.05 were considered signifi-
cantly different.

RESULTS

Chemical Composition of P. sapidus
Mycelium

After 6 d of cultivation in a 150 L stirred bioreactor the
P. sapidus mycelium contained (per kg DM) 105 g CP,
18 g EE, 36 g CA, and 780 g carbohydrates. The concentra-
tion of total glucans, 8- and a-glucans (per kg DM) were
366 g, 312 g and 54 g, respectively. The chitin concentra-
tion of the mycelium was 53 g per kg DM. The concentra-
tions of amino acids are shown in Supplemental Table S3.
The highest concentrations within amino acids were
detected for glutamine + glutamic acid and alanine. Con-
centrations of most of the other amino acids (arginine,
asparagine + aspartic acid, cysteine, glycine, histidine, iso-
leucine, leucine, lysine, methionine, phenylalanine, proline,
serine, threonine, tyrosine, and valine) were below 10 g/kg

mycelium (on a DM base). The concentration of trypto-
phan was below a concentration of 1 g/kg mycelium (on a
DM base). Fatty acid analysis showed that eight fatty
acids were present with a concentration greater than 0.1%
of total fatty acids in the mycelium. The highest concentra-
tion was found for C18:2, followed by C18:1, C16:0, C18:0
and C18:3. The concentrations of C12:0, C14:0 and C17:0
were below 1% of total fatty acids.

Chemical Composition of the Experimental
Diets

The concentration of nutrients of the 3 experimental
diets fed during the 3 phases are shown in Table 2.
Within one phase, the concentrations of crude nutrients,
AMEy, fatty acids and amino acids were similar within
the 3 diets (PSA-0, PSA-2.5, PSA-5.0).

Performance and AID of Nutrients

Final body weight (P = 0.881), body weight gain
(P =0.866), feed intake (P = 0.515), and feed:gain ratio

Table 2. Concentrations of nutrients and energy in the broiler diets supplemented with 0% (PSA-0), 2.5% (PSA-2.5) or 5% (PSA-5.0) of

Pleurotus sapidus mycelium.

Starter diets

Grower diets Finisher diets

PSA-0 PSA-2.5 PSA-5.0 PSA-0 PSA-2.5 PSA-5.0 PSA-0 PSA-2.5 PSA-5.0
Analyzed crude nutrient and energy content
DM (% FM) 86.1 86.4 86.6 86.6 86.5 86.9 86.8 86.5 86.9
CP (% DM) 24.4 24.3 24.4 22.9 22.9 22.9 21.1 21.2 21.2
EE (% DM) 9.1 8.9 8.9 8.5 8.5 8.3 8.8 9.1 8.7
CA (% DM) 6.5 6.6 6.6 6.1 6.2 6.3 6.3 6.4 6.5
CF (% DM) 5.8 5.5 5.1 5.2 4.7 4.8 5.1 4.1 3.9
Sugar (% DM) 3.8 2.8 5.0 3.0 4.8 5.4 3.2 3.7 5.3
Starch (% DM) 38.3 38.4 35.5 41.2 39.1 40.1 44.9 44.0 44.5
Calculated energy content
AME y (MJ/kg DM) 13.8 13.6 13.4 13.7 13.6 13.8 14.2 14.2 14.4
Fatty acids (% of total fatty acids)"
C16:0 11.54 11.56 11.60 11.48 11.37 11.64 11.57 11.47 11.56
C18:0 3.63 3.86 4.25 3.55 3.94 4.31 4.04 3.96 4.11
C18:1 26.39 25.19 23.79 26.53 24.15 23.75 23.71 23.80 23.79
C18:2 52.34 53.21 53.67 52.56 54.05 53.88 54.28 54.33 54.11
C18:3 4.62 5.02 5.36 4.58 5.33 5.35 5.27 5.31 5.32
C20:0 0.40 0.37 0.42 0.38 0.35 0.37 0.35 0.35 0.36
C20:1 0.31 0.25 0.31 0.33 0.29 0.21 0.31 0.30 0.28
C22:0 0.43 0.39 0.34 0.43 0.34 0.33 0.31 0.31 0.32
Amino acids (g/kg diet)
Alanine 8.96 9.05 9.19 8.31 8.33 8.81 7.80 8.07 8.27
Arginine 15.46 14.21 14.68 13.68 13.33 13.51 12.15 12.50 12.45
Asparagine/Aspartic acid 18.93 17.58 17.82 16.09 15.91 16.52 14.66 15.08 14.94
Cysteine 3.19 3.30 3.04 3.02 2.85 2.97 2.76 3.12 3.14
Glutamine/Glutamic acid 36.93 35.97 36.11 35.57 34.59 35.40 33.14 32.98 32.69
Glycine 7.95 8.01 8.09 7.56 7.40 7.60 6.89 6.97 7.00
Histidine 5.14 4.78 4.87 4.51 4.52 4.45 4.20 4.26 4.25
Isoleucine 8.77 8.63 8.90 8.83 8.67 8.92 8.06 8.14 7.97
Leucine 15.77 15.20 15.29 14.50 14.47 14.56 13.76 13.72 13.62
Lysine 14.84 13.63 13.78 13.09 12.96 12.96 12.01 12.20 11.89
Methionine 6.39 6.37 6.29 6.21 6.39 6.21 5.61 6.03 5.70
Phenylalanine 10.34 9.41 9.59 9.08 9.00 9.04 8.40 8.31 8.43
Proline 13.62 13.61 13.48 14.16 13.54 13.21 13.07 12.78 12.73
Serine 10.25 9.96 10.11 9.63 9.31 9.62 8.75 8.87 8.86
Threonine 9.11 9.29 9.43 8.88 8.50 8.81 7.85 8.13 7.98
Tryptophan 3.47 3.42 3.12 2.82 2.86 2.76 2.82 2.91 2.96
Tyrosine 6.59 6.52 6.37 5.72 5.77 5.21 5.39 5.47 4.85
Valine 10.14 9.61 10.13 10.28 10.01 10.08 9.01 9.03 8.92

'Only fatty acids > 0.1% of total fatty acids are shown.

Abbreviations: CA, crude ash; CF, crude fiber; CP, crude protein; DM, dry matter; EE, ether extract; FM, fresh matter.
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Table 3. Performance data of broilers fed diets with either 0% (PSA-0), 2.5% (PSA-2.5) or 5.0% (PSA-5.0) Pleurotus sapidus mycelium

for 35 d.
PSA-0 PSA-2.5 PSA-5.0 P-value
Whole period (d 1-35)
Initial BW (g) 38.1+£3.0 38.0£ 2.9 38.1£29 0.995
Final BW (g) 2870 £ 328 2940 £ 243 2911 £ 300 0.881
BW gain (g) 2832 £ 328 2902 £ 242 2873 £ 300 0.866
Feed intake (g) 3827 £ 238 3960 £ 154 3885 £ 245 0.515
Feed:gain ratio (g/g) 1.35 4+ 0.08 1.37 £ 0.06 1.36 +0.03 0.846
Mortality (%) 8.3 4.2 4.2 -
Starter period (d 1-10)
BW gain (g) 245 £ 35 261 + 29 260 + 27 0.171
Feed intake (g) 254 £27 282 £ 15 273 £23 0.165
Feed:gain ratio (g/g) 1.03 £0.08 1.08 £ 0.05 1.05 £ 0.04 0.203
Grower period (d 11-21)
BW gain (g) 821+ 77 855 £ 78 841 £ 81 0.361
Feed intake (g) 1001 £ 117 1146 £ 105 1072 £ 40 0.062
Feed:gain ratio (g/g) 1.22+0.13 1.35 £ 0.15 1.27 £ 0.02 0.402
Finisher period (d 22—35)
BW gain (g) 1761 £ 285 1784 £ 204 1760 £ 260 0.820
Feed intake (g) 2572 £193 2531 £ 131 2540 £ 230 0.979
Feed:gain ratio (g/g) 1.47 +£0.10 1.43 +£0.04 1.46 &+ 0.05 0.556

Data are means £ SD, n = 21-22 broilers/group (initial BW, final BW, BW gain) and n = 6 cages/group (feed intake, feed:gain ratio).

Abbreviation: BW, body weight.

(P = 0.846) of the broilers during the whole period did
not differ between the 3 groups of broilers (Table 3).
The mortality of the broilers was 8.3% in group PSA-0
and 4.2% in groups PSA-2.5 and PSA-5.0. The AID of
CP (P=0.769), EE (P = 0.316) and amino acids (lowest
P-value: 0.347 for cysteine, highest P-value: 0.997 for
tryptophan) did also not differ between the 3 groups
(Table 4).

Diversity and Composition of the Cecum
Microbiota

After normalizing the data and a subsequent filtering
step, a total of 80 ASV was used to analyze the diversity
and composition of the microbiota. The 4 indicators

Richness, Chaol, Shannon-Index and Simpson-Index
were used to analyze the a-diversity (Figure 1A). Rich-
ness and Chaol, which are both indicators of the micro-
bial community richness, showed mno significant
differences between the groups. The Shannon-Index,
which considers both the richness and the evenness, dif-
fered significantly (P < 0.05) between group PSA-0 and
group PSA-2.5, but not between group PSA-0 and PSA-
5.0, while no effect was found for the Simpson-Index. To
assess B-diversity, 3 metrics (Bray-Curtis Index, Jensen-
Shannon divergence, Jaccard Index) were calculated
and the data were visualized using nonmetric multidi-
mensional scaling (NMDS) plots (Figure 1B). The
B-diversity metrics indicated no significant difference
between the groups. The effects on the composition of

Table 4. Apparent ileal digestibility (AID) of ether extract (EE), crude protein (CP) and amino acids of broilers fed diets with either 0%
(PSA-0), 2.5% (PSA-2.5) or 5.0% (PSA-5.0) Pleurotus sapidus mycelium for 35 d.

AID PSA-0 PSA-2.5 PSA-5.0 P-value
EE (%) 89.7+ 1.5 89.7+1.9 88.5 £ 2.2 0.316
CP (%) 76.1 £2.6 75.24+4.5 74.7+5.1 0.769
Amino acids (%)
Alanine 745+45 732+73 74.3+£5.6 0.845
Arginine 88.7+ 1.9 87.9 + 33 86.6 + 4.7 0.394
Asparagine/Aspartic acid 80.7+2.3 80.6 £ 3.4 80.5 £ 4.0 0.983
Cysteine 70.5+ 3.9 73.7+4.1 72.5+6.5 0.347
Glutamine/Glutamic acid 87.4+2.3 86.6 + 3.7 86.2 4.7 0.746
Glycine 76.6 £ 3.2 75.8+£5.3 76.5+£5.6 0.923
Histidine 83.5 £ 2.8 82.0 £ 5.1 82.5+54 0.742
Isoleucine 84.1 +2.3 83.3+4.5 83.2+5.0 0.860
Leucine 83.2+.2.9 82.0+4.6 81.9£5.2 0.783
Lysine 879+ 2.1 87.1+39 86.8 4.2 0.731
Methionine 89.3 £ 2.0 89.5 £ 3.2 88.8 4.2 0.863
Phenylalanine 84.0 £2.9 82.7+ 4.8 82.6 £5.6 0.732
Proline 87.0+3.1 86.3 4.0 86.6 4.2 0.830
Serine 799+ 3.2 794 +£52 79.6 £5.8 0.972
Threonine 792+ 34 78.8 £6.0 79.4£5.8 0.862
Tryptophan 82925 83.1+3.2 81.9+ 7.0 0.997
Tyrosine 82.3 +2.8 80.9£5.8 81.3+£5.9 0.828
Valine 84.3 +2.6 83.2 5.0 83.7+4.8 0.850

