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Wykaz stosowanych skrotow:

ALP (alkaline phosphatase) - fosfataza alkaliczna

ALT (alanine transaminase) — aminotransferaza alaninowa
AMPs (antimicrobial peptides) — biatka przeciwdrobnoustrojowe

AOAC (The Association of Official Analytical Chemists) — Stowarzyszenie urzegdowych
chemikow analitycznych

AST (aspartate transaminase) — aminotransferaza asparaginianowa
BSF (black soldier fly) — Hermetia illucens

BSFM (black soldier fly larvae full-fat meal) — pelnotlusta maczka z biomasy larw

Hermetia illucens

BWG (body weight gain) — przyrost masy ciala

CE (cook efficiency) — wydajnos¢ gotowania

CF (Fulton’s condition factor) — wskaznik kondycji Fultona

CFL (cooled fillet) — udziat procentowy fileta schtodzonego

CS (carcass share) — procentowy udziat tuszki

DDGS (distiller’s dried grains with solubles) — suszony wywar gorzelniany
DIR (daily intake rate) — wskaznik dziennego pobrania paszy

DL/FTL (relative distal intestine length) — wzgledna dtugos¢ jelita dystalnego

DL/GIT (distal intestine share in total gastrointestinal tract length) — procentowy udziat

jelita dystalnego w catkowitej dtugosci przewodu pokarmowego
ER (expansion ratio) — wspotczynnik ekspansji peletu

FAO (Food and Agriculture Organization of the United Nations) — Organizacja Narodow

Zjednoczonych do spraw wyzywienia i rolnictwa

FBW (final body weight) — konicowa masa ciata

FCE (feed conversion efficiency) — efektywnos$¢ wykorzystania paszy
FCR (feed conversion ratio) — wspotczynnik wykorzystania paszy

FI (feed intake) — pobranie paszy



FIFO (Fish-In-Fish-Out) — tzw. indeks rybozernos$ci

FMU (fish meal use) — wzgledne wykorzystanie maczki rybnej

FOU (fish oil use) — wzgledne wykorzystanie oleju rybnego

FS (fillet share) — udziat procentowy fileta $wiezego

GGT (gamma-glutamyl transpeptidase) — gamma-glutamylotranspeptydaza

GIT/FTL (relative gastrointestinal tract length) — wzgledna dtugos¢ przewodu

pokarmowego
GMO (genetically modified organism) — organizm genetycznie zmodyfikowany

HPLC (high-performance liquid chromatography) — wysokosprawna chromatografia

cieczowa

HSI (hepatosomatic index) — indeks hepatosomatyczny
IgM — immunoglobulina M

IL/FTL (relative intestinal length) — wzgledna dtugos¢ jelit

IL/GIT (intestine share in total gastrointestinal tract length) — procentowy udziat jelit w

catkowitej dlugosci przewodu pokarmowego
JTK — jednostka tworzaca koloni¢

Kp (nitrogen-to-protein conversion factor) — empiryczny wspotczynnik konwersji biatka

ogolnego

LER (lipid efficiency ratio) — wydajnos$¢ wzrostowa thuszcz paszowego

NEFA (non-estrified fatty acids) — wolne kwasy tluszczowe

PD (pellet bulk density) — gesto$¢ nasypowa peletu

PER (protein efficiency ratio) — wydajnos¢ wzrostowa biatka paszowego

PL/FTL (relative proximal intestine length) — wzgledna dtugos¢ jelita proksymalnego

PL/GIT (proximal intestine share in total gastrointestinal tract length) — procentowy

udziat jelita proksymalnego w catkowitej dlugosci przewodu pokarmowego
PPV (protein production value) — wartos¢ produkcyjna biatka paszowego

PWG (percent of fish body weight gain) — procentowy przyrost masy ciata



SGR (specific growth rate) — wzgledny dobowy przyrost masy jednostkowej ryby
SR (survival rate) — wskaznik przezywalnosci ryb

SS (spleen share) — procentowy udziat §ledziony

SV (sinking velocity) — pr¢dkos¢ opadania peletu

TC (total cholesterol) — cholesterol catkowity

TP (total protein) — biatko catkowite

VI (volume increase) — wzrost objetosci

VSI (viscerosomatic index) — indeks wiscerosomatyczny

WS (water stability) — stabilno$¢ peletu w wodzie



Streszczenie

Akwakultura obecnie stoi przed wyzwaniem zrownowazenia  produkcji.
Wykorzystywane w niej materialy paszowe — mgczka rybna i olej rybny — sg
identyfikowane jako jedne z najbardziej negatywnie wplywajacych na srodowisko.
W pespektywie postepujacych probleméw zwigzanych z eksploatacja srodowiska oraz
potrzebg odpowiedzi na upodobania konsumentow, owady s3 obiecujgca alternatywa.
Maczki pelnottuste, maczki odtluszczone i1 oleje z biomasy owadow sg aktualnie jednymi
z najczesciej rozwazanych zamiennikow dla standardowo stosowanych komponentow
biatkowych i energetycznych. W zwiazku z powyzszym przeprowadzono cykl badawczy,
ktorego celem byta ocena wptywu zastosowania maczek z owadoéw jako alternatywy dla
maczki rybnej w dietach dla ryb tososiowatych na parametry i zréwnowazenie
srodowiskowe odchowu, wspolczynniki strawnosci sktadnikéw pokarmowych, indeksy
organosomatyczne, pomiary histomorfometryczne jelit, mikrobiom przewodu
pokarmowego oraz parametry biochemiczne surowicy krwi. Przeprowadzono roéwniez
oceng wlasciwosci fizycznych pasz oraz barwy i jakosci migsa ryb. W eksperymencie |
zbadano wptyw zastosowania w dietach dla narybku troci wedrownej petotlustych
maczek z macznika mtynarka oraz drewnojada poddanych hydrolizie enzymatycznej.
W eksperymencie II oceniono efekt wzrastajacego udziatu (0%, 5%, 10% i 20%)
pelnottustej maczki z biomasy larw Hermetia illucens w paszach dla narybku pstraga
potokowego. Natomiast w eksperymentach III oraz IV zbadano wptyw wzrastajacego
udziatu (0%, 5%, 10% i 15%) petotlustej maczki z biomasy larw Hermetia illucens
w dietach dla narybku oraz mlodocianych osobnikow tososia atlantyckiego. Bazujac na
uzyskanych wynikach, mozliwe jest zastosowanie hydrolizowanych maczek z macznika
mtynarka i drewnojada w paszach dla narybku troci wedrownej w udziale do 10%.
Mozliwe jest uzycie petnotlustych maczek z Hermetia illucens w paszach
przeznaczonych dla narybku pstraga potokowego (do 20% w paszy) i tososia
atlantyckiego (do 10% w paszy dla narybku oraz do 15% w paszy dla osobnikow
mtodocianych). Co wigcej, dowiedziono, ze zastosowane w paszach maczki z owadow
moga modyfikowa¢ mikrobiom przewodu pokarmowego, wplywaé¢ na jego budowe
histomorfometryczng, a takze na biochemiczne parametry surowicy krwi u ryb
tososiowatych. Zastosowanie pelnottustej maczki z Hermetia illucens zwigkszyto

zréwnowazenie srodowiskowe chowu ryb lososiowatych.
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Summary

Aquaculture currently faces the challenge of reaching sustainable production. The feed
materials used in aquaculture — fishmeal and fish oil — are identified as one of the most
negatively affecting the environment. In the perspective of progressive problems related
to the exploitation of the environment and the need to respond to consumer preferences,
insects are a promising alternative. Insects full-fat meals, defatted meals and oils are
currently one of the most frequently considered replacements for the standard protein and
energy components. Therefore, a research cycle was carried out to assess the impact of
the use of insect meals as an alternative to fishmeal in salmonids diets on the growth
performance, feed utilization, environmental sustainability, nutrients digestibility
coefficients, organosomatic indices, histomorphometric measurements of the intestines,
gastrointestinal tract microbiome, and biochemical parameters of blood serum. In
addition, the physical properties of feed, as well as the color and quality of fish meet were
assessed. In experiment |, the effect of usage of hydrolyzed full-fat mealworm and
superworm meals in sea trout fry diets was assessed. In experiment Il, the increasing
inclusion (5%, 10%, and 20%) of Hermetia illucens larvae full-fat meal in brown trout
fry diets was tested. While in experiments 111 and IV, the effect of the increasing inclusion
(5%, 10%, 15%) of Hermetia illucens larvae full-fat meal in diets for Atlantic salmons
fry and pre-smolts was evaluated. Based on the obtained data, it is possible to use
hydrolyzed mealworm and superworm meals in sea trout nutrition in the share of up to
10%. It is also possible to implement Hermetia illucens larvae full-fat meals in brown
trout (up to 20% of feed) and Atlantic salmon (up to 10% for fries and up to 15% for pre-
smolts) nutrition. Additionally, it has been proven, that insect meals as a part of salmonids
diets can modify the microbiome of gastrointestinal tract, affect its histomorphometric
structure, as well as the biochemical parameters of blood serum. The usage of Hermetia
illucens larvae full-fat meal improved the environmental sustainability of salmonids

rearing.
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1. Wstep

Akwakultura ma istotny wktad w $wiatowe bezpieczenstwo zywnosciowe, jednak
jej dalszy rozwo6j wymaga¢ bedzie transformaciji w zarzadzaniu zasobami naturalnymi,
osobowymi i intelektualnymi w celu rozwoju opartego na innowacjach technologicznych
I procesowych oraz nowych inwestycjach o wysoce zrownowazonym s$rodowiskowo
charakterze (FAO, 2022). Catkowita produkcja rybotowstwa i akwakultury w roku 2020
osiggneta 214 milionéw ton, co w pordwnaniu z rokiem 2018 stanowi wzrost 0 19,6%.
Druga z wymienionych gat¢zi w roku 2020 wyniosta globalnie produkcje 123 milionéw
ton surowcow — przekraczajac skale pozyskania zasobéw pochodzacych z polowow
wynoszacg 91 min ton. W roku 2018 produkcja akwakultury wynosita 82 miliony ton,
osiggajac niespotykany w innych obszarach produkcji zwierzgcej niemal 50% wzrost
w ciggu zaledwie dwoch lat. Jednoczes$nie nalezy zauwazy¢, ze wachlarz gatunkow
utrzymywanych i produktéw dostarczanych na rynek przez akwakulturg ulega ciaglemu
poszerzeniu. W chwili obecnej sg to przede wszystkim ryby hodowlane stodkowodne,
stonowodne i dwusrodowiskowe, skorupiaki (przede wszystkim krewetki, kraby 1 raki),
migczaki (ostrygi, przegrzebki, malze i omulki), bezkrggowce, zotwie, zaby oraz algi
(FAO, 2020; FAO, 2022).

Co istotne, zdecydowana wigkszo$¢ produkcji akwakultury pochodzi z chowu
stodkowodnych gatunkoéw ryb, podczas gdy rybotéwstwo jest glownym Zrodiem
gatunkéw dwusrodowiskowych i stonowodnych. Swiatowe potowy morskie od konca lat
90-tych XX wieku na podstawie przepisow lokalnych i umoéw miedzynarodowych sa
limitowane do poziomu okolo 100 miIn ton. Ograniczenie to jest jedng z gtownych
przyczyn rozwoju akwakultury w dobie wzrastajacego zapotrzebowania na produkty
z organizmOw wodnych. Kolejna przestanka uniemozliwiajaca zwigkszenie polowdw
morskich s3 postgpujace zmiany klimatu, prowadzace do zaburzen cyrkulacji wod
oceanicznych, istotnego obnizania zawartosci tlenu w wodzie, zatamania gradientow
temperaturowych i polaczen poszczegdlnych poziomoéw sieci troficznych (Free i in.,
2019). Rybotoéwstwo przyczyniajac si¢ do nadmiernej eksploatacji zasobow morskich
I oceanicznych, dodatkowo zwigksza wyzej opisang presj¢ antropogeniczng na
ekosystemy, co wplywa na zmniejszenie bior6znorodnosci i negatywnie modyfikuje
ekosystemy wodne (Worm i in., 2009). Nalezy podkresli¢, ze dazac do gospodarowania
zasobami naturalnymi z poszanowaniem mozliwosci regeneracji ekosystemow, nie tylko
skala potowow ale termin, technologia i zakres ich prowadzenia sg istotne. W zwigzku

z powyzszym jednym z najwazniejszych obecnie zadan jest oszacowanie wzajemnej
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relacji polowow zrownowazonych i negatywnie oddzialujacych na $rodowisko.
W ostatnich latach obserwuje si¢ znaczacy wzrost potowow morskich odbywajacych si¢
w sposob niezrownowazony srodowiskowo (FAO, 2022) (Ryc. 1). Najczesciej taka
sytuacja ma miejsce w obszarach poludniowo-wschodniego Pacyfiku, Morza
Srédziemnego i Morza Czarnego. Przelowienie nastepuje w sytuaciji, gdy skala potowow
przekracza naturalne mozliwosci regeneracyjne populacji organizmoéw zasiedlajacych
towisko. Sytuacja ta prowadzi do zalamania struktury populacji gatunkoéw docelowych,
jak rdwniez stanowigcych przytow. Maksymalne wykorzystanie towisk — uznawane przez
FAO jako zréwnowazone — nalezy uznaé sytuacj¢, w ktorej prowadzona jest najwyzsza
skala pozyskania umozliwiajaca odradzanie si¢ tych populacji. Natomiast jako
zrobwnowazone wykorzystanie towisk definiuje si¢ wykorzystanie zasobow ponizej
zdolno$ci produkcyjnych i odtworzeniowych ekosystemow wykorzystania zbiornika

wodnego.

100%
90%

0%
1974 1980 1980 2000 2010 2019

Rycina 1. Zmiany udzialéw poszczegolnych statusow zréwnowazenia

srodowiskowego ryboléwstwa morskiego w latach 1974-2019 (zrédlo: FAQ, 2022).

13



Niemniej jednak, od 2000 roku obserwuje si¢ znaczacy wzrost produkcji ryb
w systemach akwakultury i dotyczy on zarowno gatunkéw stodkowodnych,
stonowodnych oraz dwusrodowiskowych (FAO, 2022). W przypadku ryb hodowanych
w akwakulturze stodkowodnej, znaczng ich czgs¢ (az 57,8%) stanowig ryby z rodziny
karpiowatych. Na kolejnym miejscu plasujg sig tilapie (11,2%), przy czym w najwigkszej
ilosci produkowana jest tilapia nilowa (Oreochromis niloticus) i stanowi az 9% $wiatowej
produkcji. Pangi stanowia 5,1% $wiatowej produkcji, natomiast sumy 2,5%. W czotowce
znajduje si¢ rOwniez pstrag teczowy (Oncorhynchus mykiss), przedstawiciel rodziny

tososiowatych, zajmujacy 13 miejsce w swiatowej produkcji (Ryc. 2).

Pozostate gatunki

20,60%
Bassy 1,30%
Karpiowate
57,80%
Pstrag teczowy
1,50%

Sumy 2,50%

Pangi 5,10% I NI

Tilapie 11,20% —————=

Rycina 2. Swiatowa produkcja gléwnych grup ryb w akwakulturze stodkowodnej
(na podstawie danych FAO, 2022).

Z kolei w przypadku akwakultury stonowodnej, znaczny udzial stanowig ryby
tososiowate (tacznie 37,9% globalnej produkcji), z trzema wiodgcymi gatunkami: tosos
atlantycki (Salmo salar) — 32,6% produkcji, kizucz (Oncorhynchus kisutch) — 2,7%
produkcji oraz pstrag teczowy — 2,6% produkcji. Na drugim miejscu znajduje si¢ chanos
produkowany obecnie na poziomie 14%. Znacznie mniejsze udzialy w $wiatowej
produkcji maja mugilowate (3,5%), dorada (3,4%), kulbinowate (3%) oraz labraks
(2,9%). Pozostate gatunki stanowig az 35,5% globalnej wartosci (Ryc. 3).
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Pozostate gatunki Lososiowate

35.30% 37,90%
Labraks 2,90%
Kulbinowate *t'._:;.-
3,00% s Chanos 14,00%
Dorada 3,40% Mugilowate 3,50%

Rycina 3. Swiatowa produkeja gléwnych grup ryb w akwakulturze stonowodnej (na
podstawie danych FAO, 2022).

Akwakultura bedac komplementarnym, a réwnocze$nie alternatywnym dla
rybotowstwa zrodlem produktow obecnie stoi przed wyzwaniem zrownowazenia
produkcji. Wykorzystywane w niej materialy paszowe — maczka rybna i olej rybny — sg
identyfikowane jako jedne z najbardziej wptywajacych na srodowisko i przyczyniajacych
si¢ do postepujacego globalnego ocieplenia (Ghamkhar i Hicks, 2020). Szacuje sig, ze
sektor akwakultury zuzywa okoto 69% catkowitej swiatowej produkcji maczki rybnej
oraz nawet 75% catkowitej produkcji oleju rybnego, co w duzym stopniu czyni go
uzaleznionym od potowdéw morskich (Naylor i in., 2021). Bazujac na danych
z roku 2018, okoto 12% s$wiatowej produkcji ryb wykorzystana zostata na cele
niezwigzane z wyzywieniem populacji ludzkiej. Zwracajac uwage na konkretne grupy
gatunkoéw, produkcja ryb tososiowatych, bedacych gtownym zainteresowaniem niniejszej
pracy, zuzywa okoto 14% maczki rybnej stosowanej w akwakulturze, przy jednoczesnym
wykorzystaniu 72% stosowanego oleju rybnego (FAO, 2020). Pomimo stosowania
licznych prob zréwnowazenia produkcji maczki i oleju rybnego nadal 73% maczki rybnej
pochodzi z przetwoérstwa catych ryb, w przypadku oleju rybnego ma to miejsce dla 52%
(FAO, 2022). Wysoki stopien zaleznosci stale rosnacej produkcji akwakultury od dwoch
wspomnianych materiatow paszowych, ma swoje odzwierciedlenie w nieustannie
zwigkszajacych si¢ cenach tych komponentow 1 stanowi dilugoterminowe wyzwanie
ekonomiczne, spoteczne i srodowiskowe (Ghamkhar i Hicks, 2020). W roku 2021 $redni

indeks cen ryb opracowany przez FAO wyniost o 7,2% wigcej w porownaniu do roku
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2020, a szacunki na rok 2022 wskazuja na wzrost o 19% w poréwnaniu do roku

poprzedniego juz w pierwszym kwartale (FAO, 2022).