Data are means £ SD, n = 12 broilers/group.
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Figure 1. Analysis of the cecal microbiota. Indicators of a-diversity (Richness, Chaol, Shannon Index and Simpson Index) of the cecal bacterial
community (A), visualization of the difference in the g-diversity (Bray-Curtis Index, Jenson-Shannon divergence and Jaccard Index) of cecal com-
munity between the groups by NMDS plots (B) and taxonomic composition (phylum, order, family) (C) of the cecal bacteria of broilers fed diets
with either 0% (PSA-0), 2.5% (PSA-2.5) or 5% (PSA-5.0) P. sapidus mycelium for 35 d. (A) box plot for n = 12 broilers/group; (B) NMDS plots

for n = 12 broilers/group; (C) Data are means for n = 12 broilers/group.

the microbiota were analyzed at different taxonomic lev-
els (Figure 1C). The analysis at the phylum level showed
that the cecal digesta samples contained bacteria from
only 4 different phyla, whose abundance did not differ
between the 3 groups. The predominant phylum was
Firmicutes with > 98% in all groups, followed by Proteo-
bacteria (1.01—1.40% in all groups), Actinobacteriota
(0.03—0.04% in all groups) and Verrumicrobiota
(< 0.01% in all groups). At the order level, 14 orders
were identified with Lachnospirales (60—67% in all
groups), Oscillospirales (11-13%) and Lactobacillaes
(9-19%) as dominant taxa. However, only 2 low-abun-
dance bacterial taxa (Clostridia UCG 014 and Eubacter-
iales, both belonging to the phylum Firmicutes) differed

across the groups (P < 0.05). Clostridia UCG 014
showed higher abundance in the group PSA-0 and group
PSA-5.0 than in group PSA-2.5, while the abundance of
Eubacteriales was higher in group PSA-5.0 than in the
other 2 groups and higher in group PSA-2.5 than in
group PSA-0. At the family level, 23 different families
were identified and only 1 low-abundance bacterial fam-
ily (Anaerofustaceae), belonging to the class Clostridia
and phylum Firmicutes, was affected by treatment (P <
0.05). The abundance of Anaerofustaceae was higher in
group PSA-5.0 compared to the other 2 groups and
higher in group PSA-2.5 compared to group PSA-0. The
abundance of all bacterial taxa in the cecal digesta of
the broilers is shown in Supplemental Table S4.
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Figure 2. Concentrations of individual (acetic acid (C2:0), P = 0.227; propionic acid (C3:0), P = 0.739; butyric acid (C4:0), P = 0.253; isobuty-
ric acid (iC4:0), P = 0.896; valeric acid (C5:0), P = 0.983; isovaleric acid (iC5:0), P = 0.958) and total (= sum of all individual, P = 0.157) short-
chain fatty acids (SCFA) in cecal digesta of broilers fed diets with either 0% (PSA-0), 2.5% (PSA-2.5) or 5% (PSA-5.0) P. sapidus mycelium for 35

d. Data are means + SD, n = 12 broilers/group.

Cecal Digesta Concentrations of SCFA

The concentrations of total and individual SCFA
(C2:0, acetic acid; C3:0, propionic acid; C4:0, butyric
acid; iC4:0, isobutyric acid; C5:0, valeric acid; iC5:0, iso-
valeric acid) in the cecal digesta were not different
between the 3 groups of broilers (Figure 2).

Concentration of LPS in Plasma and mRNA
Levels of Genes Involved in Gut Integrity in
Cecum Mucosa

The concentration of LPS in plasma did not differ
between the 3 groups of broilers. The mRNA levels of
genes encoding tight-junction proteins (CLDNS,
CLDN5, JAM2 and OCLN), mucins (MUC2, MUC5AC
and MUC13) and pro-inflammatory genes (IL1b, IL8L1,

IL8L2, TLR4 and VCAM1I) in cecum mucosa were not
different between the 3 groups (Table 5).

Liver Weight and Concentrations of TG and
Chol in Liver and Plasma

Liver weights and concentrations of TG and Chol in
liver and plasma are shown in Table 6. The liver weight
was significantly higher in broilers of group PSA-5.0
than in broilers of group PSA-0 (P < 0.05), but did not
differ between group PSA-5.0 and group PSA-2.5 and
between group PSA-2.5 and group PSA-0. The relative
liver weight did not differ between the 3 groups. While
the concentrations of TG and Chol in plasma and con-
centration of Chol in liver did not differ between the
groups, the concentration of TG in liver was higher in
broilers of group PSA-5.0 than in broilers of group PSA-
2.5 (P < 0.05). The concentration of TG in the liver did

Table 5. Concentrations of lipopolysaccharides in plasma and mRNA levels of genes in cecum mucosa of broilers fed diets with either 0%
(PSA-0), 2.5% (PSA-2.5) or 5.0% (PSA-5.0) Pleurotus sapidus mycelium for 35 d.

PSA-0 PSA-2.5 PSA-5.0 P-value
Lipopolysaccharides (pg/ml) 22.9+20.4 17.0 £12.0 8.21 £6.01 0.155
Normalized mRNA level (fold of PSA-0)
Tight-junction proteins
CLDN3 1.00 £ 0.69 0.9240.70 0.76 &+ 0.31 0.747
CLDN5 1.00 £ 0.55 1.36 £ 1.09 1.17 £ 0.69 0.848
JAM2 1.00 £ 0.86 0.93 £+ 0.66 1.1£0.94 0.973
OCLN 1.00 £ 0.42 0.96 + 0.56 1.17 £0.44 0.558
Mucins
MUC?2 1.00 £0.72 1.52 £0.97 1.22£0.73 0.384
MUC5AC 1.00 £ 0.57 0.88+0.25 0.714+0.44 0.5631
MUC13 1.00 £ 0.50 1.25 £ 0.62 1.13 £0.55 0.590
Proinflammatory genes
IL1B 1.00 £ 0.69 1.24 £+ 0.40 1.07 £0.52 0.268
I1L8L1 1.00 £ 0.58 0.93 £ 0.56 0.96 & 0.54 0.831
ILSL2 1.00 £ 0.57 1.02 £ 0.57 0.99 £+ 0.42 0.970
TLR4 1.00 £0.77 1.12 £ 0.59 0.83+0.43 0.568
VCAM1 1.00 £ 0.95 1.22£0.73 1.16 £ 0.55 0.344

Data are means & SD, n = 12 broilers/group.
*PMeans without a common letter differ across the groups, P < 0.05.
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Table 6. Liver weight and triglycerides and cholesterol in liver and plasma of broilers fed diets with either 0% (PSA-0), 2.5% (PSA-2.5)

or 5.0% (PSA-5.0) Pleurotus sapidus mycelium for 35 d.

PSA-0 PSA-2.5 PSA-5.0 P-value

Liver weight (g) 49.9 + 4.8 54.0 + 6.8 57.3 £4.6" 0.044
Liver weight (% of BW) 1.7340.16 1.83 4 0.23 1.92 4 0.14 0.059
Liver

Triglycerides (umol/g) 13.6 + 2.8°° 13.0£2.3P 16.7 £ 4.0 0.021

Cholesterol (pumol/g) 124408 11.741.9 13.342.0 0.158
Plasma

Triglycerides (mmol/L) 0.57 £0.26 0.53 +£0.22 0.74 £0.27 0.121

Cholesterol (mmol /L) 2.90 +0.71 2.88 + 0.47 3.10 + 0.45 0.276

Data are means £ SD, n = 12 broilers/group.

»PMeans without a common letter differ across the groups, P < 0.05. Abbreviation: BW, body weight.

not differ between broilers of group PSA-0 and broilers
of group PSA-5.0.

Liver Transcriptome

According to the filter criteria applied (P < 0.05; FC
>1.3 and < - 1.3), a total of 144 transcripts were identi-
fied as differentially expressed (upregulated: 94, downre-
gulated: 50) in the liver between group PSA-5.0 and
group PSA-0. The volcano plot (Figure 3A) illustrates
the differentially expressed transcripts between group
PSA-5.0 and group PSA-0 as red dots. The top 10 upre-
gulated transcripts in decreasing order of their FC (in
brackets) were: TOPAZ1 (1.97), MYHI1A (1.63),
LOC429206 (1.59), XCL1 (1.58), LOC101750249
(1.56), C8AR1 (1.55), LOC42292/ (1.55), GJD2 (1.55),
ASL1 (1.53) and PLACL2 (1.53). The top 10 downregu-
lated transcripts in increasing order of their FC (in
brackets) were: KIF20B (-1.73), B3GALT5 (-1.68),
MXRAS (-1.64), ANGPTL2 (-1.58), NSMF (-1.58),
CAMK1D (-1.54), RNF138 (-1.51), FGL1 (-1.51),
SEMA5A (-1.49) and PXDN (-1.46). The FC and P-
value of all differentially expressed transcripts between
group PSA-5.0 vs. PSA-0 are shown in Supplemental
Table S5.

Considering the same filter criteria as for the compari-
son of group PSA-2.5 and group PSA-0, a total of 58
transcripts were identified as differentially expressed
(upregulated: 34, downregulated: 24) in the liver
(Figure 3B). Only one gene (GUCY2C) was regulated >
2.0-fold and one gene (LDHB) < -2.0-fold. The 10 most
strongly upregulated transcripts in decreasing order of
their FC (in brackets) were: GUCY2C (2.27),
Loc422513 (1.97), TMEM27 (1.78), ACE2 (1.69),
C110RF34 (1.66), LOC100859846 (1.65), DNAJCG
(1.64), CYP2KIL (1.61), OVSTL (1.57) and
LOC428289 (1.49). The 10 most strongly downregulated
transcripts in increasing order of their FC (in brackets)
were: LDHB (-2.26), CACNA1D (-1.87), NR0OB1 (-1.70),
ADGRD1 (-1.60), LOC768786 (-1.59), MIR6578
(-1.54), ACAA1 (-1.44), SLC16A1 (-1.44), GAL2 (-1.44)
and TMEM186 (-1.43). The FC and P-value of all differ-
entially expressed transcripts between group PSA-2.5
and group PSA-0 are shown in Supplemental Table S6.

Microarray data of 17 differentially expressed tran-
scripts between groups PSA-5.0 and PSA-0 were

validated by qPCR. As shown in Supplemental Table
S7, the effect direction (positive or negative FC) was the
same between microarray and qPCR for all validated
transcripts, whereas the effect size (value of FC) differed
to some extent for the validated transcripts between
microarray and gqPCR. Statistical analysis of qPCR
data revealed that only 2 transcripts were regulated sig-
nificantly (P-value < 0.05) (FYB1, PSTPIP?2), whereas
3 transcripts showed a P-value < 0.1 (MYHIA,
TOPAZ1, XCLI1). The other twelve transcripts were
not regulated (ANGPTL2, C8AR1L, CCNB1, HTR7,
KITLG, PHC1, PLEK, SMC?2, TBXAS1, TOP2A,
TSHZ2, WWTRI).

In order to extract biological meaning from the tran-
scripts differentially expressed between groups PSA-5.0
and PSA-0, GSEA was performed using GO terms and
KEGG-pathways. Due to the low number of differen-
tially expressed transcripts, GSEA was not conducted
for the comparison of groups PSA-2.5 and PSA-0. The
GSEA identified 13 enriched terms within the upregu-
lated genes. “Neuroactive ligand-receptor interaction”
was the most strongly enriched GO term belonging to
GO category cellular component (Figure 3C). The most
strongly enriched KEGG-pathway was “integral compo-
nent of plasma membrane pathway” (P = 0.041). Four-
teen terms were identified to be enriched within the
downregulated transcripts. “Cell division” was the most
strongly enriched GO term (Figure 3D). Within the
downregulated transcripts, “cell cycle”, “progesterone-
mediated oocyte maturation” and “melanogenesis” were
identified as enriched KEGG-pathways.

Plasma Metabolome

The detected metabolites belonged to the group of TG
(188), followed by phosphatidylethanolamines (59),
phosphatidylcholines (49), phosphatidylinositols (38),
amino acids (38), phosphatidylglycerols (26), Chol esters
(18), phosphatic acids (17), diacylglycerols (11), fatty
acids (11), ceramides (8), sphingomyelins (6), biogenic
amines (5), carboxylic acids (4), monoacylglycerols (4),
bile acids (3), glucosylceramides (3), sphingobases (3),
indoles (2), nucleobases related (2), cresols (1), phospha-
tidylserines (1), sugars (1), and vitamins and cofactors
(1). The concentration of all the analyzed metabolites
did not differ between the 3 groups of broilers according
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Figure 3. Differential transcriptome analysis in the liver (n = 6 microarrays/group). Volcano plot illustrating the differentially expressed tran-
scripts in the liver of broilers between group PSA-5.0 vs. PSA-0 (A) and group PSA-2.5 vs. PSA-0 (B). The filtering criteria are indicated by hori-
zontal (P-value = 0.05) and vertical (fold change >1.3 or < -1.3) dashed lines. Red dots in the upper left and upper right corner represent the
downregulated and upregulated transcripts. Most enriched gene ontology (GO) terms (biological process (BP), cellular component (CC) and molec-
ular function (MF)) associated with the differentially expressed upregulated (C) and downregulated (D) transcripts between group PSA-5.0 vs.
PSA-0. GO terms are sorted by their enrichment P-values (EASE score) (top: lowest P-value, bottom: highest P-value).
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Figure 4. Principal component analysis (PCA) of plasma metabolome. Scores plot with plotted 5% confidence interval (A) and associated
loading plot (B) of PCA of broilers plasma metabolome. Broilers were fed diets with either 0% (PSA-0), 2.5% (PSA-2.5) or 5.0% (PSA-5.0) P. sap-
idus mycelium for 35 d. Data are principal components (PC 1 or PC 2) and their loadings. The upper 10 % of the parameters with the greatest dis-
tance to zero are marked in red, m = 10 broilers/group. Abbreviations: DG, Diacylglycerols; LPC, lysophosphatidylcholine; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PI, Phosphatidylinositols; T'G, triglycerides.

to the FDR < 0.05. The score plot of the PCA also
showed no separate clustering of the 3 groups (Figure 4).
All analyzed metabolites are shown in Supplemental
Table S8.

DISCUSSION

Several studies have already reported beneficial effects
(e.g., hypolipidemic, antioxidant, antibacterial, immune
system-enhancing) of fungal fruiting bodies for humans
and animals (Mattila et al., 2001; Hu et al., 2006; Valve-
rde et al., 2015). However, knowledge about the effect of
fungal mycelia produced by submerged cultivation as a
part of feed for poultry is limited. Therefore, the present
study was conducted to investigate the effects of a bio-
technologically produced P. sapidus mycelium on perfor-
mance, digestibility of nutrients, gut microbiota
structure and intermediary metabolism in broilers.

Chemical analysis of the produced P. sapidus myce-
lium showed that carbohydrates were the dominating
nutrient fraction making up nearly 80% of the mycelial
DM. Similar contents of carbohydrates have been
reported for other P. mycelia, for example, P. eous (for-
mer P. sajor-caju), produced by submerged cultivation
(Maheshwari et al., 2020). Within the carbohydrate
fraction, the B-glucans were the dominant compound
reaching similar levels as reported for P. eous (Manzi,
2000; Maheshwari et al., 2020). Regarding that certain
B-glucans are well-known to act as potent prebiotics in
monogastric animals (Lam and Chi-Keung Cheung,
2013), the P. sapidus mycelium used in the present
study could be considered as a rich source of prebiotics.
The dietary inclusion level of 5% of the P. sapidus myce-
lium was chosen based on findings of a recent study in

which the same dose of P. eous mycelium in the diet
exhibited beneficial effects on hepatic lipid metabolism
and gut function in an obese rat model (Maheshwari et
al., 2020). The P. sapidus mycelium was also included in
a lower dose (2.5%) in order to evaluate if the effects
observed are dose-dependent. The fungal mycelium was
included into the diets at the expense of wheat in order
to keep the energy content of the 3 diets comparable.
Isoenergetic inclusion of the fungal mycelium would
have been also possible by replacing maize, but we are
not aware of any reason that study results would have
been substantially different when the mycelium was
replaced at the expense of maize.

In the present study, dietary inclusion of 2.5% and 5%
P. sapidus mycelium did not exert any effects on growth
performance, feed intake, feed conversion and AID of
EE, CP and amino acids of the broilers. Despite
improvements of performance and nutrient digestibility
have been documented in several studies with broilers
fed B-glucans or other prebiotic oligosaccharides (Chae
et al., 2006; Richards et al. 2020; Al-Baadani et al.,
2022), there are also studies demonstrating no effect of
B-glucans on broiler performance (Cox et al., 2010;
Moon et al., 2016). These contradictory results have
been attributed to the fact that the structures of differ-
ent B-glucans can vary significantly which strongly
affects physicochemical properties including solubility,
viscosity, gelation, binding ability, bulking ability, and
fermentability (Singh and Kim, 2021). Considering that
improvements of broiler performance in response to feed-
ing of prebiotic-enriched diets in the abovementioned
studies were associated with positive effects on gut integ-
rity and/or gut microbiota composition (Richards et al.
2020; Al-Baadani et al., 2022), we also studied the effect
of dietary inclusion of the P. sapidus mycelium and,
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thus, a high content of g-glucans on the bacterial com-
munity structure and diversity in the gut of the broilers.

Evaluation of the effect of dietary inclusion of P. sap-
idus mycelium on the gut microbiota composition and
diversity of the broilers based on metagenomic analysis
of the cecum digesta revealed only marginal effects.
Amongst the a-diversity metrics investigated, only 1
(Shannon-Index) out of 4 was found to be slightly
affected, while all B-diversity indicators did not differ
among groups. Likewise, analysis of the microbiota com-
position of the broilers at different taxonomic levels
showed almost no effect of dietary treatment. The only
exception was that the abundance of 2 low-abundance
bacterial taxa belonging to the phylum Firmicutes
(Clostridia UCG 014, Eubacteriales) was altered in the
groups fed the P. sapidus mycelium. Thus, the lack of
effect of the P. sapidus mycelium on broiler performance
in the present study could be explained by its very weak
effect on the gut microbiota structure, which might be
caused by a limited fermentability of the B-glucans or
other carbohydrates of the fungal mycelium. The latter
assumption is supported by the observation that the
concentrations of total and all individual SCFA in the
cecal digesta of the broilers did not differ among groups.
It can therefore be concluded that, in contrast to our
assumption, the high g-glucan content of the P. sapidus
mycelium had only marginal effects on the structure of
the cecum microbiota community in healthy broilers.
Despite these marginal effects, the lack of any untoward
changes of the gut microbiota structure, like increases in
the abundance of obligate pathogens, suggests that the
P. sapidus mycelium can be fed to broilers without
impairment of the gut microbial community.

In contrast to these weak effects of the P. sapidus
mycelium on the gut microbiota in broilers, feeding a P.
eous mycelium-enriched diet to obese rats caused a strong
effect on the gut microbiota structure with increases in
the abundance of beneficial bacterial taxa, such as Lacto-
bacillaceae, Bifidobacterium, Roseburia, and Blautia, and
a decrease in the abundance of the pathogenic genus
FEscherichia—Shigella (Maheshwari et al., 2021). In addi-
tion, the favorable effect of dietary P. eous mycelium on
the gut microbiota in the obese rat model was associated
with an improved gut barrier function as evidenced from
decreased levels of the bacterial endotoxin LPS (Mahesh-
wari et al., 2021). It is well-known that obese animals
develop gut dysbiosis — a term used to describe a pertur-
bation of the commensal gut bacteria. Gut dysbiosis
causes an impairment of the gut barrier function due to
gut mucosa inflammation, decreased production of
mucins leading to thinning of the protective mucin layer
and reduced production of tight-junction proteins, which
tightly connect adjacent intestinal epithelial cells in order
to prevent paracellular passage of bacteria from the gut
lumen into the portal vein (Ringseis et al., 2020). Conse-
quently, gut dysbiosis is associated with hyperpermeabil-
ity of the gut and induction of endotoxemia and
metabolic derangements (Ringseis et al., 2020).

In the present broiler study, no evidence was gained
that gut integrity was affected by dietary inclusion of

the P. sapidus mycelium. This assumption is based on
the observation that plasma levels of LPS and the
mRNA levels of proinflammatory genes (IL1B, IL8LI,
IL8L2, TLR4, VCAMI), tight-junction proteins
(CLDN3, CLDNS, JAM2, OCLN), and mucins (MUC2,
MUC5AC, MUC13) in the cecum mucosa did not differ
among groups. These findings indicated that the key
protective elements of the gut barrier were not impaired
and no substantial translocation of bacterial compounds
occurred in response to dietary inclusion of the P. sap-
idus mycelium in the broilers. This effect of feeding the
P. sapidus mycelium can be considered as favorable con-
sidering that no impairment of gut integrity is beneficial
and an improvement of gut integrity in healthy broilers
with a normal gut microbiota structure is unlikely. In
contrast to healthy broilers, feeding a P. eous mycelium
to obese rats suffering from gut dysbiosis is able to
restructure the perturbed gut microbiota, thereby,
improving gut integrity.

Apart from marginal or absent effects of feeding the
B-glucan-rich P. sapidus mycelium on the gut micro-
biota and gut integrity, our study revealed only very few
effects on the intermediary metabolism of the broilers.
The gut microbiota is well-known to strongly affect ani-
mals intermediary metabolism and feeding behavior via
the gut-liver-brain axis, and gut-derived compounds,
such as SCFA or bile acids, serve as the communication
signals between gut microbes and all key metabolic tis-
sues (Ringseis et al., 2020). In order to evaluate if the
intermediary metabolism of the broilers was affected by
feeding the P. sapidus mycelium, we carried out
genome-wide hepatic transcript profiling. According to
this analysis, the P. sapidus mycelium had only a very
moderate effect on the hepatic transcriptome, which was
particularly evident from the very weak regulation of
the genes identified to be differentially expressed
between group PSA-5.0 and PSA-0. None of these genes
was regulated greater 2-fold and TOPAZ1 (1.97-fold)
and KIF20B (-1.73-fold) were the top up- and down-reg-
ulated genes, respectively. Considering the above-men-
tioned connection between gut microbiota and host
metabolism, the weak effect of the P. sapidus mycelium
on the hepatic transcriptome is in agreement with the
very weak effect on the cecal microbiota and the lack of
effect on cecal SCFA concentrations. Despite the very
weak effect on the hepatic transcriptome, liver weights
and liver TG concentration but not liver Chol concen-
tration were slightly higher in the broilers of group PSA-
5.0 compared to group PSA-0. Since hepatic transcript
profiling did not reveal an up-regulation of hepatic genes
involved in lipid synthesis, such as ACACA, FASN,
SCD, HMGCR, and genes involved in inflammation and
stress-response, such as VCAM1, TLR4, ILSL1, in group
PSA-5.0 compared to group PSA-0, the mechanism
underlying the increase of hepatic TG concentration is
unknown. However, considering that the hepatic TG
concentration in broilers of group PSA-5.0 was still
within the physiological range, this slight increase
should not be overstated. Based on this, the effect of the
P. sapidus mycelium on hepatic metabolism can be
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regarded as very moderate. Our assessment of a weak
effect of the P. sapidus mycelium on the intermediary
metabolism of broilers is supported by the results from
targeted metabolomics of blood plasma and from the
measurement of plasma TG and Chol concentrations.
According to plasma metabolomics, the concentrations
of none of the large set of metabolites analyzed differed
across the groups. This was also reflected by PCA show-
ing no separation of the metabolomes of the different
groups. Despite our study revealed no obvious improve-
ments of intermediary metabolism of the broilers due to
dietary inclusion of the P. sapidus mycelium, the lack of
any adverse metabolic effects, which is a prerequisite for
the use of novel feed components in animal nutrition,
can be considered as beneficial.