Opisane powyzej trudnoSci zwigzane =z zastosowaniem maczki rybnej
i oleju rybnego jako glownych zrédet biatka i tluszczu paszowego w produkcji
akwakultury staly si¢ przestankami do poszukiwania alternatyw. Koniecznos¢ redukcji
udziatéw tych materiatow w paszach dla ryb przyczynita si¢ do wzrostu zastosowania
komponentow pochodzenia roslinnego (Fry i in., 2016). Niemniej jednak, produkty te
wplywaja negatywnie na $rodowisko naturalne poprzez zwickszenie zuzycia wody
I zajmowanie kolejnych areatow rolnych (Foley i in., 2011; Pahlow i in., 2015), a takze
znacznie wigksza produkcje odpadow (Kokou i Fountoulaki, 2018; Piedrahita 2003). Co
wigcej, materiaty paszowe pochodzenia ro§linnego moga charakteryzowacé si¢ obecnos$cia
czynnikow antyzywieniowych. W przypadku najczgéciej stosowanej alternatywy —
poekstrakcyjnej $ruty sojowej — obecne sg inhibitory trypsyny zmniejszajace strawnosé¢
biatka, a takze saponiny, pogarszajace smakowito$¢ paszy. Dodatkowo, w przypadku ryb
tososiowatych zywionych paszami z udzialem materiatow paszowych wytworzonych
z ziarna soi, odnotowywano wystepowanie zapalenia jelita dystalnego, a takze
pogorszone parametry rozrodu (Hardy 1996, 2010; Lazzarotto i in., 2015). Nalezy
rowniez podkresli¢, ze w przypadku materiatdw pochodzenia roslinnego nie zawsze
procesy technologiczne (takie jak ekstruzja) bgdg utylitarnym sposobem dezaktywacji
sktadnikow szkodliwych. Wiele z nich jest opornych na procesy przetworstwa i naleza
do nich miedzy innymi kwas fitynowy, gossypol, garbniki czy glukozynolany (Hardy
2010; Krogdahl i in., 2015). Ponadto, stosowanie roslinnych komponentow paszowych
z wysokg zawarto$cig wiokna i weglowodandéw nieskrobiowych w przypadku ryb
drapieznych moze zmniejsza¢ biodostepnos¢ energii w dietach, co prowadzi do nizszych
przyrostow masy ciata, a przede wszystkim wyzszego wykorzystania biatka na cele
energetyczne (Sanz i in., 2000). Jednak aspekty zywieniowe nie stanowig jedynego
problemu w wykorzystaniu tego zrodta sktadnikow pokarmowych. Podobnie jak
w przypadku maczki rybnej, obserwowany jest wzrost cen soi (FAO, 2018), co wiecej,
znaczna cze$¢ importu stanowig rosliny genetycznie modyfikowane. Pomimo faktu, iz
nie istniejg dostgpne dane literaturowe, ktore potwierdzatyby szkodliwos$¢ roslin GMO,
zarobwno w zywieniu czlowieka, jak i w stosowaniu ich jako komponentow paszowych

u zwierzat gospodarskich, temat ten wcigz budzi powazne obawy wsrdd konsumentow

(Ardebili i Rickertsen, 2020).
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W pespektywie postepujacych problemow zwigzanych z eksploatacja sSrodowiska
oraz potrzebg odpowiedzi na upodobania konsumentdéw, owady sa obiecujaca
alternatywa. Maczki pelnotluste, maczki odttuszczone i oleje z biomasy owadow sg
aktualnie jednymi z najczg¢$ciej rozwazanych zamiennikow dla standardowo
stosowanych komponentow biatkowych i energetycznych. Prowadzony jest nad nimi
szereg badan zaréwno rozwojowych, jak i wdrozeniowych. Nalezy podkresli¢, ze warto$¢
pokarmowa owadow 1 ich zastosowanie, rowniez w zywieniu cztowieka, byly obiektem
badan jeszcze u schytku XX wieku (Bukkens 1997). Poczatkowo najczes$ciej omawianym
gatunkiem byta mucha domowa (Musca domestica), a produkowana z niej maczka
»maggot meal” wykorzystywana byla glownie w doswiadczeniach poswieconych
zastgpieniu maczki rybnej w zywieniu drobiu (Akpodiete i in., 1998; Cadag i in., 1981).
Wraz z poczatkiem XXI wieku poswigcano wigcej uwagi innym gatunkom, a obiektem
badan staty si¢ $wierszcze (Wang i in., 2004, 2005). W poézniejszym czasie gamg
stosowanych gatunkoéw znacznie rozszerzono. W dostepnej literaturze naukowej
przedmiotu znajduja si¢ prace omawiajace Wykorzystanie produktow pochodzacych
z owadow z rodziny czarnuchowatych (Tenebrionidae) — macznika mtynarka (Tenebrio
molitor) (Ballitoc i Sun, 2013; Bovera i in., 2015; Ravzanaadii i in., 2012) oraz
drewnojada (Zophobas morio) (Benzertiha i in., 2019; Latney i in., 2017). Insekty te
szeroko stosowano rowniez w do$wiadczeniach zywieniowych na catym spektrum
gatunkow ryb (Gasco i in., 2016; Rahman Jabir i in., 2012; Ng, 2001; Sanchez-Muros
I in., 2016), w tym rybach tososiowatych (Belforti i in., 2015; Dogankaya, 2016; Gasco
I in., 2014). W chwili obecnej najczesciej omawianym gatunkiem jest Hermetia illucens
(ang. — black soldier fly), ktorej produkcja ma swoje zastosowanie zaroOwno w zywieniu
drobiu (Kawasaki i in., 2019; Kieronczyk i in., 2020, 2022; Sypniewski i in., 2020),
trzody chlewnej (Yu i in., 2019, 2020), zwierzat przezuwajacych (Jayanegara i in., 2017,
Mulianda i in., 2020) oraz ryb (Magalhaes i in., 2017; Rawski i in., 2020; Tippayadara
i in., 2021), w tym takze gatunkow tososiowatych (Belghit i in., 2019a; Bruni i in., 2020;
Jozefiak i in., 2019; Stadtlander i in., 2017). Intensyfikacja prac badawczych nad
zastosowaniem produktow pochodzacych z owadoéw jako innowacyjnych materiatow
paszowych staly si¢ powodem powstania korzystnych regulacji prawnych
(Rozporzadzenie Komisji (UE) 2017/893 z dnia 24 maja 2017 r. zmieniajgce zatgczniki I
i IV do rozporzadzenia Parlamentu Europejskiego i Rady (WE) nr 999/2001 oraz
zataczniki X, XIV i XV do rozporzadzenia Komisji (UE) nr 142/2011) w odniesieniu do

przepisow dotyczacych przetworzonego biatka zwierzgcego — ktore roéwniez
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przyspieszaja proces wdrazania ich do praktycznej produkcji zwierzat. Obecnie
dozwolone jest stosowanie przetworzonego biatka zwierzecego pochodzacego
z nastepujacych gatunkow owadow: Hermetia illucens, muchy domowej (Musca
domestica), macznika mtynarka (Tenebrio molitor), plesniakowca 1snigcego (Alphitobius
diaperinus), $wierszcza domoweg0o (Acheta domesticus), $wierszcza bananowego
(Gryllodes sigillatus), swierszcza kubanskiego (Gryllus assimilis) oraz jedwabnika

morwowego (Bombyx mori).

Gléwnym argumentem przemawiajacym za stosowaniem  produktow
pochodzacych z owadow w zywieniu zwierzat jest ich zrownowazenie Srodowiskowe
(Smetana i in., 2021). W pracy Quang Tran i in. (2022) porownywano ze soba rozne
zrédta biatka: maczki z owadoéw, maczke rybna, poekstrakcyjng $rute sojowa, roslinne
koncentraty biatkowe, mikroalgi oraz biatka jednokomdrkowe, pod katem wptywu ich
produkcji na rézne aspekty srodowiskowe. W zdecydowanej wigkszosci badanych
parametréw maczki z owadow byly bezkonkurencyjne. Wykazano, ze ich produkcja
zuzywa najmniejsze ilosci wody i w najnizszym stopniu przyczynia si¢ do eutrofizacji.
Réwnoczesnie obserwuje si¢ niskie zuzycie energii, znaczne ograniczenie uzytkowanej
powierzchni produkcyjnej, a ich potencjal do generowania globalnego ocieplenia jest
prawie zerowy. Najbardziej eksploatujagcymi srodowisko komponentami paszowymi sg
maczka rybna i poekstrakcyjna Sruta sojowa (szczegoélnie pod katem zuzycia wody,
energii 1 postepujacej eutrofizacji). Warto roOwniez zauwazy¢, ze podobnie jak
w przypadku produkcji pozostatych zwierzat gospodarskich, przemystowa hodowla
owadow moze generowaé szereg gazOw, w tym réwniez tych przyczyniajacych si¢ do
globalnego ocieplenia. Do gazéw najczgsciej rejestrowanych w trakcie wielkoskalowej
hodowli owadoéw zaliczane sa amoniak, metan, tlenek diazotu oraz dwutlenek wegla.
Niemniej jednak ilo§¢ emitowanych gazow jest nieporownywalnie niska w stosunku do
innych sektorow produkcji zwierzgeej (Halloran i in., 2018). Co istotne, owady
charakteryzuja si¢ rowniez wysoka wydajnoscig przetwarzania pasz (co jest typowe dla
gatunkéw zmiennocieplnych), a substrat hodowlany mogg stanowi¢ bioodpady. Szacuje
sig, ze z 2 kg biomasy mozna wyprodukowa¢ srednio 1 kg zywca owadow (Makkar i in.,
2014). Czynnikiem pozornie ograniczajagcym zastosowania maczek z owadow
w zywieniu ryb moze by¢ ich dostgpnos¢ i cena. W obecnej chwili, w zaleznosci od
gatunku koszt surowcowy 1 kg maczki ksztattuje si¢ na poziomie 2,8 - 6 €. Natomiast

cena maczki rybnej w zalezno$ci od klasy wynosi 2,5 - 4 €. Warto zauwazy¢, ze
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w perspektywie nieustajacego wzrostu cen maczki rybnej, powstajg prace, w ktorych
potwierdzono optacalno$¢ wykorzystania alternatywnej maczki z owadow w produkcji
ryb (Rawski i in., 2021). Optacalnos$¢ ta jest jednak zalezna od gatunku ryb, rodzaju
maczki (gatunku owadow, stosowanie maczek odtluszczonych, czgSciowo
odttuszczonych oraz pelnotlustych) oraz udzialu zastosowanej maczki w diecie (Stejskal
I in., 2020). Materialy wytworzone z biomasy owadow jako innowacyjne komponenty
paszowe spotykaja si¢ ze znacznie wyzsza akceptacjag wsréd konsumentow niz ma to
miejsce w przypadku organizmow GMO. Wedlug danych literaturowych opartych
o badania ankietowe, znaczna czes$¢ respondentéw deklaruje pozytywny stosunek do
migsa zwierzat gospodarskich i ryb, ktére zywione byty maczkami i olejami z owadow
(Laureati i in., 2016; Mancuso i in., 2016; Popoff i in., 2017; Verbeke i in., 2015). Oprocz
ceny, smaku, jakos$ci mikrobiologicznej i wptywu na zdrowie, konsumenci zwracaja
rébwniez uwage na zrownowazenie Srodowiskowe produktéow (Szendrd i in., 2020;
Verbeke i in., 2015), a takze podkreslajg, ze informacja o materialach paszowych
zastosowanych w akwakulturze i ich wptywie na $rodowisko moze warunkowac

dokonywane przez nich wybory zakupowe (Bazoche i Poret, 2016).

Na warto$¢ pokarmowg owadow sktada si¢ ich profil chemiczny, a takze szereg
aspektow funkcjonalnych. Glownymi sktadnikami pokarmowymi wystepujacymi
w owadach jest biatko ogdlne, ktorego procentowy udziat w zalezno$ci od gatunku waha
si¢ pomiedzy 40 a 70%, a takze tluszcz surowy, ktorego zawarto$¢ ksztattuje sie na
poziomie 25 do 55% suchej masy (Jozefiak i in., 2016). Nastepnym w kolejnosci
sktadnikiem jest popiot surowy, ktorego ilo§¢ wahaé si¢ moze miedzy 3-5% suchej masy
(Finke, 2013; Zielinska i in., 2015). Owady na og6t zawieraja wiecej fosforu niz wapnia
co wigze si¢ z niekorzystnym stosunkiem tych dwoch pierwiastkéw. Pod tym wzgledem
wyrdzniajacym si¢ gatunkiem jest Hermetia illucens, u ktérego poziom wapnia jest
wyzszy niz fosforu. Wynika to z faktu, iz larwy tego gatunku w poréwnaniu do innych
posiadajg zmineralizowany egzoszkielet (Oonincx i Finke, 2021). Réwnoczesénie fosfor
wystepujacy w owadach cechuje si¢ wysoka biodostepnoscig — w poréwnaniu do roslin
nie jest zwigzany w formie fitynianoéw. Nalezy rowniez nadmieni¢, iz waznym
sktadnikiem znajdujacym sie w egzoszkielecie owadow jest chityna, nalezaca chemicznie
do polisacharydow. Przydatnos¢ tego zwigzku w paszach dla zwierzat zawierajacych
produkty pochodzace z owadéw mozna rozpatrywac¢ dwojako. Z jednej strony literatura

naukowa wskazuje, iz chityna ma zdolno$¢ do wigzania si¢ z biatkiem ogdlnym (Finke,
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2007), co moze wptywac na obnizenie jego strawnosci (Marono i in., 2015). W przypadku
owadow stosowanie standardowego wspotczynnika konwersji biatka (N x 6,25) moze
prowadzi¢ do przeszacowania jego ilosci — dla maczek z owadow warto$¢ wspdiczynnika
konwersji biatka szacowana jest na poziomie 4,76 — 5,60 (Janssen i in., 2017). Inne prace
natomiast zwracaja uwage na pozytywny aspekt obecnosci chityny i jej pochodnych
w dietach dla ryb, ze wzgledu na polepszenie ich zdrowotno$ci i statusu
immunologicznego (Cha i in., 2008; Esteban i in., 2001). Chityna nie jest jedynym
zwiazkiem wystepujacym w owadach wykazujagcym potencjalnie korzystne efekty na
kondycje  ryb.  Szeroko opisywane s3  réwniez  specyficzne  biatka
przeciwdrobnoustrojowe (AMPs — antimicrobial peptides). Sa to kationowe bialtka
o niskiej masie czasteczkowej (od kilku do kilkudziesigciu kDa), ktore wykazuja
aktywno$¢ przeciwko bakteriom, grzybom, a takze niektérym wirusom i pasozytom
poprzez perforacje ich zewnetrznej btony lub otoczki (Jozefiak i in., 2016). Potwierdzono
w literaturze naukowej, ze ekspresja AMPs zalezy miedzy innymi od podawanej owadom
paszy w trakcie tuczu (Vogel i in., 2018). Kolejnym zwiazkiem, ktory powszechnie
wystepuje w owadach i ktory czesto wymieniany jest z uwagi na jego funkcjonalnosé
w zywieniu zwierzat jest kwas laurynowy (Gasco i in., 2018). Wykazuje on aktywnos¢
przeciwdrobnoustrojowa wobec Esherichia coli, Clostridium perfringens oraz
Salmonella spp. (Skrivanova i in., 2007), natomiast materiaty paszowe bogate w kwas
laurynowy wykazuja pozytywny wpltyw na histomorfometri¢ przewodu pokarmowego
(Yazici i in., 2022). Stwierdzono rowniez, iz zawarto$¢ thuszczu oraz popiotu surowego
zalezne sg od stosowanego w chowie owadow pokarmu (Kieronczyk i in., 2020). Larwy
BSF utrzymywane na substratach o wysokiej koncentracji energii zmieniaja si¢
w poczwarki z wyzsza zawarto$cig thuszczu bogatego w $rednio-tancuchowe kwasy

thuszczowe (MCFA) (Spranghers i in., 2017).