CONCLUSIONS

The present study shows that dietary inclusion of
2.5% and 5% of a biotechnologically produced P. sapidus
mycelium in broiler diets does not affect growth perfor-
mance and nutrient digestibility. In addition, feeding of
the P. sapidus mycelium exhibited only a negligible
effect on the cecal microbiota community but did not
affect the concentrations of microbial fermentation
products and did not impair gut barrier function. In line
with this, liver transcriptomic and plasma metabolomics
revealed only weak or not any effects, respectively, of
feeding the P. sapidus mycelium in the broilers. Based
on these findings it can be concluded that inclusion of a
sustainably produced fungal mycelium in broiler diets at
the expense of other feed components, such as wheat,
has no negative consequences on broilers” performance
and metabolism. However, it cannot be excluded that
higher doses of P. sapidus mycelium achieve different
results.
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ABSTRACT

Recently, feeding a fungal mycelium from Pleurotus sapidus was found to reduce relative breast muscle weight of
broilers. The present study tested the hypothesis that dietary inclusion of P. sapidus mycelium modulates the
expression of genes involved in protein anabolic and protein catabolic pathways in breast muscle of broilers. The
study included 72 male, 1-day-old Cobb 500 broilers which were randomly assigned to three groups fed three
different diets containing either 0 (PSA-0), 25 (PSA-25) and 50 (PSA-50) g/kg diet P. sapidus mycelium in a three-
phase feeding system for 35 days. Within the somatropic axis, the mRNA level of GHR was higher and that of
IGF1R was lower in group PSA-25 than in group PSA-O (P < 0.05). Within the mTOR signaling pathway, the
mRNA level of S6K1 was higher in group PSA-25 than in group PSA-0 (P < 0.05). Within muscle growth-related
genes, the mRNA level of MYOG was lower in groups PSA-25 and PSA-50 than in group PSA-0 (P < 0.05). The
relative phosphorylation of proteins involved in protein anabolic pathways (S6K1, RPS6, elF2a, AKT) did not
differ across the three groups. The mRNA of most genes involved in molecular pathways of protein degradation
and inhibition of protein synthesis, such as the GCN/eIF2a pathway, the ubiquitin-proteasome pathway, and the
autophagy-lysosomal pathway, showed no differences across the three groups. Only the mRNA level of ATG9A
was higher in group PSA-25 compared to group PSA-0 (P < 0.05). These observations suggest that a modulation
of these signaling pathways is unlikely to explain the reduced relative breast muscle weight in broilers.
Nevertheless, future studies are necessary to exclude an effect of feeding P. sapidus mycelium on other less
prominent pathways affecting skeletal muscle mass.

Introduction

are usually obtained in a time-exhausting process from the fruiting
bodies, the submerged cultivation of mushrooms allows a fast and effi-

Low-value agro-industrial by-products as feed for monogastric ani-
mals are reasonable to improve resource efficiency and sustainability of
livestock farming. However, the use of such by-products is often limited
by their poor nutrient digestibility, which is largely explained by a high
crude fiber content (Huang and Lee, 2018). One strategy to improve the
utilization of these by-products in poultry feed is their valorization by
edible fungi, such as Pleurotus sapidus, which are capable of degrading a
wide range of non-starch polysaccharides and lignin-containing sub-
strates (Valverde et al., 2015). While commercial mushroom products
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cient production of mycelial biomass (Papaspyridi et al., 2012).
P. sapidus mycelia could be of interest for poultry as a source of prebiotic
polysaccharides, such as p-glucans, which support intestinal integrity
and overall gut and systemic health (Maheshwari et al, 2020).
Considering that knowledge about the use of fungal mycelia in
poultry feeding is scarce, we have recently explored the effect of feeding
diets with 25 and 50 g/kg diet P. sapidus mycelium in broilers (Schafer
et al., 2024). This study demonstrated only marginal effects on the gut
microbiome, the liver transcriptome and the plasma metabolome
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(Schafer et al., 2024). Despite feed intake and feed:gain ratio did not
differ between broilers fed the diets without and with P. sapidus myce-
lium, unpublished data of this study showed a reduction of the relative
breast muscle weight in broilers fed the diet with 50 g/kg diet P. sapidus
mycelium indicating that protein turnover in breast muscle might has
been affected.

Protein turnover in skeletal muscle is the result of the activity of
protein synthetic and protein catabolic pathways (Ferreira and Duarte,
2023). A key signaling pathway stimulating protein synthesis is the
mammalian target of rapamycin (mTOR) pathway. In addition, the ri-
bosomal protein S6 kinase (S6K1), a down-stream target of mTOR, ac-
tivates protein synthesis. Furthermore, protein anabolism in skeletal
muscle is stimulated by insulin-like growth factor 1 (IGF1) and hepatic
growth hormone receptor (GHR) via the somatotropic axis. While the
alpha serine/threonine-protein kinase (AKT) acts as an upstream acti-
vator of the protein anabolic mTOR pathway, AKT negatively regulates
the forkhead box protein O1 (FOXO1) transcription factor, which
stimulates protein degradation. Protein degradation by FOXO1 involves
induction of F-box only protein 32 (FBX032) encoding the E3 ligase
atrogin-1 mediating protein degradation via the ubiquitin-proteasome
pathway. The E3 ligase atrogin-1 is also induced by pro-inflammatory
stimuli which explains that protein degradation via the
ubiquitin-proteasome pathway is stimulated during inflammatory con-
ditions. A further protein catabolic pathway is the general control
nonderepressible 2 (GCN2)/eukaryotic translation initiation factor 2A
(eIF2a) pathway, which inhibits the mTOR pathway (Métayer et al.,
2008), and stimulates protein degradation via the autophagy-lysosomal
pathway (Finkbeiner, 2020).

Against the abovementioned indications that P. sapidus mycelium
might has affected protein turnover in breast muscle of broilers, the
present study tested the hypothesis that dietary inclusion of P. sapidus
mycelium modulates the expression of genes involved in protein syn-
thesis and muscle growth as well as protein degradation in breast muscle
of broilers.

Materials and methods
Animals and diets

For this investigation, breast muscle samples from a recently pub-
lished animal study involving 72 one-day-old broiler chickens (Cobb
500; Cobb-Vantress, Wiedemar, Germany) were utilized (Schafer et al.,
2024). The five-week feeding trial was authorized by the Animal Wel-
fare Officer of the Justus Liebig University Giessen (Approval no.: JLU
843_M). All experimental procedures followed established guidelines for
the care and handling of laboratory animals. The broilers (total N = 72)
were randomly assigned to three different groups (6 cages/group with 4
broilers each) with similar body weights (BW), and fed three different
nutrient adequate diets containing either 0 (PSA-0), 25 (PSA-25) and 50
(PSA-50) g/kg diet of a biotechnologically produced P. sapidus mycelium
in a three-phase feeding system (starter diet: day 1-10, grower diet: day
11-21, finisher diet: day 22-35). The composition of the different
experimental diets, which had similar concentrations of crude nutrients,
sugar, starch, amino acids, fatty acids and metabolizable energy within
each feeding phase, and details about the production of P. sapidus
mycelium via submerged fermentation, animal housing conditions, light
regime, feeding regime and animal killing procedure can be found in our
recent publication (Schafer et al., 2024).

Sample collection

After slaughtering the animals as recently described (Schafer et al.,
2024), the left and right thigh and the left and right breast muscle were
dissected. Thigh and breast muscle weights were obtained from
weighing the left and the right part together. For the measurement of
expression of genes involved in protein synthesis and protein
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degradation pathways, small portions of the right breast muscle from 12
broilers per group (2 broilers/cage), whose BW corresponded to the
mean of the whole group, were collected, snap-frozen in liquid nitrogen,
and stored at —80°C for later analysis.

Total RNA extraction and qPCR in breast muscle

Total RNA extraction from frozen breast muscle portions (40-50 mg)
was performed using TRIzol reagent (Invitrogen, Karlsruhe, Germany).
The total RNA concentration and the A260/A280 ratio of all samples
was 515 + 46 ng/pL and 1.92 + 0.02 (total N = 36 or n = 12/group),
respectively. Analysis of RNA quantity and quality, synthesis of cDNA,
gPCR analysis using a Rotor-Gene Q system (Qiagen, Hilden, Germany),
and calculation of relative mRNA levels with the comparative Ct method
using the sample with the lowest Ct value as reference Ct value were
carried out as described in a recent publication (Chiappisi et al., 2017).
Characteristics of gene-specific primers (Eurofins MWG Operon, Ebers-
berg, Germany) are available on request from the corresponding author.

Western blot analysis in breast muscle

Approximately 30 mg of frozen breast muscle tissue was homoge-
nized in radioimmunoprecipitation assay buffer containing phosphatase
and protease inhibitors. The homogenates were centrifuged, and the
supernatants were stored at -20°C. Following determination of protein
concentration of the supernatants, protein separation using SDS-PAGE
(10% separating gel, 6% stacking gel) was carried out with different
amounts of protein depending on the target antibody [100 pg for
phosphorylated and total S6K1 (p-S6K1, S6K1), phosphorylated and
total elF2a (p-elF2a, elF2a), phosphorylated and total alpha serine/
threonine-protein kinase (p-AKT, AKT); 30 ug for phosphorylated and
total ribosomal protein S6 (p-RPS6, RPS6)]. In each gel, a molecular
mass marker was included (10-170 kDa, PageRuler prestained protein
ladder; Thermo Scientific, Dreieich, Germany). Subsequently, the pro-
teins were electro-transferred for 1.5 h at 100 V and 300 mA to a
nitrocellulose membrane (Pall, Pensacola, FL, USA) using a blotting
buffer with 20% methanol. Ponceau S (Carl Roth, Karlsruhe, Germany)
staining was performed to verify equal loading. Afterwards, the mem-
branes were blocked using 5% skimmed milk powder (for p-S6K1, S6K1,
p-RPS6 and RPS6) or 5% bovine serum albumin (for p-eIF2a, elF2a, p-
AKT, and AKT) in TBST buffer. The following primary antibodies were
used for the detection of p-S6K1, S6K1, p-RPS6, RPS6, p-elF2a, elF2a, p-
AKT, and AKT: Phospho-p70 S6 Kinase (Thr389) (108D2) rabbit
monoclonal antibody (cat. no. 9234), p70 S6 kinase antibody (cat. no.
9202), Phospho-S6 ribosomal protein (Ser235/236) antibody (cat. no.
2211), S6 ribosomal protein (5G10) rabbit monoclonal antibody (cat.
no. 2217), Phospho-elF2a (Ser51) antibody (cat. no. 9721), elF2a
antibody (cat. no. 9722), Phospho-Akt (Ser473) (D9E) XP rabbit
monoclonal antibody (cat. no. 4060), Akt (pan) (11E7) rabbit mono-
clonal antibody (cat. no. 4685; all from Cell Signaling Technology
Europe B.V. (CST), Frankfurt, Germany). Vinculin recombinant rabbit
monoclonal antibody (42H89L44; Invitrogen) was used as reference
antibody. Primary antibodies were diluted 1:1,000 in the blocking buffer
and the membranes were incubated with the primary antibody solution
overnight at 4°C. After washing, a horseradish peroxidase-conjugated
secondary polyclonal goat anti-rabbit IgG antibody (A0545, Sigma-
Aldrich, Taufkirchen, Germany) for all primary antibodies was added
in 1:10,000 dilution in TBST buffer to the membranes and incubated for
1.5 h at room temperature. After washing, the blots were developed
using the ECL Select western blotting detection reagent (GE Healthcare,
Munich, Germany) for 5 min at room temperature. The intensities of the
specific bands were detected using a Bio-Imaging system (G:Box, Syn-
gene, Cambridge, UK) and quantified using Syngene Gene Tools 4.3.1
software.
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Statistical analysis