Jednym z powodow, dla ktorego produkty pochodzace z owadow sa tak obszernie
testowane w do$wiadczeniach Zywieniowych na rybach jest fakt, iz stanowig one czg$§¢
ich naturalnego pokarmu (Stenberg i in., 2019). Zdecydowana wigkszo$¢ dziko zyjacych
gatunkow ryb zywi si¢ owadami przystosowanymi do zycia w wodzie (Hodar i in., 2020).
Ideg, ze wdrozenie materiatbw paszowych pochodzacych z owaddéw w zywieniu
akwakultury jest powrotem do ewolucyjnego przystosowania tych zwierzat do
proponowanego pokarmu dodatkowo popiera fakt, iz niektore gatunki ryb charakteryzuja

si¢ aktywnoscig specyficznego enzymu — chitynazy — w przewodzie pokarmowym,
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ktorego dziatanie ma wysokie znaczenie odzywcze. Co wigcej, chityna rozlozona
w procesie chitynolitycznym moze by¢ wchlaniana przez przewdd pokarmowy
efektywniej niz glukoza (Hoar i1 in., 1979). W przypadku tososia atlantyckiego
potwierdzono ekspresje chitynazy w roznych tkankach: zotagdkows, ktorej rola skupia si¢
przede wszystkim na dodatkowym trawieniu chityny, a takze jelitowa. Niemniej jednak,
doktadny sposob dziatania i zalezno$ci opisanych enzymow pozostaja nieznane (Holen
i in., 2022). Ewolucyjne przystosowanie ryb do pobierania sktadnikoéw pokarmowych
z owadow poszerza mozliwosci praktycznego wykorzystania tego materialu paszowego
w ich dietach. Surowce pochodzace z owaddéw wykorzystywano juz w zywieniu ryb
tososiowatych: pstragdéw teczowych (Belforti i in., 2015; Bruni i in., 2020; Cardinaletti
i in., 2019; Jozefiak i in., 2019) czy troci wedrownej (Salmo trutta m. trutta) (Hoffmann
i in., 2020; Hoffmann i in., 2021a; Hoffmann i in., 2021b), jednak najwi¢cej prac skupia
si¢ na zastosowaniu ich u tososia atlantyckiego (Belghit i in., 2019a; Biancarosa i in.,
2019; Stenberg i in., 2019; Weththasinghe i in., 2021).

Jednakze dane dotyczace efektow wdrazania produktéw pochodzacych z biomasy
larw owadow w zywieniu ryb wcigz nie dajg jednoznacznej odpowiedzi dotyczacych
optymalnych udziatéw w dietach. Konieczne jest holistyczne podejscie skupiajgce
w sobie nie tylko wplyw zastosowanych materiatbw na wyniki produkcyjne
i wykorzystanie paszy, ale rowniez na funkcjonowanie i rozwéj przewodu pokarmowego
oraz mikrobiom jelitowy. Jednoczesnie z perspektywy postepujacych problemow
ekologicznych waznym aspektem jest ocena zrownowazenia srodowiskowego chowu
ryb. W zwiazku z powyzszym, podjeto realizacje cyklu badawczego z zastosowaniem

maczek z biomasy larw owadoéw w zywieniu trzech gatunkoéw ryb tososiowatych.

21



2. Hipoteza i cel badan

Na podstawie danych literaturowych sformutowano nastepujace hipotezy badawcze:

1. Maczki z biomasy larw owadoéw stanowig alternatywne zrodto biatka w dietach dla
ryb lososiowatych.

2. Zastosowanie w paszach maczek z biomasy larw owadow zwigksza zrownowazenie
srodowiskowe chowu ryb tososiowatych.

3. Czgséciowe zastagpienie maczki rybnej maczkami z biomasy larw owadéw nie wptywa
negatywnie na wykorzystanie pasz oraz wyniki odchowu i status nutrifizjologiczny

ryb tososiowatych.

Celem badan byla ocena wplywu zastosowania maczek z owadow jako
alternatywy dla maczki rybnej w dietach dla ryb tososiowatych na parametry
1 zrownowazenie $rodowiskowe odchowu, wspotczynniki strawnosci sktadnikow
pokarmowych, indeksy organosomatyczne, pomiary histomorfometryczne jelit,
mikrobiom przewodu pokarmowego oraz parametry biochemiczne surowicy Kkrwi.
Przeprowadzono rowniez oceng wlasciwosci fizycznych pasz oraz barwy i jako$ci migsa

ryb.
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3. Material i metody badawcze

Celem weryfikacji zaktadanych hipotez przeprowadzono cykl badawczy
sktadajacy si¢ z tacznie czterech eksperymentéw z udziatem trzech gatunkow ryb
tososiowatych (Salmonidae): troci wedrownej (Salmo trutta m. trutta), pstraga

potokowego (Salmo trutta m. fario) oraz tososia atlantyckiego (Salmo salar).

W eksperymencie | (Mikotajczak i in., 2020) zbadano wplyw zastosowania
w dietach dla narybku troci wedrownej pelnottustych maczek z macznika miynarka oraz
drewnojada, poddanych hydrolizie enzymatycznej na: wyniki wskaznikow wzrostu
i kondycji ryb oraz wykorzystania paszy, wyniki indeksoéw organosomatyczne,
charakterystyke histomorfometryczna jelit, sktad mikrobiomu przewodu pokarmowego
oraz parametry biochemiczne i immunologiczne surowicy krwi. W tym celu
przygotowano trzy pasze: kontrolng, bez udziatu maczek z biomasy larw owadow oraz
dwie diety doswiadczalne z udzialem maczek z biomasy larw testowanych gatunkow

owadow.

W eksperymencie Il (Mikotajczak i in., 2022) oceniono efekt wzrastajacego
udzialu petnottustej maczki z biomasy larw Hermetia illucens (BSFM) w paszach dla
narybku pstraga potokowego w modelu odpowiedzi na dawke na: wyniki wskaznikow
wzrostu i kondycji ryb oraz wykorzystania paszy, zrbwnowazenie sSrodowiskowe chowu,
wspétczynniki  pozornej  strawnosci  sktadnikow  pokarmowych,  indeksy
organosomatyczne, sktad mikrobiomu przewodu pokarmowego oraz parametry
biochemiczne surowicy krwi. Przygotowane zostaty cztery pasze: kontrolna, bez udziatu

BSFM oraz trzy pasze doswiadczalne z rosngcym udzialem BSFM.

W eksperymencie Il (Mikotajczak i in., 2023a) zbadano wptyw wzrastajacego
udziatu BSFM w paszach dla narybku lososia atlantyckiego na: wiasciwosci fizyczne
pasz, wyniki wskaznikow wzrostu 1 kondycji ryb oraz wykorzystania paszy,
zrownowazenie srodowiskowe chowu, wspotczynniki pozornej strawnosci sktadnikow
pokarmowych, indeksy organosomatyczne oraz pomiary histomorfometryczne jelit.
W eksperymencie IV (Mikotajczak i in., 2023b) zbadano wptyw udziatu BSFM
w paszach dla mlodocianych osobnikéw tososia atlantyckiego na parametry
i zrobwnowazenie srodowiskowe odchowu, indeksy organosomatyczne, charakterystyke
histomorfometryczna jelit oraz ocene barwy i jakos$ci migsa ryb. Dla obu eksperymentow

zastosowano model odpowiedzi na dawke i przygotowane zostaty po cztery pasze:
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kontrolna, bez udzialu BSFM oraz trzy pasze doswiadczalne z rosngcym udziatem
BSFM.

Wszystkie prace badawcze przeprowadzono zgodnie z Dyrektyws Parlamentu
Europejskiego i Rady 2010/63/UE z dnia 22 wrze$nia 2010 r. oraz Ustawg o ochronie
zwierzat wykorzystywanych do celow naukowych lub edukacyjnych z dnia 15 stycznia
2015,
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3.1. Eksperyment | (Mikolajczak i in., 2020)

3.1.1. Uklad doswiadczalny

Eksperyment przeprowadzono z udzialem narybku troci wedrownej, test
wzrostowy trwat 60 dni. Material biologiczny pochodzit z Zaktadu Do$wiadczalnego
Technologii Produkcji Pasz i Akwakultury w Muchocinie. Ryby po siedmiodniowym
okresie aklimacji zostaly zwazone oraz losowo podzielone na trzy grupy eksperymentalne
(Ryc. 5), kazda w trzech powtorzeniach — zbiornikach (25 ryb/zbiornik). Srednia masa

ciala ryb w pierwszym dniu do§wiadczenia wynosita 5,08 grama.

W grupie kontrolnej (CON) ryby otrzymywaly pasze, ktora nie zawierata maczki
z biomasy larw owadow, natomiast w grupach eksperymentalnych zastosowano pasze
z udzialem hydrolizowanych petnotlustych maczek z biomasy larw: macznika mtynarka

(TMD) oraz drewnojada (ZMD).

Grupa kontrolna CON Grupa doswiadczalna TMD Grupa doswiadczalna ZMD

Diety eksperymentalne

14,5% maczki rybnej; 14% maczki rvbnei:
25% maczki rybngj: 10% hydrolizowana maczka 10% h droﬁzowarr}l]a mJ czka
0% maczek z owadow 2 biomasy larw macznika z bioorgas larw drewng'ada
mtynarka y l

Tro¢ wedrowna (Salmo trutta m. trutta)

25 ryb/zbiornik 25 ryb/zbiornik 25 ryb/zbiornik
3 powtdrzenia 3 powtorzenia 3 powtodrzenia

Rycina 5. Schemat ukladu doswiadczalnego zastosowanego w eksperymencie |
(Mikolajczak i in., 2020)
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3.1.2. Maczki z biomasy larw owadow

Maczki z biomasy larw owadow zostaty dostarczone przez firme HiProMine S.A.
(Robakowo, Polska). W procesie wytworzenia pelnotlustych maczek larwy suszono

w temperaturze 50°C przez 24 h, a nastepnie zmielono.

3.1.3. Hydroliza maczek z biomasy larw owadéw

Petottuste maczki z biomasy larw macznika miynarka i drewnojada poddano
hydrolizie z wykorzystaniem dwoch endopeptydaz: Colorase 7090 (AB Enzymes GmbH,
Darmstadt, Niemcy) oraz Flavourzyme (Novozymes A/S, Dania). Pierwszy enzym
stosowano w celu rozktadu enzymatycznego biatka, natomiast drugi niwelowat gorzki
smak pozostawiony po dziataniu Colorase 7090. Dobdr enzyméw do doswiadczenia
dokonany zostal na podstawie dostepnej literatury naukowej (Ovissipour i in., 2010;
Wang i in., 2013; Zheng i in., 2012) oraz poprzednich badan zespotu (Hoffmann i in.,
2020). Pelnottluste maczki zmieszano z wodg destylowang w stosunku masowym 4:1 aby
uzyskac konsystencje odpowiednig do wykonania hydrolizy enzymatycznej. Nastepnie
enzymy dodano do zawiesiny maczek w stezeniu 1,5 g/kg biatka w diecie (Colorase 7090)
oraz 0,75 g/kg biatka w diecie (Flavourzyme). Czas inkubacji mieszanin maczek
z enzymem Colorase 7090 wynosit 3 h, natomiast po dodaniu Flavourzyme — 4 h.
Inkubacje przeprowadzono w szafie termostatycznej ST 3 Comfort (Pol-Eko Aparatura,
Wodzistaw Slaski, Polska) lacznie przez 7 h w temperaturze 50°C. Nastepnie
przygotowany materiat przechowywano w warunkach chtodniczych (4°C) do czasu
przygotowania pasz petnoporcjowych (12 h).

3.1.4. Przygotowanie diet doswiadczalnych

Na potrzeby doswiadczenia przygotowano diet¢ kontrolng (CON) oraz dwie diety
eksperymentalne. Diety zostaty zbilansowane na podstawie danych literaturowych
(Storebakken, 2009; Weththasinghe i in., 2021) i wczesniejszych badan zespotu
(Hoffmann i in., 2020; Jozefiak i in., 2019). Zapotrzebowanie na sktadniki pokarmowe
oparto o normy zywieniowe (NRC, 2011). W dietach eksperymentalnych zastosowano
10% udziat hydrolizowanych petnottustych maczek z biomasy larw macznika mtynarka
(TMD) lub drewnojada (ZMD), co stanowito zastapienie maczki rybnej na poziomie,
odpowiednio: 27,5% oraz 30%. Izobiatkowe i izoenergetyczne pasze (Tabela 3) zostaty
wytworzone w Zaktadzie Doswiadczalnym Technologii Produkcji Pasz 1 Akwakultury
w Muchocinie Uniwersytetu Przyrodniczego w Poznaniu. W trakcie procesu produkcji
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pasz wszystkie suche komponenty wymieszano z hydrolizowanymi maczkami
w mieszalniku wstegowym (WBN-150, WAMGROUP S.p.A., Ponte Motta/Cavezzo,
MO, Wiochy). Nastepnie esktrudowano z wykorzystaniem jednoslimakowej wyttaczarki
spozywczej typu S-60 (Metalchem, Gliwice, Polska) w temperaturze 110°C
z wykorzystaniem glowicy z matrycg z otworami o $rednicach 1,5 lub 2,5 mm. Gotowy
ekstrudat wysuszono w suszarni z wymuszonym przeptywem powietrza przez 24 h
w temperaturze 40°C, a nastepnie nattuszczono olejem rybnym w procesie obtaczania.
Gotowe pasze zapakowano w szczelne worki z nieprzezroczystego tworzywa sztucznego

I przechowywano w temperaturze -18°C do momentu skarmiania.
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Tabela 1. Sklad oraz wyniki analizy chemicznej diet w eksperymencie |
(Mikolajczak i in., 2020)

) Diety

Materiaty paszowe (g/kg) O =D D
Maczka rybnat 250,0 145,0 140,0
Maczka z macznika mtynarka? 0,0 100,0 0,0
Maczka z drewnojada® 0,0 0,0 100,0
Poekstrakcyjna $ruta sojowa* 100,0 100,0 100,0
Maka pszenna 2194 220,1 226,3
Gluten kukurydziany 150,0 150,0 150,0
Maczka z krwi® 70,0 100,0 100,0
Drozdze browarniane 35,0 35,0 35,0
Olej rybny 164,0 143,0 140,0
Fosforan dwuwapniowy 7,2 0,8 2,1
Premix witaminowo-mineralny?® 15 15 15
DL-Metionina 1,2 2,2 2,4
L-Lizyna HCL 11 18 2,0
L-Treonina 0,6 0,6 0,7
Sktad chemiczny (g/kg suchej masy), energia brutto
Sucha masa (g/kg paszy) 930 937 935
Biatko ogolne 480 511 498
Ttuszcz surowy 163 146 153
Popiodt surowy 65 54 51
Witbékno surowe 17 17 17
Chityna’ 0 9,3 4,8
ZBAW? 350 338 350
Energia brutto (MJ/kg) 22,18 22,77 22,55

! Skagen, Dania (biatko ogdlne: 71,4%, thuszcz surowy: 12,0%); 2 HiProMine S.A.,
Robakowo, Polska (sucha masa: 95,58%, biatko ogdlne: 47,0%, ttuszcz surowy: 29,6%); °
HiProMine S.A., Robakowo, Polska (sucha masa: 96,32%, biatko ogolne: 49,3%, tluszcz
surowy: 33,6%); * biatko ogdlne: 45,0%, thuszcz surowy: 1,8%; 5 APC Europe, Hiszpania,
suszona rozpylowo (biatko ogdlne: 90,0%); & Polfamix BASF Poland Ltd., Kutno, Polska
(9/kg): witamina A: 1 000,000 1U; witamina D3: 200,000 1U; witamina E: 1,5 g; witamina
K: 0,2 g; witamina B1: 0.05 g; witamina B2: 0,4 g; witamina B12: 0,001 g; kwas nikotynowy,
2,5 g; D-pantotenian wapnia: 1,0 g; chlorek choliny: 7,5 g; kwas foliowy: 0,1 g; metionina:
150,0 g; lizyna: 150,0 g; Fe: 2,5 g; Mn: 6,5 g; Cu: 0,8 g; Co: 0,04 g; Zn: 4,0 g; J: 0.008 g;
nosnik > 1000,0 g.; * Ilo$¢ kalkulowana z analizy chityny maczek z biomasy larw owadow; 8
Zwiazki bezazotowe wyciggowe = 1000 — (bialko ogoélne + ekstrakt eterowy + wiokno
surowe + popiot surowy)
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3.1.5. Techniczne warunki testu wzrostowego

Doswiadczenie wzrostowe przeprowadzono w hali odchowu ryb Pracowni
Rybactwa Srodladowego i Akwakultury na Uniwersytecie Przyrodniczym w Poznaniu.
Podchow ryb wykonano z zastosowaniem otwartego systemu zasilania wody, ktorg
czerpano z sieci wodociggowej. Woda przeznaczona do eksperymentu byta pobierana ze
zbiornika glownego o objetosci ok. 4 m>. Temperatura wody wynosita 14,7 £ 0,6 °C,
a natlenienie wody 7,5 + 0,3 mg Oz/dm®. Do pomiaru temperatury wody (°C) oraz
zawarto$ci rozpuszczonego w wodzie tlenu (mg O2/dm?) wykorzystano miernik CO-315
(Elmetron, Zabrze, Polska), natomiast konduktywno$¢ mierzono z zastosowaniem

miernika przewodnoséi EC-3 (HM-Digital, Redondo Beach, USA).

W okresie aklimacji ryby utrzymywano w zbiorniku o pojemnosci 500 dm?.
Zbiorniki przeznaczone do do§wiadczenia wykonane byly z laminatu witdkna szklanego
barwionego na szary kolor. Objetos¢ catkowita wynosita 60 dm3, natomiast objetosé
robocza 50 dm®. Projekt zbiornikoéw pozwalat na utrzymanie maksymalnego poziomu
wody wraz z przeptywem wynoszacym 2 dm®min. W hali odchowu ryb zastosowano
sztuczne oswietlenie, ktore pozwolito na utrzymanie fotoperiodu 16:8 (§wiatto:ciemno$¢)
przez caly czas trwania eksperymentu. Kontrola fotoperiodu byta mozliwa poprzez
zastosowanie cyfrowego programatora czasowego TSGE2 (Bemko, Warszawa, Polska).
Doswiadczenie trwato 8 tygodni, w tym czasie ryby karmiono paszami do§wiadczalnymi
W sposob ciagly przez 12 godzin/dobg przy zastosowaniu automatycznych karmnikow
tasmowych (FIAP Fishtechnik GmbH., Ursensollen, Niemcy). Ryby wazono co dwa
tygodnie w celu dostosowania dziennej nawazki paszy do aktualnej biomasy ryb, a na
podstawie wynikow masy ciata kalkulowano parametry wzrostowe i wykorzystanie
paszy. Dawke paszy oparto na wykresach zywieniowych dla tososi atlantyckich biorac
pod uwage mase ciala ryb oraz temperature wody. Smiertelno$é zwierzat byla
monitorowana codziennie, a w przypadku zaobserwowania osobnikow martwych

natychmiast je usuwano.