Statistical analysis was performed using SPSS 28 software (IBM,
Armonk, NY, USA). The cage served as the experimental unit for feed
intake and feed:gain ratio (n = 6 cages/group; published in Schafer et al.
(2024)) and the individual animal for all other data. Because carcass
characteristics and breast muscle and thigh weights were obtained for all
animals alive at the end of the trail (total animals alive = 65), the means
from these data represented n = 21-22 broilers/group. Data from qPCR
and Western blotting were calculated from a total of 36 animals (n = 12
broilers/group), because only 2 broilers/cage (6 cages/group) were used
for these analyses. All data were tested for normal distribution using the
Kolmogorov-Smirnov test for carcass characteristics and breast muscle
and thigh weights and Shapiro-Wilk test for qPCR and Western blotting
data. For evaluating homoscedasticity, the Levene’s test was used. If the
normal distribution was only achieved after log-transformation, the
log-transformed data were used for statistical analysis. Differences be-
tween the three groups were analyzed using one-way analysis of vari-
ance (one-way ANOVA) followed by a Tukey’s post-hoc test when the
data were normally distributed, and the variances were homogeneous. If
the variance was heterogenous, the means of the three groups were
analyzed using Welch’s ANOVA and the Games-Howell post-hoc test. If
data were not-normally distributed, a one-way ANOVA according to
Kruskal-Wallis was performed using the Mann-Whitney U test with
Bonferroni correction as post-hoc test. A P-value < 0.05 was considered
statistically significant for all analyses.

Results and discussion

Despite that growth performance (reported in Schafer et al. (2024)),
carcass characteristics, and absolute breast and thigh weights of the
broilers was not affected by dietary inclusion of P. sapidus mycelium
(Table 1), the relative breast muscle weight of broilers was lower in
group PSA-50 than in group PSA-0 (P < 0.05, Table 1). In order to clarify
this effect, we analyzed the expression of several key genes involved in
critical pathways regulating protein turnover in breast muscle of these
broilers. In addition, we analyzed the phosphorylation of selected pro-
teins, namely S6K1, RPS6, elF2a and AKT, playing a key role in muscle
protein synthesis (Ferreira and Duarte, 202.3).

Within genes of the mTOR pathway, the mRNA level of GHR was
higher in group PSA-25 than in group PSA-0, whereas the mRNA level of
IGFIR was lower in group PSA-25 than in group PSA-0 (P < 0.05,
Table 2). The mRNA levels of GHR and IGFIR did not differ between
group PSA-50 and the other two groups. Amongst the genes belonging to
the mTOR pathway, the mRNA level of S6K1 was higher in group PSA-
25 than in group PSA-0 (P < 0.05), whereas the S6K1 mRNA level was
not different between group PSA-50 and groups PSA-25 and PSA-
0 (Table 2). The mRNA levels of two other genes of the mTOR
pathway, MTOR and 4EBP1, were not different among groups (Table 2).
Within the muscle growth-related genes investigated, the mRNA level of

Table 1

Carcass characteristics and breast muscle and thigh weights of broilers fed diets
with either 0 (PSA-0), 25 (PSA-25) or 50 (PSA-50) g/kg diet P. sapidus mycelium
for 35 days.

PSA- PSA- PSA- Pooled P-

0 25 50 SEM value
Eviscerated carcass 2154 2158 2154 93 0.984
weight, g
Dressing percentage, % 75.1 73.3 73.9 1.5 0.703
Breast muscle, g 674 659 646 34 0.612
Breast muscle, % of BW 23.5° 224*° 221 0.7 0.044
Thigh, g 574 579 577 26 0.967
Thigh, % of BW 20.0 19.7 19.8 0.5 0.736

Data are means, n = 21-22 broilers/group. > Means without a common letter
differ across the groups, P < 0.05. BW, body weight
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Table 2

Relative mRNA levels of selected genes involved in protein anabolic and protein
catabolic pathways in breast muscle of broilers fed diets with either 0 (PSA-0),
25 (PSA-25) or 50 (PSA-50) g/kg diet P. sapidus mycelium for 35 days.

PSA-  PSA- PSA- Pooled p-
0 25 50 SEM value
Relative mRNA level, fold
of PSA-0
Somatotropic axis
GHR 1.00°  1.62° 1.41®  0.28 0.034
IGF1 1.00 1.13 0.91 0.25 0.550
IGFIR 1.00°  0.67° 0.81%  0.15 0.024
IGFBP2 1.00 0.73 0.80 0.24 0.457
mTOR pathway
MTOR 1.00 1.17 1.21 0.13 0.124
S6K1 1.00°  1.88° 1.67%  0.37 0.019
4EBP1 1.00 1.00 1.02 0.19 0.970
Muscle growth
MYOD1 1.00 0.76 0.79 0.18 0.256
MYF5 1.00 0.92 1.24 0.21 0.174
MYOG 1.00°  0.56° 0.63° 0.15 0.006
GCN/elF2a pathway
SQSTM1 1.00 1.05 1.00 0.18 0.765
Ubiquitin-proteasome
pathway
FBX032 1.00 1.06 0.78 0.24 0.271
FOX01 1.00 1.13 1.21 0.16 0.241
MURFI1 1.00 1.21 1.12 0.25 0.587
Autophagy-lysosomal
pathway
ATG5 1.00 0.88 0.94 0.16 0.644
ATG9A 1.00°  1.39° 1.26°  0.17 0.033
BECN1 1.00 1.26 1.24 0.21 0.246
Inflammation
IL1B 1.00°  0.61° 1.00®  0.19 0.008
TLR4 1.00°  0.58° 0.77°®  0.15 0.007
TNFA 1.00°  0.58° 0.97°®  0.26 0.031
VCAM1 1.00 0.97 1.17 0.15 0.220

Data are means, n = 12 broilers/group. *® Means without a common letter differ
across the groups, P < 0.05.

MYOG was lower in groups PSA-25 and PSA-50 than in group PSA-0 (P <
0.05), whereas the mRNA levels of MYOD1 and MYF5 did not differ
among groups (Table 2). The effect on MYOG is noteworthy because
MYOG is involved in myotube differentiation (Sabourin and Rudnicki,
2000), which indicates a general inhibitory effect of feeding P. sapidus
mycelium on muscle cell differentiation of broilers. However, given that
the mRNA levels of other muscle growth-related genes in breast muscle
were not different between groups, an effect on myotube differentiation
is questionable and more research is necessary to clarify this issue.

The relative phosphorylation of S6K1, RPS6, elF2a and AKT did not
differ across the three groups (data not shown). The mRNA levels of
most genes involved in pathways of protein degradation and inhibition
of protein synthesis, such as the GCN/elF2a, the ubiquitin-proteasome
and the autophagy-lysosomal pathways, showed no differences across
the three groups (Table 2). Only the mRNA level of ATG9A was higher in
group PSA-25 compared to group PSA-0 (P < 0.05), but did not differ
between group PSA-50 and the other two groups (Table 2). While no
effect was seen regarding the mRNA levels of pro-inflammatory genes
between groups PSA-50 and PSA-0, the mRNA levels three (IL1B, TLR4,
TNFA) out of four pro-inflammatory genes were lower in group PSA-25
than in group PSA-0 (P < 0.05, Table 2). This anti-inflammatory effect of
P. spp. mycelia, which has been also documented for rats (Maheshwari
et al., 2020), can be considered as beneficial because pro-inflammatory
stimuli like IL1p and TNFa promote protein degradation via targeting
the ubiquitin-proteasome pathway, thereby, impairing protein accre-
tion. Nevertheless, the anti-inflammatory effect seen at the transcrip-
tional level in group PSA-25 obviously had no relevance for the breast
muscle gain. Albeit being speculative, one reason might be that the ef-
fect was not translated to the protein level keeping the concentrations of
pro-inflammatory mediators unaffected.
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In overall, considering that only the mRNA level of one muscle
growth-related gene (MYOG) in breast muscle differed between group
PSA-50 and PSA-0, whereas the expression of genes from all other
pathways and phosphorylation levels of S6K1, RPS6, elF2a and AKT did
not differ between these two groups, a modulation of these pathways is
not very likely to explain the reduced relative breast muscle weight in
broilers of group PSA-50. However, we cannot exclude the possibility
that feeding 50 g/kg diet P. sapidus mycelium affected other genes of
these pathways, which were not considered in this study. In addition, it
might be possible that feeding P. sapidus mycelium affected other less
prominent pathways, such as Wnt/p-catenin, Notch and Hippo
signaling, which are also involved in the regulation of protein turnover
but whose contribution to skeletal muscle mass regulation is less clear
(Ferreira and Duarte, 2023). Future studies using genome-wide tran-
script profiling of breast muscle could help to identify with greater
certainty the signaling pathways involved in the regulation of skeletal
muscle mass which were affected by feeding P. sapidus mycelium.

A rather unexpected finding was that a significant number of genes
from the above-mentioned signaling pathways including IL1B, TLR4,
TNFA, GHR, IGFIR, S6K1, MYOG and ATG9A was found to be affected
by feeding the low dose of P. sapidus mycelium, although relative breast
muscle weights did not differ between groups PSA-25 and PSA-0.
However, with the exception of pro-inflammatory genes, the regula-
tion of these genes between group PSA-25 and group PSA-0 was very
inconsistent. This was evident from the observation that one gene
involved in the protein anabolic mTOR pathway (S6K1) and one gene
involved in the protein catabolic autophagy-lysosomal pathway
(ATG9A) were simultaneously up-regulated in group PSA-25 compared
to group PSA-0. This inconsistency in the effect of feeding 25 g/kg diet
P. sapidus mycelium was also seen in the somatotropic axis, in which one
gene each was up- (GHR) and down-regulated (IGFIR) in breast muscle
of group PSA-25 compared to group PSA-O, whereas relative phos-
phorylation of proteins involved in protein anabolic pathways in breast
muscle did not differ between these two groups (data not shown). Given
this inconsistent regulation of genes between group PSA-25 and group
PSA-0 and the lack of difference in the relative breast muscle weights
between groups PSA-25 and PSA-O, the observed effects on gene
expression are obviously not relevant to breast muscle gain. It is not
unlikely that the latter is the consequence of the overall weak effects on
gene expression as reflected by the less than 2-fold regulation of these
genes between groups.