3.1.6. Wskazniki wzrostu i wykorzystania pasz oraz przezywalnos¢ ryb

Efektywno$¢ zastosowanych pasz petnoporcjowych oceniano na podstawie
wyliczonych wskaznikéw wzrostowych. Cykliczne pomiary liczebno$ci, biomasy ryb
oraz zuzycia paszy postuzyly do wyliczenia szeregu parametréw: koncowej masy ciata

(FBW), przyrost masy ciata (BWG), wzgledny dobowy przyrost masy jednostkowej ryby
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(SGR), wskaznik dziennego pobrania paszy (DIR), wspotczynnik wykorzystania paszy
(FCR), wydajno$¢ wzrostowa biatka paszowego (PER), wydajnos¢ produkcyjna biatka
paszowego (PPV) oraz wskaznik przezywalnosci ryb (SR):

FBW (g/szt.) = biomasa ryb w zbiorniku (g) / liczba ryb w zbiorniku (szt.)

BWG (g) = koncowa $rednia masa jednostkowa ryb (g) — poczatkowa $rednia masa

jednostkowa ryb (g)

SGR (%/dzien) = [(In koncowa $rednia masa jednostkowa ryb (g) — In poczatkowa §rednia

masa jednostkowa ryb (g)) / liczba dni doswiadczenia] x 100

DIR (%/dzien) = [(pobranie paszy (g) / biomasa ryb (g)) / liczba dni doswiadczenia] x
100

FCR (g/g) = masa pobranej paszy (g) / przyrost masy ciala (Q)
PER = przyrost masy ciata (g) / masa biatka zadanego rybom w paszy (g)

PPV = (retencja biatka w ciele ryb (g suchej masy) / masa bialka zadanego rybom w paszy
(9)) x 100

SR (%) = [koncowa ilos¢ ryb (szt.) / poczatkowa ilo$¢ ryb (szt.)] x 100
3.1.7. Pobranie materialu biologicznego

W ostatnim dniu doswiadczenia pobrano materiat biologiczny do analiz
laboratoryjnych. Okres$lono biomasg ryb w kazdym zbiorniku, nastepnie uSmiercono je
poprzez przedawkowanie MS-222 (Metanosulfonian trikainy, 300 mg/L). Krew
pobierano posmiertnie od 9 ryb/zbiornik, proby taczono ze wzglgedu na mala objetos¢
materialu badawczego uzyskujac 3 proby/zbiornik (9 prob/grupe). Proby krwi
przechowywano w lodowce przez 30 minut, a nast¢pnie oddzielono surowice poprzez
wirowanie (Hettich Zentrifugen, Tuttlingen, Niemcy) w nastgpujacych warunkach: 4°C
i 3500 obrotow/min przez 15 minut. Uzyskane proby surowicy przechowywano
w temperaturze —80°C. Osobniki wykorzystane do obliczania indekséw somatycznych
wazono 1 mierzono indywidualnie. W tym celu rejestrowano masy wnetrznosci i watroby,
ktore pobrano rowniez do pdzniejszego oznaczenia glikogenu watrobowego
i trojglicerydow (5 ryb/zbiornik; 15 ryb/grupe). Fragment jelita proksymalnego ryb
(9 ryb/grupe) zostata pobrana i przeniesiona do proboéwek z roztworem Bouina (Merck,

Darmstadt, Niemcy) do czasu dalszych analiz. Dodatkowo pobrano proby tresci
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pokarmowe;j jelit (12 ryb/zbiornik, proby taczono uzyskujac 3 proby/zbiornik), ktore
natychmiast zamrozono i przechowywano w temperaturze —80°C. Identyczng procedurg

kriokonserwacji zastosowano do pozostalych prob ciata ryb.

3.1.8. Indeksy organosomatyczne

Wyniki pomiaréw masy ciala, wnetrzno$ci oraz watroby uzyto do obliczenia

indeksow organosomatycznych zgodnie z literaturg naukowa (Hoffmann i in., 2020):
HSI (%) = (masa watroby (g)/masa ciata (g)) x 100
VSI (%) = (masa wnetrznosci (g)/masa ciata (g)) x 100

3.1.9. Analiza chemiczna materialu biologicznego

Analizie chemicznej poddano maczke rybng oraz hydrolizowane maczki
z biomasy larw owadéw wykorzystane do zbilansowania diet, pasze uzyte
w eksperymentach oraz proby ciata ryb. Przeprowadzono je zgodnie z zaleceniami
Association of Official Agricultural Chemists (AOAC, 2005) dla: suchej masy (934.01),
biatka ogolnego (976.05), ekstraktu eterowego (920.39), popiotu surowego (942.05) oraz
wiokna surowego (985.29). Sktad aminokwasowy biatka oraz profil kwasow
thuszczowych hydrolizowanych petnotlustych maczek z biomasy larw owadow
zanalizowano w akredytowanym laboratorium (J.S. Hamilton S.A., Gdynia, Polska).
Sktad aminokwasowy okreslono za pomoca wysokosprawnej chromatografii cieczowej
(HPLC) z automatycznym analizatorem aminokwaséw AAA 400 (Ingos Ltd., Praga,
Czechy). Profil kwasow tluszczowych okre§lono zgodnie z metodg EN-ISO 12966-
1:2015-01. Poziom energii brutto oznaczono zgodnie z metodg ISO 9831 przy
zastosowaniu bomby kalorymetrycznej (KL 12 Mn, Precyzja-Bit PPHU, Bydgoszcz,
Polska) standaryzowanej kwasem benzoesowym. Zawartos¢ chityny zostata okreslona

zgodnie z metoda opisang przez Soon i in. (2018).

3.1.10. Analiza histomorfometryczna jelit

Pobrane proby proksymalnych odcinkow jelit przeanalizowano zgodnie
z metodyka Sobolewskiej i in. (2017). Proéby odwodniono, oczyszczono i zatopiono
w blokach parafinowych. Uformowane bloki poci¢to na mikrotomie obrotowym Thermo
Shandon (Thermo Fisher Scientific, Waltham, Massachusetts, USA) na skrawki
o grubosci 10 pm. Przygotowane proby umieszczano na szkietkach mikroskopowych

pokrytych albuming jaja z dodatkiem glicerolu. Preparaty analizowano przy uzyciu
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mikroskopu AnMN-800 F (Opta-Tech, Warszawa, Polska) wyposazonego w kamerg
Opta-View do rejestracji obrazow mikroskopowych. W celu pomiaru wysokosci
1 szerokosci kosmkow jelitowych, a takze grubosci migsniowki zastosowano
oprogramowanie MultiScan v. 18.03 (Computer Scanning Systems Il Ltd., Warszawa,
Polska).

3.1.11. Analiza mikrobiomu jelitowego

Proby tresci pokarmowej jelit zostaly przygotowane 1 przeanalizowane zgodnie
z protokotami opisanymi w literaturze (Rawski i in., 2016, 2018). Sondy
oligonukleotydowe zastosowane w badaniu mikrobiologicznym zostaly przedstawione
w tabeli 4. Przygotowane preparaty analizowano przy uzyciu mikroskopu Carl Zeiss Axio
Imager M2 (Carl Zeiss, Jena, Niemcy). Wykryte bakterie wyrazano w jednostkach
tworzacych koloni¢ na gram tresci pokarmowej (JTK/g), obliczen dokonano wedhlug

réwnania Jozefiak i in. (2019):

WA Sweight + Dweight 1000
logJTK/g =lo Nx( )x( x( )
& g g( PA Sweight Svolume

gdzie:

N — liczba widocznych komorek bakteryjnych;

WA — obszar roboczy filtra (working area);

PA — obszar obrazu (picture area);

Sweight — masa proby (sample weight);

Duweight — masa wspotczynnika rozcienczenia (dilution factor weight);

Svolume — objetos¢ proby pipetowana na filtr (sample volume).
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Tabela 2. Sondy oligonukleotydowe uzyte w analizie FISH

Oznaczana grupa

Sonda . Sekwencja 5° — 3’ Bibliografia
bakterii
CTACTT TCCCGC TGC -
Aer66 Aeromonas spp. (Huber i in., 2004)
CGC
) CTT CAG CACTCA o
Bmy843 Bacillus spp. (Salzman i in., 2002)
GGT TCG
) AGCCACCTTTCCTTC -
Carl93 Carnobacterium spp. (Huber i in., 2004)
AAG
CCG GAA AAA GAG .
Enfm93 Enterococcus spp. (Waar i in., 2005)
GAGTGGC
) YCA CCG CTACAC o
Lab722 Grupa Lactobacillus (Sghir i in., 2000)

ATGRAGTTCCACT!

Y — oznacza nietypowo parujacy nukleotyd (C/T), natomiast R — oznacza nietypowo parujacy
nukleotyd (A/G)

3.1.12. Analizy parametrow biochemicznych i immunologicznych surowicy krwi

oraz watroby

Analizy surowicy krwi przeprowadzono zgodnie z metodami opisanymi przez
Kotodziejskiego i in. (2018). Do oznaczenia poziomoéw: biatka catkowitego (TP),
albuminy, glukozy, tréjglicerydéw 1 cholesterolu catkowitego (TC) uzyto komercyjnych
zestawOw testowych (Pointe Scientific, Canton, MI, USA). Zestaw plynnych
odczynnikow testowych (numery katalogowe: LAT A7526, AST A7560, ALP A7516,
Pointe Scientific, Canton, MI, USA) =zastosowano do okreslenia aktywnos$ci
enzymatycznej aminotransferazy alaninowej (ALT), aminotransferazy asparaginianowej
(AST) oraz fosfatazy alkalicznej (ALP).

Zawartos¢ wolnych kwasow ttuszczowych (NEFA) oraz poziom glikogenu
zmierzono metoda enzymatyczng z zastosowaniem zestawow testowych Wako
Diagnostic (Chiny) (Kotodziejski i in., 2017). Pobrane proby watroby zwazono
i umieszczono w probowkach zawierajacych KOH (30%). Proby watroby inkubowano w
temperaturze 100°C przez 15 minut, a nastgpnie pozostawiono do schtodzenia.
W po6zniejszym etapie do probowek dodano etanol (98%) oraz wode destylowang. Proby
odwirowano (3500 obrotow/min., 30 min.). Do préb bez supernatantu dodano bufor

cytrynianowy (pH 4,4) z enzymem glukoamylaza (aktywnos$é: 12 000 U/L). Tak
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przygotowane proby inkubowano przez 120 minut w 55°C w celu hydrolizy glikogenu
do glukozy. Aby okresli¢ stezenie glukozy w roztworach zastosowano kolorymetryczny
test enzymatyczny (oksydaza glukozowa, Pointe Scientific, Canton, MI, USA),

a uzyskane wartosci wykorzystano do obliczenia st¢zen glikogenu w tkankach watroby.

Poziomy immunoglobuliny M (IgM) i lizozymu w surowicy oznaczano za

pomocg zestawoéw ELISA z przeciwciatami (Sunred Biotechnology, Szanghaj, Chiny).

Stezenie trojglicerydow w tkankach watroby oznaczono wedhug metody opisane;j
w pracy Kotodziejski i in. (2018). Lipidy w pobranych probach watroby ekstrahowano
zmodyfikowang metodg Folcha obejmujaca rozdrobnienie materialu w miynku
z zastosowaniem Tissue Lyzer II (Qiagen, Niemcy). Po ekstrakcji lipidow okreslono
kolorymetrycznie stezenie trojglicerydow poprzez zastosowanie zestawu do testu

enzymatycznego (oksydaza glicerofosforanowa, Pointe Scientific, Canton, MI, USA).
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3.2. Eksperyment Il (Mikolajczak i in., 2022)

3.2.1. Uklad doswiadczalny

Eksperyment przeprowadzono z udzialem narybku pstrgga potokowego, test
wzrostowy trwat 60 dni. Materiat biologiczny pochodzit z Zaktadu Doswiadczalnego
Technologii Produkcji Pasz i Akwakultury w Muchocinie. Ryby po siedmiodniowym
okresie aklimacji zostaly zwazone oraz losowo podzielone na cztery grupy
eksperymentalne (Ryc. 6), kazda w trzech powtorzeniach — zbiornikach (10 ryb/zbiornik).

Srednia masa ciata ryb w pierwszym dniu do§wiadczenia wynosita 4,85 grama.

W grupie kontrolnej (CON) ryby otrzymywaly pasze, ktéra nie zawierata BSFM,

natomiast w grupach eksperymentalnych zastosowano pasze z wzrastajacym

procentowym udziatem BSFM: 5% (BSFLS5), 10% (BSFL10) i 20% (BSFLZ20).

Gruoa kontrolna Grupa doswiadczalna |Grupa doswiadczalna

Grupa doswiadczalna

CON BSFL5 BSFL10 BSFL20
| | | |
Diety eksperymentalne
| | | |
5% udzialu 10% udziatu 20% udziatu
w diecie pelnottustej| |w diecie petnottustej| | w diecie pelnottustej
Maczka rybna maczki z biomasy maczki z biomasy maczki z biomasy

10 ryb/zbiornik
3 powtdrzenia

larw Hermetia
illucens

larw Hermetia
illucens

Pstrag potokowy (Salmo trutta m. fario)

10 ryb/zbiornik
3 powtdrzenia

10 ryb/zbiornik
3 powtodrzenia

larw Hermetia
illucens

10 ryb/zbiornik
3 powtorzenia

Rycina 6. Schemat ukladu doswiadczalnego zastosowanego w eksperymencie |11
(Mikolajczak i in., 2022)

3.2.2. Maczka z biomasy larw Hermetia illucens

BSFM zostata dostarczona przez HiProMine S.A. (Robakowo, Polska). W trakcie
tuczu, larwy karmione byty mieszankg roslinnych produktow ubocznych (Weththasinghe
I in., 2021). W celu uzyskania pelottlustych maczek larwy zostaly zamrozone
w temperaturze —20°C, nastegpnie SUSzono je w temperaturze 50°C przez 24 h, a po6zniej

zmielono. Higienizacja surowca paszowego zostala wykonana poprzez ogrzewanie
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w temperaturze 100°C przez 95 minut zgodnie z rekomendacja Unii Europejskiej
z zalacznika IV Europejskich Rozporzadzen Komisji nr 141/2011 w sprawie
przetwarzania produktow ubocznych pochodzenia zwierzecego. Sktad chemiczny BSFM
byl nastepujacy: 97,5% suchej masy, 40,4% biatka ogdlnego, 41,3% ttuszczu surowego

oraz 5,5% popiotu surowego.

3.2.3. Przygotowanie diet doswiadczalnych

Na potrzeby doswiadczenia przygotowano diete kontrolng (CON) oraz trzy diety
eksperymentalne. W dietach eksperymentalnych zastosowano rézne udzialy BSFM:
BSFLS5 —dieta z 5,0% dodatkiem BSFM oraz z 32,5% dodatkiem maczki rybnej; BSFL10
— dieta z 10,0% dodatkiem BSFM oraz z 30,0% dodatkiem maczki rybnej; BSFL20 —
dieta z 20,0% dodatkiem BSFM oraz z 25,0% dodatkiem maczki rybnej. W diecie
kontrolnej zastosowano udziat maczki rybnej na poziomie 35,0%. Izobiatkowe
I izoenergetyczne pasze (Tabela 6.) zostaty wytworzone w Zaktadzie Do§wiadczalnym
Technologii Produkcji Pasz i Akwakultury (Muchocin, Polska) z zastosowaniem zasad

I warunkow technicznych opisanych w rozdziale 3.1.4, dotyczacym eksperymentu .
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Tabela 5. Sklad oraz wyniki analizy chemicznej diet w eksperymencie Il
(Mikeolajczak i in., 2022)

Materiaty paszowe (g/kg) i
CON BSFL5 BSFL10 BSFL20

Maczka rybna’ 350 325 300 250
BSFM? 0 50 100 200
Izolat biatka sojowego® 80 80 80 80
Gluten pszenny* 120 120 120 120
Maka pszenna 147 147 147 147
Maltodekstryna 132 124 117 102
Olej rybny 140 123 105 70
Lecytyna 10 10 10 10
Premix witaminowo-mineralny® 15 15 15 15
Premix witaminowy® 1 1 1 1
Chlorek choliny 2 2 2 2
TiO, 3 3 3 3
Sktad chemiczny (g/kg suchej masy), energia brutto
Sucha masa (g/kg paszy) 947 948 951 948
Biatko ogdlne 471 468 AT7 476
Ttuszcz surowy 177 195 184 193
Popiodt surowy 69 66 68 66
Witbékno surowe 6,6 10 13 20
Chityna’ 0 4 8 16
Energia brutto (MJ/kg) 22,29 22,69 22,75 23,01

! Skagen, Dania (bialko ogdlne: 71,4%, thuszcz surowy: 12,0%); 2 HiProMine S.A., Robakowo, Polska
(sucha masa: 97,5%, biatko ogolne: 40,4%, thuszcz surowy: 41,3%); ° Foodchem International
Corporation, Shanghai, Chiny (bialko ogélne >90,0%); * Cargill, Kiszkowo, Polska (biatko ogdlne:
>75,0%, ttuszcz surowy: 1,6%); ° Polfamix BASF Poland Ltd., Kutno, Polska (g/kg): witamina A: 1
000,000 IU; witamina D3: 200,000 1U; witamina E: 1,5 g; witamina K: 0,2 g; witamina B1: 0.05 g;
witamina B2: 0,4 g; witamina B12: 0,001 g; kwas nikotynowy, 2,5 g; D-pantotenian wapnia: 1,0 g;
mioinozytol: 500 IU; chlorek choliny: 7,5 g; kwas foliowy: 0,1 g; metionina: 150,0 g; lizyna: 150,0 g; Fe:
2,5 g; Mn: 6,5 g; Cu: 0,8 g; Co: 0,04 g; Zn: 4,0 g; J: 0.008 g; nosnik > 1000,0 g.; & Vitazol AD3EC,
BIOWET, Drwalew, Polska (g/kg): witamina A 50 000 IU; witamina D3 5 000 IU; witamina E 30.0 mg;
witamina C 100.0 mg. 7 Iloé¢ kalkulowana z analizy chityny maczek z biomasy larw owadow.
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3.2.4. Techniczne warunki testu wzrostowego

Eksperyment przeprowadzono zgodnie z opisem metodyki w rozdziale 3.1.5.,
dotyczacym eksperymentu I. W tym przypadku temperatura wody wynosita 15 + 0,5°C,
natlenienie wody 7,5 + 0,3 mg/dm? i zastosowano fotoperiod 17:7 (§wiatto:ciemno$¢)

przez caly czas trwania do§wiadczenia. Ryby wazono w odstgpach 10-dniowych.

3.2.5. Wskazniki wzrostu i wykorzystania pasz oraz przezywalnos¢ ryb

Kalkulowanie parametrow wzrostu i wykorzystania paszy przeprowadzono
zgodnie z metodyka przedstawiong dla eksperymentu I (rozdziat 3.1.6.), jednak

rozszerzono je o spozycie paszy (FI):
FI (g) = pasza skarmiona (g) — pasza niezjedzona (g)

3.2.6. Zrownowazenie Srodowiskowe chowu ryb

Wskazniki zrownowazenia srodowiskowego chowu ryb wyliczono na podstawie
surowych danych dotyczacych wzrostu i wykorzystania paszy zgodnie z literaturg
naukowa (Rawski i in., 2020; Stejskal i in., 2020). Wzgledne wykorzystanie materiatlow
paszowych pochodzenia morskiego (maczki rybnej oraz oleju rybnego) obliczono wedlug

nastepujacych wzorow:
FMU (g/kg masy ryb) = udzial maczki rybnej w paszy (g/kg) X wspolczynnik
wykorzystania paszy (g/9)

FOU (g/kg masy ryb) = udzial oleju rybnego w paszy (g/kg) X wspotczynnik
wykorzystania paszy (g/9)

Wskaznik FIFO obliczono wedtug nastepujacego wzoru:

FIFO = [(udzial maczki rybnej w paszy (g/kg) + udziat oleju rybnego w paszy (g/kg)) /
(Srednia masa maczki rybnej pochodzacej z polowow (g/kg) + §rednia masa oleju rybnego

pochodzacego z potowow (g/kg))] x (pobranie paszy (g) / przyrost masy ciata (g))

Usredniona ilo$¢ maczki rybnej wyprodukowanej z surowcéw pochodzacych z potowow
zostala przyjeta na poziomie 225 g/kg, natomiast usredniona ilo$¢ oleju rybnego na

poziomie 50 g/kg (Jackson, 2009).
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3.2.7. Badanie strawnosci skladnikéw pokarmowych pasz

W celu okreslenia pozornych wspotczynnikow strawnosci biatka ogdlnego oraz
thuszczu surowego pasz dla pstragéw potokowych zastosowano zbiorniki metaboliczne
wedlug opisu Rawskiego i in. (2020) bedace modyfikacjg projektu Allana i in. (1999).
Parametry fizykochemiczne wody byly takie same jak w przypadku testu wzrostowego
w eksperymencie Il (rozdziat 3.2.4.). Test strawnosci trwal 45 dni, w tym czasie 15 dni
stanowil okres wstepny, natomiast przez 30 dni wiasciwy, w ktorym wykonywano
kolekcje odchodow. W tej czesci do§wiadczenia wykorzystano 120 ryb o sredniej masie
ciata 4,85 g, ktore zostaly podzielone na cztery grupy (3 zbiorniki/grupe i 10
ryb/zbiornik). Ryby Zzywiono paszami kontrolng (CON) i eksperymentalnymi (BSFLS5,
BSFL10, BSFL20) uzywanymi réwniez W tescie wzrostowym (rozdziaty 3.2.3. oraz
3.2.4.). Pasza podawana byla w godzinach 7:00-13:00 przy zastosowaniu
automatycznych karmnikow tasmowych opisanych w metodyce eksperymentu I (rozdziat
3.1.5.). Kolekcja odchodow odbywala sig¢ trzy razy na dobe w godzinach 7:00. 17:00 oraz
23:00, ktore zbierano do naczyn filtracyjnych wyposazonych w saczki celulozowe.
Otrzymany materiat (3 proby/grupe) zamrazano i przechowywano w temperaturze —20°C
do czasu dalszych analiz. Na podstawie wynikow analizy chemicznej (opisanej
w rozdziale 3.2.8.) wyliczono wspoétczynniki pozornej strawnosci biatka ogdlnego

i thuszczu surowego zgodnie ze wzorem (Kieronczyk i in., 2018):

Wspotczynnik pozornej strawnosci catkowitej = 1 — ((TiO2 w paszy (g/kg) / TiO2
w odchodach (g/kg)) x (sktadnik pokarmowy w odchodach (g/kg) / sktadnik pokarmowy
w paszy (9/kg))

3.2.8. Pobranie materialu biologicznego

Pobranie materiatu biologicznego wykonano zgodnie z metodyka opisang
w rozdziale 3.1.7. dotyczacym eksperymentu I. Do kalkulowania indeksow
somatycznych oraz w celu pobrania krwi wykorzystano 30 ryb/grupe. Tres¢ jelit

pobierano od 10 ryb/zbiornik i gczono uzyskujac 3 proby/grupe.
3.2.9. Indeksy organosomatyczne oraz kondycja ryb

Do obliczen indekséw organosomatycznych zastosowano wzory podane
w metodyce eksperymentu I (rozdziat 3.1.8.). Zakres pomiarow rozszerzono o wyliczenie

wskaznika Fultrona (CF, Fulton’s condition factor) wedtug wzoru:
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CF = (koncowa $rednia masa jednostkowa ryb (g) / calkowita dlugoéé ciata (cm?)) x 100

3.2.10. Analiza chemiczna materialu biologicznego

Analizie chemicznej poddano maczke rybng oraz maczk¢ BSF wykorzystane do
zbilansowania diet, pasze uzyte w eksperymentach oraz odchody ryb. Analizy
przeprowadzono tozsamo z opisem metodyki przedstawionym w rozdziale 3.1.9.

dotyczacym eksperymentu I.

3.2.11. Analiza mikrobiomu jelitowego

Analizy mikrobiomu jelitowego wykonano zgodnie z metodykg opisang
w rozdziale 3.1.11. dotyczacym eksperymentu I. W tym przypadku zastosowano jedynie
trzy sondy oligonukleotydowe: Car193, Enfm93 oraz Lab 722 (charakterystyka sond

zostata podana w tabeli 4.).

3.2.12. Analizy parametrow biochemicznych surowicy Krwi

Analizy biochemiczne surowicy krwi zostaly przeprowadzone zgodnie
z metodyka opisang w rozdziale 3.1.12. dotyczacym eksperymentu |. Dodatkowo
oszacowano  stezenie  gamma-glutamylotranspeptydazy  (GGT)  korzystajac
z komercyjnych, ptynnych odczynnikow testowych (Pointe Scientific, Canton, MI,
USA).
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3.3. Eksperyment 111 (Mikolajczak i in., 2023a)

3.3.1. Uklad doswiadczalny

Eksperyment przeprowadzono z udziatlem narybku osobnikow lososia
atlantyckiego, test wzrostowy trwat 60 dni. Materiat biologiczny pochodzit z Zaktadu
Doswiadczalnego Technologii Produkcji Pasz i Akwakultury w Muchocinie. Ryby po
siedmiodniowym okresie aklimacji zostaty zwazone oraz losowo podzielone na cztery
grupy eksperymentalne (Ryc. 7), kazda w sze$ciu powtorzeniach — zbiornikach (10
ryb/zbiornik). Srednia masa ciata ryb w pierwszym dniu do$wiadczenia wynosita 13,4

grama.

W grupie kontrolnej (CON) ryby otrzymywaly pasze, ktora nie zawierata BSFM,

natomiast w grupach eksperymentalnych zastosowano pasze z wzrastajacym

procentowym udziatem BSFM: 5% (BSFM5), 10% (BSFM10) i 15% (BSFM15).

Gruoa kontrolna
CON

Maczka rybna

10 ryb/zbiornik
6 powtorzen

Grupa doswiadczalna
BSFM5

Grupa doswiadczalna
BSFM10

Diety eksperymentalne

5% udzialu
w diecie petnottustej
maczki z biomasy
larw Hermetia
illucens

10% udzialu
w diecie petotlustej
maczki z biomasy
larw Hermetia
illucens

Loso$ atlantycki (Salmo salar)

10 ryb/zbiornik
6 powtorzen

10 ryb/zbiornik
6 powtorzen

Grupa doswiadczalna
BSFM15

15% udzialu
w diecie petotlustej
maczki z biomasy
larw Hermetia
illucens

10 ryb/zbiornik
6 powtorzen

Rycina 7. Schemat ukladu do$wiadczalnego zastosowanego w eksperymencie 111
(Mikolajczak i in., 2023a)

3.3.2. Maczka z biomasy larw Hermetia illucens

Maczka BSF zostata dostarczona przez HiProMine S.A. (Robakowo, Polska).

Tucz larw oraz sposob przygotowania maczek odpowiadal metodyce opisanej

w eksperymencie II (rozdziat 3.2.2.).
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Na podstawie zawarto$ci aminokwasow w biatku obliczono empiryczny

wspolczynnik konwersji azotu na biatko dla maczki z BSF wedlug nast¢pujacego wzoru:

Kp = (catkowita zawarto$¢ aminokwasow / catkowita zawarto$¢ biatka na podstawie

analizy azotu x 6,25) x 6,25

Formule¢ oparto na stosunku aminokwasoéw do catkowitej zawartos$ci biatka
z konwersja N x 6,25 na podstawie danych literaturowych (Janssen i in., 2017).
Ze wzgledu na obecnos$¢ chityny w biomasie owadow, ktéra moglaby potencjalnie

prowadzi¢ do przeszacowania ilosci biatka, wykonano obliczenia:
Kp maczki z BSF = (412,1 g/ 503,1 g) x 6,25 =5,12

gdzie: 412,1 g — suma aminokwaséow w 1000 g suchej masy maczki z BSF; 503,1 g —
calkowita zawartos¢ biatka w 1000 g maczki z BSF obliczona na podstawie N x 6,25;

6,25 — standardowo uzywane Kp; 5,12 — Kp obliczone dla maczki z BSF.

3.3.3. Przygotowanie diet doSwiadczalnych

Na potrzeby do$wiadczenia przygotowano diete kontrolng (CON) oraz trzy diety
eksperymentalne. W dietach eksperymentalnych zastosowano r6zne udziaty petnotluste;j
maczki BSFM: BSFM5 — dieta z 5,0% dodatkiem BSFM oraz z 36,1% dodatkiem maczki
rybnej; BSFM10 — dieta z 10,0% dodatkiem BSFM oraz z 33,3% dodatkiem maczki
rybnej; BSFM15 — dieta z 15,0% dodatkiem BSFM oraz z 30,3% dodatkiem maczki
rybnej. W diecie kontrolnej zastosowano udzial maczki rybnej na poziomie 39,0%.
Izobiatkowe 1 izoenergetyczne pasze (Tabela 7.) zostaly wytworzone w Zakltadzie
Doswiadczalnym Technologii Produkcji Pasz i Akwakultury (Muchocin, Polska)
z zastosowaniem zasad i1 warunkow technicznych opisanych w rozdziale 3.1.4,

dotyczacym eksperymentu I.
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Tabela 6. Sklad oraz wyniki analizy chemicznej diet w eksperymencie 111
(Mikolajczak i in., 2023a)

Materiaty paszowe (g/kg) i
CON BSFM5 BSFM10 BSFM15

Maczka rybna’ 390 361 333 303
BSFM? 0 50 100 150
Maczka z kryla® 50 50 50 50
Maczka z hemoglobiny* 100 100 100 100
Izolat biatka sojowego® 100 100 100 100
Gluten pszenny?® 50 50 50 50
Maka pszenna 90 73 54 38
Maltodekstryna 50 50 50 50
Olej rybny? 125 121 118 114
Lecytyna® 10 10 10 10
Premix witaminowo-mineralny?® 15 15 15 15
Premix witaminowy° 1 1 1 1
Chlorek choliny 2 2 2 2
Kreda pastewna 14 14 14 14
TiO, 3 3 3 3
Sktad chemiczny (g/kg suchej masy), energia brutto
Bialko ogolne 479,9 480,0 480,5 480,1
Thuszez surowy 200,5 200,0 200,6 200,0
Popiodt surowy 108,2 109,0 110,0 110,7
Witbékno surowe 8,8 15,0 15,0 14,9
ZBAW!! 156,3 1534 149,2 147,0
Ca 15,0 15,0 15,0 14,9
P 11,0 11,2 11,6 11,9
Energia brutto (MJ/kg) 21,84 21,77 21,74 21,66

L Agro-Fish, Kartoszyno, Polska (biatko ogélne: 62,0%, ttuszcz surowy: 16,0%); 2 HiProMine S.A.,
Robakowo, Polska; (sucha masa: 97,0%, biatko ogdlne: 50,3%, biatko ogdlne korygowane: 41,2%, thuszcz
surowy: 16,2%); 3 CC Moore, Anglia (biatko ogoélne: 60,0%, tluszcz surowy: 23,0%);* APC (GB) Ltd,
Ings Road, Doncaster, Wielka Brytania (biatko ogélne: 92,0%); > SUPRO 590, Solae Belgium N.V.,
Belgia (biatko ogolne: 87,5%, thuszcz surowy: 3,2%); & Gluvital, Cargill, Polska (biatko ogolne: >75,0%,
ttuszcz surowy: 1,6%); 7 Agro-Fish, Kartoszyno, Polska; & BergaPure, Berg + SchmidtGmbH & Co. KG,
Hamburg, Niemcy (97% czystej lecytyny); ° Premix (g/kg): witamina A: 1,000,000 IU; witamina D3:
200,000 IU; witamina E: 1,5 g; witamina K: 0,2 g; witamina B1: 0,05 g; witamina B2: 0,4 g; witamina
B12: 0,001 g; kwas nikotynowy: 2,5 g; inozytol: 35 g; D-pantotenian wapnia: 1,0 g; mioinozytol: 500 1U;
chlorek choliny: 7,5 g; kwas foliowy: 0,1 g; metionina: 150,0 g; lizyna: 150,0 g; Fe: 2,5 g; Mn: 6,5 g; Cu:
0,8 g; Co: 0,04 g; Zn: 4,0 g; J: 0,008 g; no$nik > 1000,0 g; ¥ Vitamin mix (g/kg): witamina A: 50,000 1U;
witamina D3: 5000 1U; witamina E: 30,0 mg; witamina C: 100,0 mg; * Zwiazki bezazotowe wyciggowe
= 1000 — (biatko ogolne + ekstrakt eterowy + wtokno surowe + popidt surowy)
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3.3.4. Ocena wlasciwosci fizycznych pasz

Dla kazdego parametru ocen¢ przeprowadzono w dziesigciu powtdrzeniach.
W trakcie trwania analiz wtasciwosci fizycznych zapewnione zostaly stale warunki
srodowiskowe, tj. temperatura 21°C oraz 60% wilgotnosci powietrza (Toyotomi, YD-

C312, Nagoya, Japonia).

Analiza ggstosci nasypowej peletu (PD) — przeprowadzono zgodnie ze
zmodyfikowang metodyka lrungu i in. (2018). Zwazono !gcznie dziesie¢ losowo

pobranych prob paszy o objetosci 1 dm?.

Pomiar predkosci opadania (SV) przeprowadzono zgodnie ze zmodyfikowanag
metoda opisang przez Dasa i in. (1993). Kolumng sedymentacyjng (Terra-robson,
Wierzbno, Polska) o wysokosci 105 cm wypelniono 100 cm wody. Do wody
wprowadzono po 20 losowo wybranych granulek z kazdej porcji paszy i mierzono czas

dotarcia do dna kolumny z doktadnoscia do 0,1 s.

Pomiar stabilnosci peletu w wodzie (WS) przeprowadzono stosujac
zmodyfikowang wersj¢ metod zaproponowanych w literaturze (Das i in., 1993; Umar
i in., 2013). Pobrano 100 g paszy i umieszczono w kolbie, do ktorej nastepnie dodano 500
ml wody destylowanej. Kolb¢ umieszczono na wytrzasarce laboratoryjnej. Po 10
minutach separowano czastki o wielko$ci ponizej 1 mm. Nastepnie pozostalos¢ suszono
na filtrach celulozowych w temperaturze 50°C przez 24 h, a nastgpnie zwazono w celu

obliczenia proporcji peletu rozdrobnionego.