In conclusion, the present findings suggest that a modulation of the
protein anabolic or protein catabolic pathways considered in this study
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is unlikely to explain the reduced relative breast muscle weight in
broilers fed 50 g/kg diet P. sapidus mycelium. However, it cannot be
excluded that feeding P. sapidus mycelium affected other less prominent
pathways which have not been considered in this study but which are
also involved in the regulation of protein turnover.
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4. Diskussion

Diese Dissertation erforscht die Auswirkungen von zwei alternativen Futterquellen auf die
ernahrungsphysiologischen Prozesse in der Mastgefligelfitterung. Hauptziel dieser Arbeit
war es, alternative Futtermittel zu finden, die sich positiv bzw. neutral auf die
Wachstumsleistung und den Stoffwechsel der Broiler auswirken, um somit zur nachhaltigen
Gestaltung der Broilermast beizutragen. Untersucht wurden die Auswirkungen eines
teilweisen sowie vollstdndigen Austauschs von Sojadl durch das H. illucens Larvenfett
(Publikation 1 und Publikation 2), wie auch die Auswirkungen einer Zulage eines
biotechnologisch hergestellten P. sapidus Mycels (Publikation 3 und Publikation 4), auf
die Wachstumsleistung, sowie auf Metaboliten und Lipide des Plasmas, Leberlipide, das
Transkriptom der Leber, Parameter der Darmintegritit und das Mikrobiom von
Mastbroilern. Die beiden Futterquellen wurden ausgewéhlt, da sowohl die H. illucens Zucht
als auch die biotechnologische Herstellung des P. sapidus Mycels mit Reststoffen vollzogen
werden kann, die sowohl in der menschlichen Erndhrung als auch in der Gefliigelfitterung
nur begrenzt eingesetzt werden kénnen und somit in keiner Nahrungskonkurrenz zu Mensch
oder Tier stehen. Ausnahme war in dieser Studie die biotechnologische Umwandlung eines
Nebenstroms zur Mycelherstellung. Als N&hrmedium fur das P. sapidus Mycel wurde in
dieser Arbeit Melasse verwendet, um zun&chst einen Eindruck zu erlangen, welche
Auswirkungen die Futterung des Mycels auf die Leistung und Gesundheit der Broiler hat.
Melasse als Nahrmedium wurde auch deswegen gewahlt, da diese Methode schon
erfolgreich zur Mycelherstellung genutzt wurde (Maheshwari et al., 2020). Die Verwendung
von Melasse zur Mycelherstellung ist unter dem Aspekt der Nachhaltigkeit kritisch zu
betrachten, da diese ebenfalls als Futtermittel und Lebensmittel genutzt wird. Der Fokus
wurde aber in dieser Dissertation zunéchst auf eine erfolgreiche Mycelherstellung gelegt und
der Beantwortung der Frage, inwieweit ein Futtermittel auf Basis von Pilzmycel tiberhaupt
in der Broilerfttterung eingesetzt werden kann. Unter dem Aspekt der Nachhaltigkeit wéren
rohfaserreiche Nebenstrome wie Biertreber, Apfeltrester etc., welche nur geringfligig als
Futtermittel genutzt werden, als Nahrmedium von Pilzmycel besser geeignet. Deren Einsatz
fur eine erfolgreiche Mycelherstellung muss allerdings noch in weiteren Schritten untersucht
werden. Aus der Praxis ist bereits bekannt, dass sich das Mycel auch auf Holzspanen und
Stroh kultivieren I&sst.

Die Verfltterung beider Futterquellen fuhrte zu keiner Beeintrachtigung der Leistung und

der Gesundheit der Tiere. In beiden Studien wurde eine Zulage bis zu 5 % vorgenommen:
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Bei der Fitterungsstudie mit der Zulage des P.sapidus Mycels wurde sich an
vorangegangenen Studien von Maheshwari et al. (2020, 2021) orientiert (Publikation 3 und
4). Im Falle des Austauschs der Fettfraktion im Futter (Publikation 1 und 2) wurde 5 % als
Hochstdosis gewahlt, zur Gewahrleistung des von Cobb 500 empfohlenen Energiegehalts in
den Diaten (Cobb-Vantress, 2022). Aulierdem wurde eine niedrigere Dosis von 2,5 % bei
beiden Studien gewahlt, um eine Dosis-Wirkungs-Beziehung abbilden zu kénnen.
Zunéchst wird die Studie betrachtet, welche sich mit einem teilweisen und vollstandigen
Austausch von Sojadl durch H. illucens Larvenfett in der Broilerration beschéftigte. Es
wurde neben den Analysen in den Geweben (Plasma, Leber, Muskel, Darm) der Broiler,
auch die Zusammensetzung des eingesetzten H. illucens Larvenfetts analysiert, um
Auswirkungen auf die Gewebe erklaren zu kénnen.

Die Charakterisierung des H. illucens Larvenfetts mittels einer Lipidomanalyse zeigte, dass
99 % der Lipidspezies Triglycerid-Spezies waren und davon ber 50 % gesattigte Spezies
(Publikation 1). Die genaue Betrachtung des Fettsaureprofils ergab, dass Laurinsdure, eine
mittelkettige Fettsdure, den hdchsten Anteil mit ca. 57 % der Gesamtfettsduren ausmachte
(Publikation 1). Andere Autoren zeigten eine vergleichbare Charakterisierung des
Fettsaureprofils des H. illucens Larvenfetts und zeigten, dass es Uiber mehrere verschiedene
Larvenstadien hinweg stabil bleibt (Kim et al., 2020a; Georgescu et al., 2022). Beim
Vergleich des Fetts der H. illucens Larven mit dem Ol von Tenebrio molitor Larven liegt
der groélte Unterschied im Aggregatzustand bei Raumtemperatur. So ist das H. illucens
Larvenfett, aufgrund seines hohen Anteils an gesattigten Fettsduren (bis zu 70 % der
Gesamtfettsauren), bei Raumtemperatur fest. Der Anteil von einfach ungeséttigten
Fettsauren liegt im Mittel bei 15,2 % und der von mehrfach ungesattigten Fettsauren bei 12,7
% der Gesamtfettsauren (Benzertiha et al., 2020). Mit einem Anteil von nur ca. 29,3 % der
Gesamtfettsauren an geséttigten Fettsauren liegt das T. molitor Ol bei Raumtemperatur in
flissiger Form vor. Den hdchsten Gehalt machen dort die einfach ungesattigten Fettséduren
mit ca. 48,2 % der Gesamtfettsduren aus. Mehrfachungeséttigte Fettsauren liegen zu ca. 21,7
% der Gesamtfettsdauren vor (Benzertiha et al., 2020, Ugur et al., 2021). Sowohl das
H. illucens Larvenfett als auch das T. molitor Larvendl wurden schon erfolgreich in der
Geflugelfutterung, wie z.B. bei Broilern, Legehennen und Puten, als Fettquelle eingesetzt,
ohne negative Auswirkungen auf die Leistungen der Tiere zu haben (Benzertiha et al., 2019;
Heuel et al., 2019; Kieronczyk et al., 2018; Schiavone et al., 2018; Schiavone et al., 2017,
Sypniewski et al., 2020). Auch in dieser Dissertation zeigte sich beim teilweisen und

vollstandigen Austausch von Sojadl als Fettquelle durch das H. illucens Larvenfett keine
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Beeinflussung der Wachstumsleistungen der Broiler. Lediglich in der Starterphase konnte
ein signifikanter Anstieg des Korpergewichts und der Futteraufnahme in den beiden
Versuchsgruppen beobachtet werden (Publikation 1). Die Leistungsdaten aus
Publikation 1 ber die gesamte Versuchsperiode sind vergleichbar mit den Daten von
anderen Autoren. Dort wurden ebenfalls bei einem teilweisen oder vollstandigen Austausch
der Fettquelle (Sojadl, Maisol, Kokosnussol oder Palmél) in Broilerdidten keine Effekte auf
das Korpergewicht beschrieben (Benzertiha et al., 2019; Kieronczyk et al., 2018; Kieronczyk
et al., 2020; Kim et al., 2020b; Schiavone et al., 2017; Schiavone et al., 2018). Eine
reduzierte Futterverwertung, die von Kim et al. (2020b) und Kieronczyk et al. (2020)
beobachtet wurde, konnte in Publikation 1 nicht nachgewiesen werden. Auffallig waren ein
héheres Brustmuskelgewicht und ein signifikant hoherer Brustmuskelanteil (bezogen auf
das Korpergewicht) in den beiden Versuchsgruppen im Vergleich zur Kontrollgruppe
(Publikation 2), wohingegen alle anderen Leistungs- und Schlachtungsparameter
unbeeinflusst waren. Das gesteigerte Brustmuskelgewicht kénnte in Verbindung mit den
gunstigen Wirkungen der Laurinsdure stehen. Bei der Studie von Zeitz et al. (2015), welche
Laurinsdure in Broilerdidten eingesetzt haben, wurde ebenfalls ein gesteigertes
Brustmuskelgewicht aufgezeigt. Auch beim Einsatz von H. illucens Insektenmehl als
Proteinquelle konnte ein signifikant héheres Brustmuskelgewicht beobachtet werden (Beller
et al., 2024). In dieser Studie zeigte sich im Fettsdureprofil der Diaten auch ein hoéherer
Anteil an Laurinsaure in den beiden Versuchsgruppen im Vergleich zur Kontrollgruppe
(Beller et al., 2024), weshalb davon ausgegangen werden kann, dass die Laurinsdure das
Brustmuskelwachstum in einem positiven MaRe beeinflusst. Es ist aber nicht
auszuschlieen, dass das erhéhte Brustmuskelgewicht auf einen anderen Aspekt bzw.
Inhaltsstoff des H. illucens Larvenfetts zurlickzufuhren ist, der allerdings nicht untersucht
wurde.

Dass sich mittelkettige Fettsduren auch positiv auf die mikrobielle Darmgemeinschaft, die
Darmintegritdt und Darmgesundheit von Broilern auswirken, konnten schon einige
Untersuchungen bestatigen (Solis de los Santos et al., 2008; Solis de los Santos et al., 2009).
Dies l&sst den Schluss zu, dass auch in dieser Studie der hohe Gehalt an Laurinséure im
H. illucens Larvenfett (Publikation 1) die mikrobielle Darmgemeinschaft positiv
beeinflusst haben konnte, indem pathogene Bakterien, wie Campylobacter jejuni, Gram
positiv cocci oder Escherichia coli, reduziert wurden. Allerdings konnte in Publikation 1
keine Beeinflussung der a- und B-Diversitdt und der fliichtigen Fettsauren, welche die

Fermentationsprodukte der Mikroben darstellen, festgestellt werden. Lediglich ein Taxon
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mit einer geringen Haufigkeit auf Phylum Ebene (Actinobacteriota) und jeweils eins auf
Order (Coriobacteriales) und Family Ebene (Eggerthellaceae) wurde beeinflusst. Der hohe
Gehalt an Laurinsdaure hatte dementsprechend keine wesentlichen Auswirkungen auf die
Darmgemeinschaft. Es konnten aber auch keine negativen Effekte beobachtet werden.
Aufgrund der Aufnahme der spezifischen Fettsauren des H. illucens Larvenfetts in die
Leber, das Plasma und das Brustmuskelgewebe, welche auch schon in anderen Studien
beobachtet wurde (Cullere et al., 2019; Heuel et al., 2021; Daszkiewicz et al., 2022), und
dessen hohen Anteil an gesattigten Fettsauren (Publikation 1 und 2), zeichnete sich im
gegarten Brustmuskel eine hohere Lipidperoxidationsstabilitat ab, was zu einer Reduzierung
der Entstehung gesundheitsschédlicher Cholesterol- und Phytosteroloxidationsprodukten
filhrte (Publikation 2). Bei der Fitterung von Sojadl oder dem Ol von T. molitor Larven
wird zusétzlich ein Antioxidans (z.B. Vitamin E) benétigt, um die Gewebe vor Oxidation zu
schutzen. Die Reduzierung der Cholesterol- und Phytosteroloxidationsprodukte, welche
koronare Herzerkrankungen und Krebserkrankungen bei einer zu hohen Aufnahme
beglnstigen koénnen (Alemany et al, 2014; Kulig et al, 2016), ist aus
ernahrungsphysiologischer Sicht gunstig. Allerdings ist ein hoher Gehalt an geséttigten
Fettsduren eher unglnstig, da ein hoher Gehalt von geséttigten Fettsduren mit
kardiovaskuldaren Krankheiten und verschiedenen Krebsarten beim Menschen in Verbindung
gebracht wird (Ringel et al., 2020; Sacks et al., 2017; Wood et al., 2008). Aufgrund des
geringen Fettgehalts von Broilerfleisch (ca. 3 %) (Oliveira et al., 2016) im Vergleich zu
Rind- (10 %) und Schweinefleisch (10-22 %) (Vicente und Pereira, 2024), spielt dieser
Aspekt jedoch eine untergeordnete Rolle.