WS (%) = [(poczatkowa masa proby (g) — konicowa masa proby (g)) / poczatkowa masa
proby] x 100

Wzrost objetosci (VI) przeprowadzono zgodnie z metodyka Rawskiego i in.
(2020). Proby paszy w objetosci 25 ml umieszczono w kolbie miarowej i dopetniono 100
ml wody destylowanej. Po 10 minutach zmierzono obj¢to$¢ i obliczono ekspansje paszy

w wodzie.
VI (%) = [(objetos¢ koncowa — objetos¢ poczatkowa) / objetos¢ poczatkowa] x 100

Wspotczynnik ekspansji (ER) obliczono wedlug wzoru opisanego przez Sayed
i in. (2014). Wynik przedstawiono jako stosunek $rednicy peletu do $rednicy otworu
w matrycy ekstrudera. Analiz¢ przeprowadzono za pomocg suwmiarki elektroniczne;j
(Yato, YT-7201, Szanghaj, Chiny) z doktadnoscig do 0,01 mm.
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ER (%) = (Srednica peletu (mm) / §rednica matrycy (mm)) x 100

3.3.5. Techniczne warunki testu wzrostowego

Do$wiadczenie wzrostowe i strawno$ciowe przeprowadzono w hali odchowu ryb
Pracowni Rybactwa Srodladowego i Akwakultury na Uniwersytecie Przyrodniczym
w Poznaniu przy zastosowaniu eksperymentalnego systemu akwakultury (eRAS,
experimental Recirculated Aquaculture System). Woda w systemie eRAS byta
oczyszczana przez filtry biologiczne 1 napowietrzana systemem zasilanym dmuchawa
membranowg (HiBlow, Japonia). Ubytki wody w systemie byly uzupeiniane woda
wodociggowa w ilosci nieprzekraczajacej 5% objetosci wody na dobg. Przeptyw wody
wynosit 2 dm®/min. W okresie aklimaciji ryby utrzymywano w zbiorniku o pojemnosci
500 dm?®. Zbiorniki przeznaczone do doswiadczenia wykonane byty z laminatu wtokna
szklanego barwionego na szary kolor. Objetos¢ catkowita wynosita 60 dm?, natomiast
objeto$é robocza 50 dm?. Pozostale warunki do$wiadczenia byly tozsame z metodyka
opisang w rozdziale 3.1.5 dotyczacym eksperymentu I. W tym przypadku temperatura
wody wynosita 14,7 + 0,6 °C, natlenienie wody 7,5 + 0,3 mg/dm?® i zastosowano
fotoperiod 16:8 (Swiatto:ciemnos¢) przez caly czas trwania doswiadczenia. Ryby wazono

w odstgpach 10-dniowych.

3.3.6. Wskazniki wzrostu i wykorzystania pasz oraz przezywalno$¢ ryb

Kalkulowanie parametrow wzrostu 1 wykorzystania paszy przeprowadzono
zgodnie z metodyka przedstawiong dla eksperymentu I (rozdziat 3.1.6.), jednak
rozszerzono je o0 wyliczenie procentowego przyrostu masy ciata (PWG) oraz wydajnosci

wzrostowej thuszczu paszowego (LER):

PWG (%) = [(koncowa masa ciala (g) — poczatkowa masa ciala (g)) / poczatkowa masa

ciata (g)] x 100
LER = BWG (g) / (spozycie paszy (g) x masa ttuszczu zadanego rybom w paszy (g))

3.3.7. Zré6wnowazenie Srodowiskowe chowu ryb

Wskazniki zrownowazenia Srodowiskowego wyliczono tozsamo z metodyka
opisang w rozdziale 3.2.6. dotyczacym eksperymentu Il, jednak rozszerzono je
o efektywno$¢ wykorzystania paszy (FCE) stanowiagcy wskaznik wzrostu ryb dla kazdej

paszy 1 bedacy odwroconym wspotczynnikiem wykorzystania paszy FCR :
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FCE (g/g) = przyrost masy ciata (g) / masa pobranej paszy (g)

3.3.8. Badanie strawnosci skladnikéw pokarmowych pasz

Test strawnos$ci trwat 45 dni, w tym czasie 15 dni stanowil okres adaptacyjny,
natomiast przez 30 dni pobierano proby katu. Do tej cze$ci doswiadczenia wykorzystano
120 ryb o $redniej masie ciata 13,4 g, ktére zostaly podzielona na cztery grupy
(3 zbiorniki/grupe i 10 ryb/zbiornik). Ryby skarmiano paszami kontrolng
1 eksperymentalnymi uzywanymi rownoczesnie w testach wzrostowych (rozdziaty 3.3.3.
oraz 3.3.5.). Obstuga zbiornikéw strawnosciowych oraz kolekcja katu opisana zostata
szerzej w rozdziale 3.2.7. dotyczacym do$wiadczenia I, natomiast parametry wody byty

takie same jak w rozdziale 3.3.5.

3.3.9. Pobranie materialu biologicznego

Pobranie materialu biologicznego wykonano zgodnie z metodyka opisang
w rozdziale 3.1.7. dotyczacym eksperymentu 1. Do kalkulowania indeksow

somatycznych wykorzystano 32 ryby/grupe. Fragment jelita zostat pobrany od 30
ryb/grupg.

3.3.10. Indeksy organosomatyczne oraz kondycja ryb

Do obliczen indekséw organosomatycznych zastosowano wzory podane
w metodyce eksperymentu I (rozdziat 3.1.8.) oraz II (rozdziat 3.2.9.). Dodatkowo
rozszerzono ten punkt o szereg wskaznikow tj. wzgledne dlugosci przewodu
pokarmowego (GIT/FTL), jelit (IL/FTL), jelita proksymalnego (PL/FTL) oraz jelita
dystalnego (DL/FTL), jak rowniez udzialy procentowe jelit (IL/GIT), jelita
proksymalnego (PL/GIT) 1 jelita dystalnego (DL/GIT) w catkowitej dlugosci przewodu

pokarmowego:

GIT/FTL (%) = (dlugos¢ przewodu pokarmowego (mm) / catkowita dlugos¢ ciata ryby
(mm)) x 100

IL/FTL (%) = (catkowita dtugos¢ jelit (mm) / catkowita dlugo$¢ ciata ryby (mm)) x 100

PL/FTL (%) = (dtugosc¢ jelita proksymalnego (mm) / catkowita dtugos¢ ciata ryby (mm))
x 100

DL/FTL (%) = (dlugos¢ jelita dystalnego (mm) / catkowita dtugos¢ ciata ryby (mm)) x
100
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IL/GIT (%) = (catkowita dlugos¢ jelit (mm) / catkowita dtugo$¢ przewodu pokarmowego
(mm)) x 100

PL/GIT (%) = (dlugos¢ jelita proksymalnego (mm) / catkowita dlugos¢ przewodu

pokarmowego (mm)) x 100

DL/GIT (%) = (dlugo$¢ jelita dystalnego (mm) / catkowita dlugos¢ przewodu

pokarmowego (mm)) x 100

3.3.11. Analiza chemiczna materialu biologicznego

Analizie podstawowej poddano materialty paszowe wykorzystane do
zbilansowania diet, diety kontrolng i eksperymentalne, jak rowniez odchody zebrane w
trakcie doswiadczenia strawno$ciowego. Analizy przeprowadzono tozsamo z opisem

metodyki przedstawionym w rozdziale 3.1.9. dotyczacym eksperymentu I.

3.3.12. Analiza histomorfometryczna jelita

Analize histomorfometryczng wykonano zgodnie z opisem metodyki

w eskperymencie I (rozdziat 3.1.10.)
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3.4. Doswiadczenie IV (Mikolajczak i in., 2023b)

3.4.1. Uklad doswiadczalny

Eksperyment przeprowadzono z udzialem mtodocianych osobnikow tososia

atlantyckiego, test wzrostowy trwat 60 dni. Materiat biologiczny pochodzit z Zaktadu

Doswiadczalnego Technologii Produkcji Pasz i Akwakultury w Muchocinie. Ryby po

siedmiodniowym okresie aklimacji zostaly zwazone oraz losowo podzielone na cztery

grupy eksperymentalne (Ryc. 8), kazda w trzech powtdérzeniach — zbiornikach (25

ryb/zbiornik). Srednia masa ciata ryb w pierwszym dniu do§wiadczenia wynosita 201,3

gramy.

W grupie kontrolnej (CON) ryby otrzymywaty pasze, ktora nie zawierata BSFM,

natomiast w grupach eksperymentalnych zastosowano pasze z wzrastajacym

procentowym udziatem BSFM: 5% (BSFM5), 10% (BSFM10) i 15% (BSFM15).

Gruoa kontrolna Grupa doswiadczalna| |Grupa doswiadczalna
CON BSFM5 BSFM10

Diety eksperymentalne

5% udzialu 10% udziatu
w diecie petnottustej| |w diecie petnotluste;j
Maczka rybna maczki z biomasy maczki z biomasy
larw Hermetia larw Hermetia
illucens illucens

Losos atlantycki (Salmo salar)

25 ryb/zbiornik 25 ryb/zbiornik 25 ryb/zbiornik
3 powtorzenia 3 powtdrzenia 3 powtorzenia

Grupa doswiadczalna
BSFM15

15% udzialu
w diecie pelnottustej
maczki z biomasy
larw Hermetia
illucens

25 ryb/zbiornik
3 powtdrzenia

Rycina 8. Schemat ukladu do$wiadczalnego zastosowanego w eksperymencie 1V

(Mikolajczak i in., 2023b)
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3.4.2. Maczka z biomasy larw Hermetia illucens
Maczka z biomasy larw Hermetia illucens zostata pozyskana od HiProMine S.A.

(Robakowo, Polska). Tucz larw oraz sposob przygotowania maczek odpowiadat
metodyce opisanej w eksperymencie II (rozdzial 3.2.2.). Natomiast wyliczenie
empirycznego wspotczynnika konwersji biatka byt tozsamy z eksperymentem Il
(rozdziat 3.3.2.). W doswiadczeniach III i IV zostata uzyta ta sama maczka BSFM oraz

maczka rybna.

3.4.3. Przygotowanie diet do§wiadczalnych

Na potrzeby dos§wiadczenia przygotowano diete kontrolng (CON) oraz trzy diety
eksperymentalne. W dietach eksperymentalnych zastosowano rozne udziaty BSFM:
BSFM5 — dieta z 5,0% dodatkiem BSFM oraz z 27,1% dodatkiem maczki rybnej;
BSFM10 — dieta z 10,0% dodatkiem BSFM oraz z 24,3% dodatkiem maczki rybnej;
BSFM15 — dieta z 15,0% dodatkiem BSFM oraz z 21,3% dodatkiem maczki rybne;j.
W diecie kontrolnej zastosowano udzial maczki rybnej na poziomie 30,0 Izobiatkowe
I izoenergetyczne pasze (Tabela 8.) zostaly wytworzone w Zaktadzie Do§wiadczalnym
Technologii Produkcji Pasz i Akwakultury (Muchocin, Polska) z zastosowaniem zasad

1 warunkow technicznych opisanych w rozdziale 3.1.4, dotyczacym eksperymentu 1.
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Tabela 7. Sklad oraz wyniki analizy chemicznej diet w doswiadczeniu IV
(Mikolajczak i in., 2023b)

Materiaty paszowe (g/kg) i
CON BSFM5 BSFM10 BSFM15

Maczka rybna’ 300 271 243 213
Maczka z BSF? 0 50 100 150
Maczka z hemoglobiny® 95 95 95 95
Drozdze paszowe 60 60 60 60
DDGS 50 50 50 50
Poekstrakcyjna $ruta sojowa* 90 90 90 90
Gluten pszenny® 120 120 120 120
Maka pszenna 120 109 97 88
Olej rybny® 129 119 109 98
Lecytyna’ 10 10 10 10
Premix witaminowo-mineralny?® 15 15 15 15
Premix witaminowy® 1 1 1 1
Chlorek choliny 2 2 2 2
Kreda pastewna 5 5 5 5
TiO; 3 3 3 3
Sktad chemiczny (g/kg suchej masy), energia brutto
Bialko ogolne 450,0 450,1 450,4 450,4
Thuszez surowy 200,0 200,5 200,8 200,0
Popiot surowy 92,6 90,5 88,3 85,9
Wil6kno surowe 15,3 18,5 21,8 25,2
ZBW?™ 194,0 194,1 192,8 193,7
Ca 9,7 9,8 9,9 10,0
P 9,9 9,6 9,2 8,9
Energia brutto (MJ/kg) 48,37 48,41 48,37 48,34

L Agro-Fish, Kartoszyno, Polska (biatko ogoélne: 62,0%, ttuszcz surowy: 16,0%); 2 HiProMine S.A.,
Robakowo, Polska (sucha masa: 97,0%, biatko ogolne: 50,3%, biatko ogélne korygowane: 41,2%, thuszcz
surowy: 16,2%); ® APC (GB) Ltd, Ings Road, Doncaster, Wielka Brytania (biatko ogélne: 92,0%); *
Wyekstrahowana rozpuszczalnikiem (biatko ogélne: 45,0%, thiszcz surowy: 1,8%); ° Gluvital, Cargill,
Polska (bialko ogdlne: >75,0%, ttuszcz surowy: 1,6%); ¢ Agro-Fish, Kartoszyno, Polska; 7 BergaPure,
Berg + SchmidtGmbH & Co. KG, Hamburg, Niemcy (97% czystej lecytyny); & Premix (g/kg): witamina
A: 1,000,000 1U; witamina D3: 200,000 IU; witamina E: 1,5 g; witamina K: 0,2 g; witamina B1: 0,05 g;
witamina B2: 0,4 g; witamina B12: 0,001 g; kwas nikotynowy: 2,5 g; inozytol: 35 g; D-pantotenian
wapnia: 1,0 g; miocinozytol: 500 1U; chlorek choliny: 7,5 g; kwas foliowy: 0,1 g; metionina: 150,0 g;
lizyna: 150,0 g; Fe: 2,5 g; Mn: 6,5 g; Cu: 0,8 g; Co: 0,04 g; Zn: 4,0 g; J: 0,008 g; no$nik > 1000,0 g; °
Vitamin mix (g/kg): witamina A: 50,000 1U; witamina D3: 5000 1U; witamina E: 30,0 mg; witamina C:
100,0 mg; ¥ Zwiazki bezazotowe wyciagowe = 1000 — (biatko ogolne + ekstrakt eterowy + wtdkno surowe
+ popidt surowy)
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3.4.4. Techniczne warunki testu wzrostowego

Doswiadczenie wzrostowe przeprowadzono w Zakladzie Dos$wiadczalnym
Technologii Produkcji Pasz 1 Akwakultury w Muchocinie. Kazdy zbiornik
charakteryzowata pojemno$¢ 260 dm®. Woda pobierana byta z naturalnego cieku,
przeplywala przez system filtrow wypelionych grubym zwirem, nastepnie trafiata do
dwoéch zbiornikéw wyrownawczych (kazdy o pojemnoéci 55 m®), w ktorych byla
napowietrzana (sze$¢ dyfuzorow dyskowych zasilanych dmuchawa Hiblow HP-200)
1 przez system rur byta rozdzielana do zbiornikow. Pozostale warunki doswiadczenia
dotyczace obstugi byly tozsame z metodyka opisang w rozdziale 3.1.5 dotyczacym
eksperymentu I. W tym przypadku temperatura wody wynosita od 14,2 do 16,3°C,
natlenienie wody od 7,8 do 8,4 mg/dm® i zastosowano fotoperiod 16:8 h
(Swiatto:ciemno$¢) przez caly czas trwania doswiadczenia. Ryby wazono w odstepach

10-dniowych.
3.4.5. Wskazniki wzrostu i wykorzystania pasz oraz przezywalno$¢ ryb

Kalkulowanie parametrow wzrostu i wykorzystania paszy przeprowadzano

zgodnie z metodyka przedstawiong w poprzednich rozdziatach (3.1.6., 3.2.5., 3.3.6.).

3.4.6. Zrownowazenie srodowiskowe chowu ryb

Wskazniki zrownowazenia $rodowiskowego wyliczono tozsamo z metodyka

opisang w rozdziatach 3.2.6. oraz 3.3.7.

3.4.7. Pobranie materialu biologicznego

Pobranie materiatu biologicznego wykonano zgodnie z metodyka opisang
w rozdziale 3.1.7. dotyczacym eksperymentu I. Do kalkulowania indeksow
somatycznych wykorzystano 18 ryb/grupe. Fragment jelita zostal pobrany od 15
ryb/grupg. Pobrany zostal rdwniez migsien najdluzszy grzbietu w celu oceny barwy
1 jakosci migsa, ktory do czasu wykonania analiz przechowywany by¢ w 4°C (9
ryb/grupe).

3.4.8. Indeksy organosomatyczne oraz kondycja ryb

Do obliczen indekséw organosomatycznych zastosowano wzory podane
w metodyce doswiadczenia I (rozdziat 3.1.8.) oraz II (rozdziat 3.2.9.). Wskazniki
jelitowe, tj. wzgledne dlugosci przewodu pokarmowego (GIT/FTL), jelita
proksymalnego (PL/FTL) oraz jelita dystalnego (DL/FTL) zostatly wyliczone zgodnie
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z metodyka opisang w rozdziale 3.3.10. dotyczacym do$wiadczenia III. Indeksy
organosomatyczne rozszerzono o wyliczenia procentowego udzialu tuszki (CS) oraz

procentowego udziatu §ledziony (SS):
CS (%) = (koncowa masa tuszki (g) / koncowa masa ciata (g)) x 100
SS (%) = (kohcowa masa $§ledziony (g) / koncowa masa ciata (g)) x 100

3.4.9. Analiza chemiczna materialu biologicznego

Analizie podstawowej poddano materialty paszowe wykorzystane do
zbilansowania diet, diety kontrolng i eksperymentalne, jak rowniez tuszki ryb. Analizy
przeprowadzono tozsamo z opisem metodyki przedstawionym w rozdziale 3.1.9.

dotyczacym eksperymentu 1.