Nicht nur die Untersuchung des Fettsaureprofils oder die Lipidomanalyse in der Leber
(Publikation 1) bestatigte die Aufnahme der im H. illucens Larvenfett vorhandenen
Fettsduren in das Gewebe, sondern auch die Transkriptomanalyse. Es wurde eine
Auswirkung festgestellt, die hauptsachlich Gene beeinflusste, welche mit dem
Lipidstoffwechsel assoziiert werden konnen. Insbesondere zeigte sich eine veranderte
Expression von Genen, die in der Regulation der Lipidsynthese, sowie bei Cholesterol- und
Sterolsyntheseprozessen beteiligt sind. Diese Veranderungen deuten darauf hin, dass das
H. illucens Larvenfett den Stoffwechselweg der Lipide in der Leber auf zellularer Ebene
moduliert.

Im Gegensatz zu einem 5 prozentigen Austausch von Sojadl durch das H. illucens Larvenfett
als Fettquelle in Broilerdiéten, zeigte der Einsatz von 5 % P. sapidus Mycel in den Diéten

keine Auswirkungen, weder negative noch positive, auf die Wachstumsleistung und die
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Gesundheit der Broiler. Die chemische Charakterisierung des P. sapidus Mycels ergab, dass
die Kohlenhydratfraktion mit etwa 78 % die Hauptkomponente in der Myceltrockenmasse
darstellt (Publikation 3). Innerhalb dieser Fraktion waren etwa 31 % B-Glucane enthalten.
Diese Erkenntnisse decken sich mit der Charakterisierung eines andern Mycels aus der
Pleurotus Familie. Das Mycel des P.eous (friher P.sajor-caju), welches ebenfalls
biotechnologisch mit Melasse hergestellt wurde, wies ebenfalls etwa 78 % Kohlenhydrate
und 25 % B-Glucane in der Trockenmasse auf (Maheshwari et al., 2020). Aufgrund des
hohen Gehalts an B-Glucanen, kann das P. sapidus Mycel als eine gute Prabiotikum-Quelle
angesehen werden (Lam und Chi-Keung Cheung, 2013). Die Datenlage zu einer Auswirkung
von B-Glucanen auf die Wachstumsleistung von Broilern ist jedoch widerspriichlich. Einige
Autoren zeigten positive Effekte auf die Wachstumsleistungen (Chae et al., 2006; Richards
et al., 2020), wahrend andere keine Effekte auf die Wachstumsleistungen beobachteten (Cox
et al.,, 2010; Hahn et al., 2006; Moon et al., 2016; Morales-Ldpez et al., 2009). In der
vorliegenden Studie hatte das P. sapidus Mycel keine Effekte auf die Wachstumsleistung
der Broiler (Publikation 3). Auch konnte keine Beeinflussung der ilealen
Néhrstoffverdaulichkeit beobachtet werden, was die Untersuchungen von Chae et al. (2006)
bestatigt. Bei Schweinen konnten Hahn et al. (2006) allerdings eine verbesserte
Verdaulichkeit der Nihrstoffe durch eine B-Glucan angereicherte Diét feststellen.

In Publikation 4 war auffallig, dass trotz unverénderter Kérpergewichte in der Gruppe mit
5 % P. sapidus Mycel Zulage eine Reduzierung des relativen Brustmuskelanteils (bezogen
auf das Korpergewicht) im Vergleich zur Kontrollgruppe vorlag. In anderen Studien wurden
bei B-Glucanen in Broilerdiaten keine Auswirkungen auf das Brustmuskelwachstum
festgestellt (Kovitvadhi et al., 2019; Zhang et al., 2020). Um die Ursache dieser Reduzierung
nachvollziehen zu kénnen, wurden verschiedene Gene aus dem anabolen und katabolen
Proteinstoffwechsel gemessen, da der Proteinturnover im Muskel ein Resultat der
Aktivierung verschiedener anabolen und katabolen Proteinstoffwechselwege ist (Ferreira
und Duarte, 2023). Dafiir wurde die Expression einzelner Gene gemessen, welche im
,mammalian target of rapamycin“ (MTOR) Stoffwechselweg, dem Hauptsignalweg der
Proteinsynthese, beteiligt sind. Da einige Gene aus dem ,,mammalian target of rapamycin‘
Stoffwechselweg Gene aus dem Ubiquitin-Proteasom Metabolismus und dem GCN/elf2a
Stoffwechselweg beeinflussen, wurde auch die Expression von Genen aus den beiden
letzteren Stoffwechselwegen betrachtet. Auch Gene der somatotrophen Achse, welche eine
wichtige Rolle im Stoffwechsel und bei physiologischen Prozessen spielt, wurden untersucht

(Renaville et al., 2002), wie auch die Expression ausgewahlter Gene, die in Verbindung mit
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dem Muskelwachstum stehen, und pro-inflammatorische Gene wurden gemessen. Lediglich
ein Gen (MYOG), welches mit dem Muskelwachstum in Verbindung steht, wurde
beeinflusst. Das relative Brustmuskelgewicht der Broiler aus der Gruppe mit 2,5 %
P. sapidus Mycel Zulage war im Vergleich zur Kontrollgruppe nicht niedriger, dennoch
waren Gene aus den verschiedenen Stoffwechselwegen beeinflusst worden (Publikation 4).
Es lag somit eine Inkonsistenz vor, die in der Arbeit nicht erklart werden konnte. In der
Gruppe mit 2,5 % P. sapidus Mycel Zulage konnte ein anti-inflammatorischer Effekt im
Brustmuskel nachgewiesen werden, welcher schon in einer vorangegangenen Studie mit
fettleibigen Laborratten beobachtet wurde (Maheshwari et al., 2020). Dieser Effekt ist flr
schnell wachsende Broiler positiv, da pro-inflammatorische Stimuli den Proteinabbau tber
den Ubiquitin-Proteasom-Stoffwechselweg fordern und dadurch die Proteinakkumulation
beeintrachtigen konnen (Lecker et al., 2006). Allerdings steht dieser Effekt im Widerspruch
zum reduzierten Brustmuskelanteil in der Gruppe mit 5 % P. sapidus Mycel Zulage, da ein
anti-inflammatorischer Effekt den Proteinabbau verlangsamen und somit das
Brustmuskelgewicht fordern misste. Ein mdglicher Grund fir die unterschiedlichen
Beobachtungen zwischen der in dieser Dissertation dargelegten Studie und der Studie mit
Laborratten hinsichtlich des anti-inflammatorischen Effekts konnte darin liegen, dass es sich
um einen Vergleich zwischen gesunden Broilern und Laborratten mit einem pathologischen
Stoffwechsel handelte.

Prébiotika-angereicherte Diédten flhren in einigen Untersuchungen auch zu einer
Verénderung des Darmmikrobioms und der Darmintegritat (Guo et al., 2023; Wang et al.,
2022). Wang et al. (2022) konnten eine positive Beeinflussung der mikrobiellen
Darmgemeinschaft bei Broilern und eine Zunahme nitzlicher Bakterien wie Alistipes,
Bacteroides und Faecalibacterium feststellen. Zusétzlich wiesen Guo et al. (2023) einen
positiven Effekt von B-Glucanen auf die Leistung und die Darmgesundheit bei mit
Clostridium perfringens infizierten Broilern nach. Mit pB-Glucanen angereicherte
Broilerdiaten weisen bei infizierten Broilern, was in der industriellen Haltung h&ufiger
vorkommt, héhere Effekte auf als in der in dieser Dissertation dargelegten Studie, die unter
Versuchsbedingungen stattgefunden hat, bei denen Erkrankungen seltener auftreten.
Hervorzuheben ist, dass es nur wenige Studien gibt, die sich mit dem Einsatz von B-
Glucanen bei gesunden Broilern, wie dies in Publikation 3 der Fall war, beschéftigen. In
Publikation 3 konnten keine nennenswerten Verdnderungen in der mikrobiellen
Darmgemeinschaft oder der Taxonomie festgestellt werden. Auch die Konzentrationen der

flichtigen Fettsduren, welche die Fermentationsprodukte der Mikroben darstellen, blieben
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unbeeinflusst (Publikation 3). Deshalb traten auch keine nennenswerten Auswirkungen
durch die Zulage des P. sapidus Mycels auf die mikrobielle Darmgemeinschaft auf.
Untersuchungen der Darmintegritét, wie die Genexpression ausgewéhlter Mucine und tight-
junction Proteine, zeigten keine Regulation durch die Zulage des P. sapidus Mycels. Die
Konzentration der Lipopolysaccharide, die als Bestandteile der auf3eren Zellwand von Gram-
negativen Bakterien pro-inflammatorisch wirken, waren ebenfalls unbeeinflusst
(Publikation 3). Diese Erkenntnisse zusammengefasst zeigen, dass die Darmbarriere nicht
geschadigt wurde. Im Gegensatz dazu stehen die Ergebnisse aus einer Studie mit fettleibigen
Laborraten, welche eine Zulage von 5 % P. eous Mycel in den Diéten erhielten (Maheshwari
etal., 2021). In dieser Studie wurden sowohl die mikrobielle Darmgemeinschaft als auch die
Darmintegritat beeinflusst (Maheshwari et al., 2021). Dies deutet darauf hin, dass eine
Zulage eines B-Glucan-reichen Pilzmycels auf Laborratten mit einem pathologischen
Stoffwechsel einen stérkeren Einfluss hat als auf gesunde Broiler.

Das P. sapidus Mycel hatte keine Auswirkungen auf die mikrobielle Darmgemeinschaft und
Darmintegritat und somit kam es auch zu keiner Beeinflussung des Stoffwechsels. Auch
hatte das P.sapidus Mycel anderweitig keine Auswirkungen auf den Stoffwechsel
(Publikation 3). Eine Metabolomanalyse des Plasmas zeigte keine Auswirkungen auf die
Konzentration von ca. 500 gemessenen Metaboliten durch das P. sapidus Mycel. Die
Transkriptomanalyse in der Leber zeigte, dass lediglich 144, davon 94 hoch- und 50
herunterreguliert, von ca. 20.000 Genen beeinflusst waren. Insgesamt waren die Gene in
ihrer Expression nur geringflgig verandert (Publikation 3). Auffallig war allerdings, dass
trotz der geringen Beeinflussung auf Genebene ein erhohtes Lebergewicht beobachtet wurde
(Publikation 3). Das Gewicht der Gruppe mit 5 % P. sapidus Mycel Zulage lag um ca. 14
% hdoher als das der Kontrollgruppe. Auch der Triglycerid-Gehalt in der Leber war in der
Gruppe mit 5 % P. sapidus Mycel Zulage um ca. 23 % erhoht. Die Ursache flr diesen
Anstieg konnte in der vorliegenden Arbeit jedoch nicht ermittelt werden.