3.4.10. Analiza histomorfometryczna jelita

Analize histomorfometryczng wykonano zgodnie z opisem metodyki

w doswiadczeniu I (rozdziat 3.1.10.).

3.4.11. Ocena barwy oraz jako$ci migsa

Oceny barwy mig$nia najdtuzszego grzbietu dokonano na stanowisku badawczym
o$wietlonym naturalnym zrodtem §wiatta. Wszystkie fotografie zostaly wykonane przy
uzyciu aplikacji na smartfon Color Analysis v. 7.0.0 (Research Lab Tools). Aplikacja
pozwolita na zarejestrowanie L (jasnosc¢), a (wskaznik zaczerwienienia) oraz b (wskaznik
z6ttosei). Wartosci RGB, nasycenia (chroma) oraz barwy (hue) zostaty przeanalizowane

przy uzyciu oprogramowania ImagelJ v. 1.53.

Wartos$¢ pH tkanki mig$niowej zmierzono przy uzyciu elektrody szklanej (pH 100
L; VWR International, Leuven, Belgia). Pomiarow dokonywano trzykrotnie w migs$niu
najdtuzszym grzbietu (9 ryb/grup¢). Pomiary wykonywane byly w migsie $wiezym
bezposrednio po uboju ryb, po 24 h w migsie schtodzonym w temperaturze 4°C oraz

ostatni raz po ugotowaniu.
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Parametry jako$ciowe migsa oznaczono w wypreparowanych ptatach rybnych bez
skory pozyskanych z lewej strony ciata. Procedur¢ gotowania ptatow przeprowadzono
w temperaturze 100°C przez 10 minut. Udziat procentowy plata $wiezego (FS), ptata
schtodzonego (CFL) oraz wydajnos¢ gotowania (CE) obliczono wedlug nast¢pujacych

WZOrow:
FS (%) = (masa ptata swiezego (g) / koncowa masa ciata (g)) x 100
CFL (%) = (masa ptata schtodzonego (g)/masa ptata $wiezego (g)) x 100

CE (%) = (masa ptata przed gotowaniem (g)/masa ptata po gotowaniu (g)) x 100
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3.5. Analiza statystyczna

W eksperymentach 1, III oraz IV analiz¢ rozktadu normalnego przeprowadzono
z zastosowaniem testu Kotmogorowa-Smirnowa, natomiast do sprawdzenia réwnosci
wariancji wykorzystano test Levene’a. W przypadku eksperymentu Il w celu okre$lenia
normalnosci rozktadu danych oraz réwnosci wariancji zastosowano testy Shapiro-Wilka
oraz Bartlett’a. Jednoczynnikowa analiza wariancji ANOVA zostata zastosowana w celu
wykazania roznic pomigdzy grupami, a w przypadku ich istotnosci przeprowadzono test
Duncana. Poziom istotnosci statystycznej ustalono na P < 0,05. Zastosowano nastepujacy

model statystyczny:
Yi=p+ ai + dij
gdzie: Yi— obserwowana zmienna zalezna; p — Srednia; ai — efekt diety; 6ij — btad losowy.

Do przeprowadzenia analiz statystycznych stosowano oprogramowanie SAS® Studio 3.5
(SAS Institute Inc. 2016) (eksperyment I) lub R Studio (eksperymenty 11, 11l oraz 1V).
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4. Wyniki badan

W ponizszym rozdziale przedstawiono wyniki badan wzrostowych i1 analiz
laboratoryjnych. W ich opisie odniesienia mowigce o braku lub wystepowaniu
statystycznie istotnych roéznic poréwnuja grupy doswiadczalne w odniesieniu do grup

kontrolnych, chyba ze wskazane jest inne porownanie pomiedzy grupami.

4.1. Eksperyment | (Mikolajczak i in., 2020)

4.1.1. Wskazniki wzrostu i wykorzystania pasz oraz przezywalnos¢ ryb

Nie zaobserwowano istotnie statystycznych rdéznic pomiedzy grupami
w przypadku parametrow wzrostu oraz wykorzystania pasz u troci wedrownej, W tym:
koncowej masie ciata (FBW), przyrostu masy ciata (BWG), wzglednego dobowego
przyrostu masy jednostkowej ryb (SGR), wskaznika dziennego pobrania paszy (DIR),
wspotczynnika wykorzystania paszy (FCR) oraz wartosci produkcyjnej biatka
paszowego (PPV). Zastosowane pasze doswiadczalne nie mialy rowniez wptywu na
przezywalnos$¢ ryb. Jedynie w przypadku wydajnosci wzrostowej biatka paszowego
(PER), ryby zywione paszami z dodatkiem hydrolizowanych maczek z biomasy larw
owadow cechowaly sie statystycznie istotnie nizszymi warto$ciami tego parametru

(P =0,029).
4.1.2. Indeksy organosomatyczne oraz sklad ciata ryb

Zastosowane pasze doswiadczalne nie miaty wptywu na sktad chemiczny ciata
ryb (wilgotno$¢, biatko ogdlne, ttuszcz surowy oraz popidt surowy). Niemniej jednak,
grupa zywiona paszg z udzialem drewnojada cechowata si¢ istotnie wyzszymi
wartosciami  indeksé6w  hepatosomatycznego (HSI) (P < 0,001) oraz
wiscerosomatycznego (VSI) (P = 0,010).

4.1.3. Charakterystyka histomorfometryczna jelit

Zastosowanie pasz doswiadczalnych nie miato wptywu na wysokos¢, szerokos¢
oraz powierzchni¢ kosmkow jelitowych, jak rowniez grubos¢ warstwy migsniowe;.

4.1.4. Mikrobiom przewodu pokarmowego

Nie zaobserwowano rdznic istotnych statystycznie w przypadku ogoélnej liczby
bakterii (log JTK/g) oraz populacji Bacillus spp. W grupie zywionej pasza z udzialem
drewnojada odnotowano istotne obnizenie liczby bakterii Aeromonas spp. (P = 0,037)
oraz Enterococcus spp. (P = 0,017). W obu grupach ryb zywionych paszami z udziatem
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hydrolizowanych maczek z owaddéw zaobserwowano istotne obnizenie koncentracji
bakterii Carnobacterium spp. (P = 0,001). Natomiast w przypadku Lactobacillus spp.
jedynie w grupie zywionej pasza z dodatkiem macznika wykazano ten sam efekt
(P =0,025).

4.1.5. Parametry biochemiczne i immunologiczne surowicy krwi oraz watroby

Zaobserwowano istotnie zwigkszone stezenie aminotransferazy asparaginowej
(AST) (P = 0,002) przy jednoczesnym obnizeniu stezenia fosfatazy alkalicznej (ALP)
(P <0,001) w przypadku ryb zywionych pasza z udziatem drewnojada. Dodatkowo, grupa
ta cechowala si¢ podwyzszong zawartoscig lipidow w watrobie (P = 0,004). Jednoczesnie
ryby zywione paszami z udziatem hydrolizowanych maczek z owadoéw cechowaty si¢
istotnie wyzszym poziomem cholesterolu catkowitego (TC) we krwi (P < 0,001).
W przypadku poziomu trojglicerydow, jedynie grupa zywiona paszg z udzialem
macznika istotnie obnizata te wartosci (P = 0,034). Dla pozostatych parametrow nie
zaobserwowano rdznic istotnych statystycznie (aminotransferaza alaninowa (ALT),
biatko catkowite (TP), wolne kwasy tluszczowe (NEFA), glukoza, immunoglobulina M,

lizozym oraz zawartos$¢ glikogenu w watrobie).

4.2. Eksperyment Il (Mikolajczak i in., 2022)

4.2.1. Wskazniki wzrostu i wykorzystania pasz oraz przezywalnos¢ ryb

Nie odnotowano istotnie statystycznych réznic pomiedzy grupami w przypadku
parametrow Wzrostu oraz wykorzystania pasz u pstragéw potokowych, w tym: FBW,
BWG, SGR, DIR, Fl, FCR oraz PER. Zastosowane pasze doswiadczalne nie mialy

rowniez wplywu na przezywalno$¢ ryb.
4.2.2. Zréwnowazenie Srodowiskowe chowu ryb

Zastosowanie w paszach dla pstragéw potokowych BSFM w ilosciach 10 Iub 20%
istotnie obnizato wzglgdne zuzycie maczki rybnej (FMU) i oleju rybnego (FOU) oraz
wskaznik FIFO (P < 0,001). W grupie z 5% udziatem maczki z owadow istotny wptyw

na obnizenie warto$ci odnotowano jedynie we wzglednym zuzyciu oleju rybnego.

4.2.3. Strawnos¢ skladnikéw pokarmowych pasz

Nie wykazano istotnych statystycznie réznic pomigdzy grupami CON i BSFL10
w zakresie strawnoS$ci biatka ogolnego i tluszczu surowego pasz. W grupie BSFL20

zaobserwowano istotne obnizenie strawnos$ci biatka ogdlnego (P < 0,001) oraz tluszczu
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surowego (P = 0,006) pasz. W przypadku ryb zywionych pasza z 5% udzialem BSFM

odnotowano obnizong strawnos$¢ biatka ogoélnego (P < 0,001).

4.2.4. Indeksy organosomatyczne oraz kondycja ryb

Zastosowane pasze doswiadczalne nie miaty wptywu na kondycje ryb. Indeks VSI
cechowat si¢ najnizsza wartoscig w grupie CON (P = 0,018), natomiast wartosci HSI
obnizaty sie istotnie we wszystkich grupach z udziatem BSFM (P < 0,001).

4.2.5. Mikrobiom przewodu pokarmowego

Testowane pasze doswiadczalne nie wykazaly istotnego wptywu na skiad
mikrobiomu przewodu pokarmowego: ogoélnej liczby bakterii, jak rowniez wybranych
populacji bakteryjnych, w tym: Carnobacterium spp., Lactobacillus spp. oraz
Enterococcus spp.

4.2.5. Parametry biochemiczne surowicy krwi

Pstragi potokowe zywione pasza z 10 i 20% udziatem BSFM charakteryzowatly
si¢ wzrostem stezenia AST (P = 0,002) oraz TC (P = 0,007) w surowicy krwi.
Jednoczes$nie, 20% udzial BSFM w paszy prowadzit do obnizenia si¢ GGT (P = 0,002)
oraz albumin (P < 0,001). Globuliny osiagaly najwyzsze stgzenie u ryb zywionych
paszami z udziatem BSFM (P < 0,001), a poziom NEFA byl najwyzszy w grupie BSFL20
(P = 0,003). Dla pozostatych parametrow, w tym: ALT, trojglicerydy, biatko catkowite

oraz glukoza, nie zaobserwowano istotnych statystycznie réznic pomig¢dzy grupami.
4.3. Eksperyment III (Mikolajczak i in., 2023a)

4.3.1. Wlasciwosci fizyczne pasz

Zwigkszenie udziatu BSFM w paszach doprowadzito do obnizenia si¢ wartoSci
gestosci nasypowej peletu (PD), przy jednoczesnym zwigkszeniu objetosci (VI)
(P < 0,001). Udziat BSFM w paszy na poziomie 10 i 15% prowadzit do szybszego
opadania peletu (SV) w porownaniu do CON i BSFM5 (P < 0,001). Wszystkie pasze
z dodatkiem BSFM zwigkszaly wartosci wspotczynnika ekspansji (ER) (P < 0,001).
W przypadku pomiaru stabilnosci peletu w wodzie (WS) nie zaobserwowano roéznic

istotnych statystycznie pomiedzy paszami doswiadczalnymi.
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4.3.2. Wskazniki wzrostu i wykorzystania pasz oraz przezywalnos¢ ryb

Lososie atlantyckie zywione paszami z 5 1 10% udziatem BSFM nie ro6znity si¢
od grupy kontrolnej pod katem parametréw wzrostu i wykorzystania paszy, w tym: FBW,
procentowym przyroscie masy ciata (PWG), BWG, FI, FCR, PER oraz wydajnosci
wzrostowe] thuszczu paszowego (LER). Zwickszenie poziomu BSFM do 15% w paszy
spowodowato istotne obnizenie wartosci BWG (P = 0,006), PWG (P = 0,006), SGR
(P = 0,016), PER (P = 0,011) oraz LER (P = 0,011), przy jednoczesnym wzro$cie
wartosci FCR (P = 0,004). Zastosowane pasze do$wiadczalne nie mialy wpltywu na

przezywalnos$¢ ryb.
4.3.3 Zréwnowazenie Srodowiskowe chowu ryb

We wszystkich grupach doswiadczalnych, w ktorych zastosowano BSFM
odnotowano obnizenie wartosci FMU (P = 0,002). Dodatkowo, grupy BSFM5 i BSFM10
charakteryzowatly si¢ obnizonymi wartosciami wskaznikow FOU (P = 0,026) i FIFO
(P =0,007). Wzrost wskaznika FCE obserwowany byt jedynie w grupie z 15% udziatem
BSFM (P = 0,011).

4.3.4. Strawnos$¢ skladnikéw pokarmowych pasz

Zastosowane pasze doswiadczalne nie mialy istotnego wptywu na wartosci

wspotczynnikéw pozornej strawnosci biatka ogolnego 1 thuszczu surowego.

4.3.5. Indeksy organosomatyczne oraz kondycja ryb

Nie odnotowano istotnych statystycznie réznic pomiedzy rybami zywionych
paszami do$wiadczalnymi w przypadku indekséw organosomatycznych (VSI, HSI),
wzglednych  dlugosci  poszczegdlnych  segmentow  przewodu pokarmowego
w odniesieniu do dlugosci ciata: catkowita (GIT/FTL), jelita (IL/FTL), jelita
proksymalnego (PL/FTL), jelita dystalnego (DL/FTL), wzglednych dhlugosci
poszczegbdlnych segmentow przewodu pokarmowego w odniesieniu do dlugosci
przewodu pokarmowego: jelita (IL/GIT), jelita proksymalnego (PL/GIT), jelita
dystalnego DL/GIT) oraz kondycji ryb.

4.3.6. Charakterystyka histomorfometryczna jelit

Zastosowanie pasz doswiadczalnych nie mialo wplywu na wyniki
histomorfometryczne jelit ryb: dlugos¢, szerokos¢ i powierzchni¢ kosmkow jelitowych

oraz grubos$¢ warstwy migsniowe;.
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4.4. Eksperyment 1V (Mikolajczak i in., 2023b)

4.4.1. Wskazniki wzrostu i wykorzystania pasz oraz przezywalnos¢ ryb

Zastosowanie pasz doswiadczalnych nie spowodowato istotnego wplywu na
wskazniki wzrostu i wykorzystanie pasz, w tym: FBW, BWG, PWG, Fl, SGR oraz PER.
W przypadku ryb zywionych paszami z 15% udziatem BSFM zaobserwowano wyzsze
wartosci FCR (P = 0,020) oraz obnizenie wartosci LER (P = 0,011). Nie odnotowano

wptywu pasz doswiadczalnych na przezywalnos¢ ryb.

4.4.2. Zrownowazenie srodowiskowe chowu ryb

We wszystkich grupach do$wiadczalnych, w ktorych zastosowano BSFM
odnotowano obnizenie wartosci FMU, FOU oraz FIFO (P < 0,001). W przypadku ryb
zywionych paszg z 5% udziatem BSFM stwierdzono brak r6znic w przypadku parametru

FCE.

4.4.3. Indeksy organosomatyczne oraz kondycja ryb

Zastosowane pasze doswiadczalne nie wplywaty na kondycj¢ ryb oraz indeksy
organosomatyczne, w tym: HSI, procentowy udziat tuszki (CS) oraz procentowy udziat
$ledziony (SS). Rowniez wartosci indeksow jelitowych (GIT/FTL, PL/FTL, DL/FTL) nie

r6znity si¢ pomiedzy grupami.
4.4.4. Charakterystyka histomorfometryczna jelit

Roéznice istotne statystycznie pomiedzy grupami byly obserwowane dla
wszystkich badanych parametrow jelita proksymalnego. Obnizona wysoko$¢ kosmkow
jelitowych obserwowana byla we wszystkich grupach Zywionych paszami z udzialem
BSFM (P < 0,001). W przypadku szerokosci kosmkow, jedynie grupa BSFM15 nie
wykazywata roznic, ponadto w grupie BSFM5 odnotowano obnizone warto$ci, natomiast
w grupie BSFM 10 wyzsze (P <0,001). Pod katem powierzchni kosmkow jelitowych ryby
zywione paszami z 5 i 15% udziatem BSFM charakteryzowaty si¢ nizszymi warto§ciami
(P <0,001). Grubos$¢ warstwy mie$niowej wzrastata wraz z poziomem wiagczenia BSFM
do pasz dla tososi atlantyckich (P < 0,001).

W przypadku jelita dystalnego nie obserwowano roznic pomiedzy grupami
w zakresie wysokosci i powierzchni kosmkow jelitowych oraz grubosci warstwy
migsniowej. Jednoczesnie ryby zywione pasza z 5% udzialem BSFM charakteryzowaly

si¢ istotnym zwiekszeniem szerokos$ci kosmkow (P = 0,025).
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4.4.5. Ocena barwy oraz jakosci mig¢sa

Zastosowane pasze doswiadczalne nie mialy wplywu na wyniki analiz
kolorymetrycznych migsa, w tym: wskazniki L (jasno$ci), a (zaczerwienienie),
b (zo6ttosci), wartosci R, G, B oraz nasycenia (chroma) i barwy (hue), a takze na jako$¢
migsa tososi atlantyckich: pH mierzone w migsie S$wiezym bezposrednio po uboju ryb, po
24 h w migsie schlodzonym w temperaturze 4°C oraz po ugotowaniu, udzial procentowy

plata swiezego (FS), ptata schtodzonego (CFL) oraz wydajnos¢ gotowania (CE).
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Wykaz analiz przeprowadzonych samodzielnie przez Doktorantke:

© 0 N o g b~ w0 DR

[HEN
o

11.
12.