78



5. Schlussfolgerung

Abschliel3end I&sst sich zusammenfassen, dass die Publikationen 1 und 2 positiv aufgezeigt
haben, dass das H. illucens Insektenfett als eine alternative Fettquelle in der Broilerfltterung
eingesetzt werden kann. Es wurden keine negativen Auswirkungen auf das Wachstum der
Broiler in den Studien beobachtet. Es konnte ein gesteigertes Brustmuskelwachstum
nachgewiesen werden. Wodurch dieser Anstieg des Brustmuskelwachstums hervorgerufen
wurde, bedarf noch weiterer Forschung. Die in Publikation 2 aufgestellte Hypothese konnte
bestatigt werden. Die spezifischen Fettsauren des H. illucens Larvenfettes fuhrten zu einer
reduzierten Lipidperoxidation und somit zu einer reduzierten Entstehung von Cholesterol-
und Phytosteroloxidationsprodukten. Eine zu hohe Aufnahme dieser Produkte kann
langfristig ein gesundheitliches Risiko darstellen. Der erndhrungsphysiologische Aspekt,
dass der Brustmuskel von Broilern, welche H. illucens Larvenfett in ihrer Diét erhielten,
einen hoheren Anteil an geséttigten Fettsauren aufwies, kann aus dem Grunde etwas aufier
Acht gelassen werden, da der Gesamtfettgehalt von Broilerfleisch generell ziemlich gering
ist und unter dem Fettgehalt von Rind- und Schweinefleisch liegt.

Die Publikationen 3 und 4 zeigten, dass der Einsatz eines biotechnologisch hergestellten
P. sapidus Mycels keinerlei Auswirkungen auf die Leistung und die Stoffwechselparameter
der Broiler hatte, obwohl ein hoher Gehalt an p-Glucanen nachweislich die
Zusammensetzung der mikrobiellen Darmgemeinschaft und die Darmgesundheit und
Darmintegritat fordern soll. Das P.sapidus Mycel fuhrte zu keinen Effekten auf
Stoffwechselebene. Beobachtet wurde ein reduzierter Brustmuskelanteil, welcher mit den
durchgefuhrten Analysen nicht erklart werden konnte. Die Studie, als eine der wenigen,
welche sich mit dem Einsatz von Pilzmycelen in der Nutztierflitterung beschéftigte, zeigte
das Potenzial von mit Hilfe von Melasse als Ndhrmedium gezogenen P. sapidus Mycel.
Dieses kann in einer Dosierung von 2,5 % ohne Bedenken in den Diaten von Broilern
zugelegt werden kann. Eine Zulage uber 5 % des P. sapidus Mycels bedarf noch weiterer
Forschung. Das Ziel weiterer Forschung sollte es sein, Pilzmycele auf rohfaserreichen
Nebenstromen zu zlichten, um diese der Geflligelerndhrung zugénglich zu machen und somit
die Broilermast nachhaltig zu gestalten.

Diese Dissertation hat aufgezeigt, dass die Fitterung des H. illucens Larvenfettes und des
P. sapidus Mycels dazu fiihren konnen, die Broilermast nachhaltiger zu gestalten und
Ressourcen effizienter zu nutzen, ohne dabei Einbuen bei der Gesundheit und Leistung der

Tiere in Kauf nehmen zu miuissen.
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6. Zusammenfassung

Die vorliegende Dissertation befasste sich mit der Frage, wie nachhaltige Futtermittel zur
Verbesserung der Ressourceneffizienz in der Broilermast beitragen kdnnen. In Anbetracht
des Bevolkerungswachstums und des steigenden Bedarfs an tierischen Produkten stellt die
Entwicklung nachhaltiger Futtermittel eine zentrale Herausforderung der Tiererndhrung dar.
Diese Dissertation untersuchte zwei alternative Futtermittel: das Fett der Schwarzen
Soldatenfliege (Hermetia illucens) und das biotechnologisch hergestellte Mycel des
Austernpilzes Pleurotus sapidus. Ziel war es, deren Auswirkungen auf das Wachstum und
verschiedene Stoffwechselprozesse im Darm, der Leber, dem Brustmuskel und dem Plasma
von Mastbroilern zu analysieren und herauszufinden, ob sie als Ersatz fur Sojadl als
Lipidquelle bzw. als eine Zulage geeignet sind.

Die erste Studie beschaftigte sich mit den Auswirkungen eines teilweisen und vollstdndigen
Austauschs des Sojadls durch das H. illucens Larvenfett. Das Insektenfett, ein Nebenprodukt
der Insektenmehlproduktion, ist reich an geséttigten Fettsduren, insbesondere der
Laurinsdure. In der Studie wurden verschiedene Parameter untersucht, darunter die
Wachstumsleistung, die Fettverdaulichkeit, das Darmmikrobiom, das Lebertranskriptom
sowie das Lipidom von Leber und Plasma der Broiler.

Die Ergebnisse zeigten, dass der teilweise (50 %) und vollstdndige (100 %) Austausch von
Sojadl durch das H. illucens Larvenfett keine negativen Auswirkungen auf das Wachstum
der Tiere hatte und es zu einer Widerspiegelung der spezifischen Fettsduren des H. illucens
Larvenfetts in der Leber, dem Plasma und dem Brustmuskel kam. Zusétzlich fiihrte die
Futterung des H.illucens Larvenfetts zu einem signifikanten Anstieg des
Brustmuskelgewichts. Dieser Anstieg kénnte mit dem hohen Anteil an Laurinsdure im
H. illucens Fett zusammenhédngen. Eine weitere positive Wirkung des H. illucens
Larvenfetts war die erhghte Oxidationsstabilitdt des Brustmuskels bei einer Hitzehandlung.
Das fiihrte zu einer reduzierten Entstehung von gesundheitsschadlichen Cholesterol- und
Phytosteroloxidationsprodukten, die beim Erhitzen von Fleisch entstehen kénnen. Diese
Ergebnisse deuten darauf hin, dass der Einsatz von H. illucens Fett in der Broilerfiitterung
nicht nur die Nachhaltigkeit verbessert, sondern auch potenzielle gesundheitliche Vorteile
fur den Verbraucher bietet.

Die zweite Studie befasste sich mit der Zulage eines biotechnologisch hergestellten Mycels
des Austernpilzes P. sapidus, welches auf Melasse als Nahrmedium geziichtet wurde.

Pilzmycele enthalten einen hohen Anteil an B-Glucanen, die als Prébiotikum bekannt sind
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und positive Effekte auf die Darmgesundheit und das Immunsystem haben kdnnen. Ziel der
Studie war es zu untersuchen, ob eine Zulage von 2,5 % oder 5 % des P. sapidus Mycels in
die Diéat der Broiler zu einer Verbesserung der Wachstumsleistung, der Zusammensetzung
der mikrobiellen Darmgemeinschaft oder der Stoffwechselprozesse fihrt.

Die Ergebnisse zeigten jedoch, dass die Zulage des Mycels keine signifikanten
Auswirkungen auf die Wachstumsleistung hatte. Auch das Darmmikrobiom, das
Transkriptom in der Leber und die Konzentration der Metaboliten im Plasma waren
unverandert. Die Fitterung des P. sapidus Mycels fiihrte in der Gruppe mit 5 % P. sapidus
Mycel Zulage im Vergleich zur Kontrollgruppe zu einer Reduzierung des
Brustmuskelanteils. Dies war aber nicht auf eine Veranderung von anabolen und katabolen
Stoffwechselwegen im Brustmuskel zurtickzufuhren.

Zusammenfassend zeigt die Dissertation, dass das H.illucens Larvenfett eine
vielversprechende alternative Fettquelle in der Broilerfltterung darstellt. Es unterstiitzt das
Wachstum der Tiere und verbessert die Oxidationsstabilitat des Fleisches. Das P. sapidus
Mycel zeigte hingegen in dieser Studie keine signifikanten Effekte auf die Broilerleistung
oder deren Stoffwechselparameter, obwohl es aufgrund seines hohen -Glucan-Gehalts als
potenzielles Prabiotikum angesehen wird. Der Einsatz des Mycels kdnnte jedoch in weiteren
Studien untersucht werden, insbesondere wenn es auf anderen, nachhaltigen Nahrmedien
wie faserreichen Nebenstromen anstelle von Melasse kultiviert und somit
ressourcenschonender produziert wird.

Die Dissertation trdgt maligeblich zur Erforschung nachhaltiger Futtermittel in der
Tiererndhrung bei und zeigt auf, dass alternative Futtermittel wie Insektenfett und Pilzmycel

dazu beitragen kdnnen, die Broilermast ressourceneffizienter und nachhaltiger zu gestalten.
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/. Summary

This dissertation focused on how sustainable feed can contribute to improving resource
efficiency in broiler fattening. In the context of population growth and the increasing demand
for animal products, the development of sustainable feed sources is a critical challenge in
animal nutrition. This dissertation investigated two alternative feed ingredients: the fat of the
black soldier fly (Hermetia illucens) and the biotechnologically produced mycelium of the
oyster mushroom Pleurotus sapidus. The aim was to analyze their effects on growth and
various metabolic processes in the intestine, liver, breast muscle, and plasma of broilers and
to determine whether they could serve as substitutes for soybean oil as a lipid source
(H. illucens larvae fat) or as dietary supplements (P. sapidus mycelium).

The first study investigated the effects of partially and completely replacing soybean oil with
H. illucens larvae fat. This insect fat, a by-product of insect meal production, is rich in
saturated fatty acids, particularly lauric acid. Various parameters were determined, including
growth performance, fat digestibility, gut microbiome, liver transcriptome, as well as the
lipidome of the liver and plasma of the broilers.

The results showed that partial (50 %) or complete (100 %) replacement of soybean oil with
H. illucens larvae fat had no negative effects on the growth of the animals. The specific fatty
acid profile of the H. illucens larvae fat was reflected in the liver, plasma and breast muscle
of the broilers. Additionally, feeding H. illucens larvae fat resulted in a significant increase
in breast muscle weight, likely linked to the high lauric acid content of the fat. Another
positive effect of H. illucens fat was the increased oxidative stability of the breast muscle
after cooking. This led to a reduction in harmful cholesterol and phytosterol oxidation
products, which can form during meat cooking. These findings suggest that using H. illucens
fat in broiler diets not only enhances sustainability but also offers potential health benefits
for consumers.

The second study focused on the addition of biotechnologically produced mycelium of
P. sapidus, which was cultivated on molasses as a nutrient medium. Mushroom mycelia
contain a high proportion of B-glucans, which are known prebiotics with potential benefits
for gut health and the immune system. The study aimed to investigate whether adding 2.5 %
or 5 % P. sapidus mycelium to the broiler diet would improve growth performance, the
composition of the gut microbial community, or metabolic processes.

However, the results showed that the addition of the mycelium had no significant effects on

growth performance. The gut microbiome, liver transcriptome, and plasma metabolite
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concentrations also remained unchanged. Feeding 5 % P. sapidus mycelium led to a
reduction in relative breast muscle weight compared to the control group, but this reduction
was not associated with alterations in anabolic or catabolic metabolic pathways in the breast
muscle.

In conclusion, the dissertation demonstrates that H. illucens larvae fat is a promising
alternative fat source in broiler diets. It supports animal growth and increases the oxidative
stability of meat. In contrast, feeding P. sapidus mycelium showed no significant effects on
broiler performance or metabolic parameters in this study, although its high B-glucan content
makes it a potential prebiotic. Future studies could explore its application, particularly if it
is cultivated on other sustainable nutrient media, such as fiber-rich by-products, instead of
molasses.

This dissertation makes an important contribution to research into sustainable feedstuffs in
animal nutrition and shows that alternative feedstuffs, such as insect fat and fungal

mycelium, can help to make broiler fattening more resource-efficient and sustainable.
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