Bilansowanie sktadu diet doswiadczalnych.

Przygotowanie pasz doswiadczalnych.

Przeprowadzenie hydrolizy maczek z owadow.

Wykonanie badan in vitro z rybami (testy wzrostowe i strawnosciowe).
Pobranie materiatu biologicznego do dalszych analiz.

Obliczanie wskaznikow wzrostu i wykorzystania pasz oraz przezywalnosci ryb.
Obliczanie wskaznikéw zréwnowazenia srodowiskowego.

Obliczanie wskaznikéw somatycznych i kondycji ryb.

Udziat w przygotowaniu preparatow histologicznych.

. Przeprowadzenie analizy fluorescencyjnej hybrydyzacji in situ — wykonanie

preparatéw mikroskopowych, analiza mikroskopowa, liczenie koncentracji
wybranych grup bakterii.
Udziat w przygotowaniu analizy biochemicznej surowicy krwi ryb.

Wykonanie analizy statystycznej uzyskanych wynikow badan.

Wykaz analiz zleconych przez Doktorantke:

1.

Okreslenie sktadu podstawowego, energii, zawartosci aminokwasow w biatku,
zawarto$ci kwasow tluszczowych, wapnia, fosforu i1 chityny w maczce rybnej oraz
w maczkach z owadow.

Okreslenie sktadu podstawowego, energii, zawartosci aminokwasow w biatku,
wapnia, fosforu 1 chityny w paszach doswiadczalnych.

Okreslenie sktadu podstawowego ciata ryb.

Wykonanie i opis preparatow histologicznych przewodu pokarmowego.

Wykonanie analizy biochemicznej surowicy krwi ryb.
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5. Dyskusja

Dostepne dane literaturowe obejmujg szerokie spektrum wynikow do$wiadczen
omawiajacych efekty zastosowania maczek z owadow w akwakulturze. Jednakze,
w zaleznosci od gatunku ryb, rodzaju zastosowanej maczki, Sposobu i stopnia substytucji
maczki rybnej obserwowano efekty zaréwno pozytywne (Hoffmann i in., 2020; 2021b;
Hossain i in., 2021; Jozefiak i in., 2019; Rawski i in., 2020, 2021; Terova i in., 2019), jak
i negatywne (Dietz i Liebert, 2018; Dumas i in., 2018; Roncarati i in., 2015). Gtéwny nurt
badawczy skupia si¢ na wynikach odchowu, wykorzystania paszy oraz szeregu aspektow
zywieniowych i fizjologicznych. Jednak uzyskiwane wyniki nie daja jednoznacznych
odpowiedzi w zakresie praktycznej oceny zrownowazenia srodowiskowego chowu ryb
w przypadku zastosowania maczek z owadow, ich wptywu na jako$¢ wytwarzanych pasz
oraz najczgsciej zawezone sg do modelu odpowiedzi na dawke (ang. dose response) dla
jednego rodzaju maczki. W celu poszerzenia dostepnej wiedzy naukowej 1 aplikacyjnej
podjeto cykl badawczy obejmujacy cztery eksperymenty wzrostowe porownujace wiele
wariantow dawkowania, technologii obrobki materiatow paszowych i wytwarzania pasz
z udziatem maczek z: macznika miynarka (Tenebrio molitor), drewnojada (Zophobas
morio) i Hermetia illucens. Na podstawie wynikow kolejnych prac podejmowano
konsekwentne decyzje dazace do optymalizacji zastosowania tej grupy materiatow
paszowych. Wykonano testy wzrostowe, strawno$ciowe, analizy laboratoryjne pasz,
mikrobiologiczne tresci pokarmowej, biochemiczne i immunologiczne surowicy krwi,
jak réwniez oceniono rozwdj mikro i makro struktur przewodu pokarmowego. Jako
uzupetnienie powyzszych wynikéw dokonano analizy parametrow zroéwnowazenia
srodowiskowego chowu ryb.

W przedstawionej rozprawie doktorskiej omoéwiono spektrum zastosowanych
gatunkow owadow, roznice w stosowanych metodach produkcji materiatow paszowych,
jak rowniez w samym bilansowaniu diet. W eksperymencie | (Mikotajczak i in., 2020)
do pasz dla troci wedrownej wprowadzono hydrolizowane petnottuste maczki z macznika
mtynarka oraz drewnojada. Warto podkresli¢, ze w przypadku drewnojada miato to
miejsce po raz pierwszy w dostepnej literaturze naukowej. Hydrolizowane materiaty
paszowe ulegaja efektywniejszemu wchtanianiu na skutek zawartosci zwigzkoéw o niskiej
masie czagsteczkowe;j, co ostatecznie skutkuje w poprawie wzrostu i wykorzystania pasz
(Martinez-Alvarez i in., 2015). W eksperymentach Il (Mikotajczak i in., 2022), Il
(Mikotajczak 1 in., 2023a) oraz IV (Mikotajczak i in., 2023b), w ktorych

wykorzystywanym materialtem paszowym byta BSFM zaobserwowano wzrost
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zawarto$ci wtokna surowego w dietach, co jest konsekwencja wystepowania chityny
w egzoszkieletach owadow, ktéra ze wzgledu na budoweg chemiczng kwalifikowana jest
jako polisacharyd. Jednoczesnie chityna moze zawiera¢ w swojej strukturze
nieaminokwasowe wigzania azotowe. Ze wzgledu na obecnos$¢ chityny w biomasie
owadow dochodzi do przeszacowania ilosci biatka wlasciwego (aminokwasowego)
podczas bilansowania diet (Finke, 2007; Gasco i in., 2018), ktore osiagac bedzie wyzszy
poziom wraz ze wzrostem udzialu maczek z owadow (Rawski i in., 2020). Aby
zniwelowac te roznice, istotnym jest wykonanie obliczen empirycznego wspoétczynnika
konwersji biatka ogolnego (Kp), co zostalo wprowadzone w eksperymentach Il
(Mikotajczak i in., 2023a) oraz IV (Mikotajczak i in., 2023b). Wyniki dokonanych
obliczen zgodne sg z praca Janssena i in. (2017), ktorzy oszacowali warto$¢ Kp dla
maczek z owadow na poziomie 4,76 — 5,60, w zalezno$ci od jakoS$ci biatka ogdlnego
I poziomu jego oczyszczenia — co moze skutkowac¢ ponad 20% przeszacowaniem
wzgledem standardowo stosowanego wspotczynnika (N x 6,25). Wspomniana korekta
pozwolita na zbilansowanie diet izobiatkowych. Dodatkowo nie zaobserwowano rdznic
w sktadzie chemicznym diet, ktore mogtyby potencjalnie zaburza¢ wzrost i rozwoj ryb.
Ponadto rozszerzajac metodyke prac badawczych na podstawie obserwacji
wilasnych i danych literaturowych w eksperymencie III (Mikotajczak i in., 2023a)
ekstrudat zostal poddany postprodukcyjnym testom laboratoryjnym okres§lajacym
wilasciwosci fizyczne gotowych pasz. Dane literaturowe w tym zakresie sa wciaz
ograniczone a stosowana metodyka badawcza jest zroznicowana, CO znacznie utrudnia
ich porownanie. Wzrost udziatu BSFM w paszach dla tososia atlantyckiego prowadzit do
wyzszych warto$ci wspolczynnika ekspansji oraz nizszej gestosci nasypowej peletu.
Uzyskane wyniki wlasne pokrywaja si¢ z pracg Rawskiego i in. (2020). Glownym
powodem obserwowanych wynikow, jest fakt, ze stosowanie petnottustych maczek
z owadow prowadzi do lepszego rozprowadzenia oleju w paszach podczas procesu
ekstruzji. W prezentowanych badaniach zawartosci ttuszczu surowego w BSFM oraz
maczce rybnej byly zblizone i wynosily okoto 16%. Jednakze sposob substytucji maczki
rybnej wymuszony nizsza zawarto$cig biatka ogolnego w testowanej maczce wymagat
w procesie bilansowania sktadu diet wprowadzenia wyzszych udzialtow BSFM niz
zastepowanego materiatu. Konsekwencja tego byla zwiekszona zawartos¢ ttuszczu
surowego w materiale przeznaczonym do ekstruzji, a obnizona ilo$¢ oleju nanoszona na
gotowe peletki. Wzrost udzialtu BSFM w paszach prowadzit réwniez do szybszego
opadania (SV) i wzrostu objetosci peletu po 10 minutach w wodzie. Wyzsza predkosé
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opadania z jednoczesnym obnizeniem gestosci nasypowej mozna ttumaczy¢ nasileniem
tworzenia si¢ poréw w strukturze ekstrudatu. Podobny efekt w przypadku SV
obserwowano wcze$niej w pelecie z wyzszym procentowym udzialem DDGS
(Kannadhason i in., 2009). Ponadto, Liu i in. (2021) stwierdzili, ze dodatek maki pszenne;j
prowadzi do bardziej porowatej struktury peletu i ma to zwigzek z ekspansja, ktora
wplywa na stabilno$¢ wodng paszy. Moze to by¢ zatem przyczyna znacznie wyzszych
wartosci SV w grupach z dodatkiem BSFM, gdyz charakteryzowaty si¢ one wyzszym
udziatem witokna surowego. Nalezy jednak podkresli¢, ze opisane powyzej zmiany nie
przyczynity si¢ do obnizenia stabilno$ci peletu w wodzie, co sugeruje, ze BSFM moze
by¢ z powodzeniem stosowana W paszach dla akwakultury do poziomu 15%.

We wszystkich czterech doswiadczeniach badano wplyw zastosowanych
materiatow paszowych na wyniki chowu ryb, w tym przyrosty i wykorzystanie pasz.
W eksperymencie | (Mikotajczak i in., 2020) nie zaobserwowano réznic w przyrostach
masy ciala ryb, wzglednym dobowym przyroscie masy jednostkowej ryb, wskazniku
dziennego pobrania paszy, wspotczynnika wykorzystania paszy, wartosci produkcyjnej
biatka paszowego oraz przezywalnosci ryb. Zaobserwowano jednak nizsze wartosci
wydajnosci wzrostowej biatka paszowego w przypadku troci wedrownych zywionych
paszami z udziatem hydrolizowanych maczek z owadow, niezaleznie od ich rodzaju
(gatunku, z ktorego zostaty wytworzone). W eksperymencie Il (Mikotajczak i in., 2022)
nie odnotowano istotnych réznic pomigdzy grupami w wartosciach wszystkich
ocenianych parametréw wzrostu ryb i wykorzystania pasz. Z kolei w eksperymencie |11
(Mikotajczak i in., 2023a) 15% udziat BSFM wptynat negatywnie na przyrosty masy ciata
ryb, wspotczynnik wykorzystania paszy, wydajno$¢ wzrostowa biatka i tluszczu
paszowego. Wyniki czeSciowo potwierdzaja obserwacje W doswiadczeniu 1V
(Mikotajczak i in., 2023b), w ktorym odnotowano pogorszenie wartosci wspotczynnika
wykorzystania paszy oraz wydajno$ci wzrostowej thuszczu paszowego W grupie
z najwyzszym udzialem maczki z owadow. Literatura naukowa potwierdza, ze nizsze
wyniki wykorzystania biatka niekoniecznie musza przejawia¢ si¢ w pogorszonych
wynikach wzrostowych oraz wydajnosci paszy (Stadtlander i in., 2017). Belghit i in.
(2018) wskazuja, ze nawet wysoki udzial odtluszczonej maczki BSF (60% diety) moze
nie wplywac na koncowa masg ciala ryb, pobranie i wykorzystanie paszy oraz wydajnos¢
wzrostowg biatka i thuszczu paszowego. Z kolei 25% zastagpienie maczki rybnej BSFM
prowadzito do pogorszenia wykorzystania paszy oraz nizszej koncowej masie ciata tososi

atlantyckich (Weththasinghe i in., 2021), co zgodne jest z wynikami w eksperymencie
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I1l. Podobne rezultaty odnotowano w badaniach Fishera i in. (2020), w ktorych 30%
udziat maczki z Hermetia illucens obnizyt wykorzystanie paszy i przyrosty masy ciata
tososi atlantyckich. W przypadku eksperymentu | pogorszenie efektywnosci wzrostowe;j
biatka paszowego nastgpito prawdopodobnie na skutek braku zastosowania
empirycznego wspolczynnika konwersji azotu na biatko, a tym samym przeszacowania
ilosci biatka ogdlnego w maczkach z owadow (Finke 2007). Wyjasnieniem pogorszenia
wydajnosci wzrostowej tluszczu paszowego moze by¢ zdolno$¢ chityny zawartej
w maczkach z owadow do ograniczenia strawnosci i retencji thuszczu surowego (Belghit
I in., 2019b; Rennai in., 2017).

Zrownowazenie srodowiskowe chowu ryb, istotne w perspektywie problemow
szerzej opisanych we wstepie niniejszej pracy, zostato ocenione w eksperymentach Il
(Mikotajczak i in., 2022), III (Mikotajczak i in., 2023a) oraz IV (Mikotajczak i in.,
2023b). Jedna z najpowszechniejszych metod oceny zréwnowazenia alternatywnych
zrodet biatka w paszach akwakultury polega na zastosowaniu wskaznika ,,fish-in-fish-
out” (FIFO), ktory jest potaczeniem wspotczynnika wykorzystania paszy z wydajnoscia
produkcyjna maczki rybnej i oleju rybnego (Naylor i in., 2021). Wskaznik FIFO okresla
ile ryb z potowdw jest potrzebnych, aby pokry¢é zapotrzebowanie na pasze¢ dla
wyprodukowania 1 kg ryb hodowlanych (Jannathulla i in., 2019). W 2017 roku wartos¢
FIFO dla tososia atlantyckiego osiagata 1,87 — co niewatpliwie implikuje potrzebe dalszej
optymalizacji sktadu stosowanych diet (Naylor i in., 2021). W przypadku wynikow
eksperymentu Il z pstragiem potokowym obnizenie wartosci FIFO zaobserwowano
w grupach z 10 i 20% udzialem BSFM. Co wigcej, w grupie z najwigkszym udzialem
maczki z owadow odnotowano redukcje tego parametru o az 30% wzgledem grupy
kontrolnej. W eksperymencie III miato to miejsce jedynie w grupach ryb zywionych
paszami z 5 i 10% udziatem BSFM. Brak roznic w stosunku do grupy kontrolnej w diecie
z 15% udzialem wynika z pogorszonych parametrow wzrostowych. Natomiast
w przypadku eksperymentu IV, pozytywny efekt obserwowany byt we wszystkich
grupach niezaleznie od zastosowanych udziatbw BSFM.

Okreslenie wspotczynnikow strawnosci biatka i1 ttuszczu stosowanych pasz byto
pierwszym etapem do lepszego poznania wptywu zastosowanych diet na fizjologie
procesOw trawienia i wchianiania sktadnikow pokarmowych. W eksperymencie Il
stwierdzono obnizenie strawnosci biatka ogélnego w grupach z 5% i 10% udzialem
BSFM oraz tluszczu surowego w grupie z 20% udzialem tej maczki. Warto jednak

podkresli¢, ze dla obu sktadnikow pokarmowych wspotczynniki strawnosci byty wysokie
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(na poziomie 97,9 —98,6% dla biatka ogolnego oraz 98,1 — 99,4% dla thuszczu surowego),
a wyniki nie wptywaty na opisane wcze$niej wskazniki wzrostu ryb i wykorzystania pasz.
Tymczasem w eksperymencie Ill nie wykazano istotnych réznic w wartoSciach
wspotczynnikow strawnos$ci biatka 1 thuszczu, natomiast obserwowane byty pogorszone
parametry wzrostowe w grupie z 15% udziatem BSFM. Wedtug Marono i in. (2015),
wspoétczynniki  strawno$ci biatka sg ujemnie skorelowane z obecnoscig chityny
w materiatach paszowych wytworzonych z owadéw. Skutkiem jest nizsza biodostgpnosé¢
biatka zwigzanego z chityng dla enzyméw proteolitycznych (Henry i in., 2015) lub
generalnie nizszej aktywnosci tych enzymow (Belghit i in., 2018). Co wigcej, pomimo
wysokiego udzialu owadéw w pokarmie naturalnym wykazano, ze loso$ atlantycki
charakteryzuje si¢ niska zdolnoscig do trawienia chityny (Olsen i in., 2006).

W omawianym cyklu badawczym zaobserwowano zrdznicowanie wpltywu
zastosowanych maczek wytworzonych z owadow na indeksy organosomatyczne ryb.
W eksperymencie | odnotowano podwyzszenie wartosci indeksow hepato
I wiscerosomatycznych u troci wedrownych karmionych pasza z udzialem
hydrolizowanej maczki z drewnojada. Jednoczes$nie, w tej grupie odnotowano wzrost
udziatu lipidow w watrobie. Efekt ten mozna wytlumaczy¢ wyzszym poziomem kwasu
palmitynowego w paszy z udziatlem hydrolizowanej maczki z drewnojada w poréwnaniu
do innych grup. Wyniki wskazuja, ze doprowadzilo to do powigkszenia watroby na
skutek nagromadzenia si¢ tluszczu w tkance tego narzadu. Wedlug Huang
I in. (2016) wyzsze poziomy lipidow w diecie mogg prowadzi¢ do odktadania si¢ thuszczu
W jamie trzewnej 1 watrobie ryb, jednak ma to réwniez zwigzek z profilem kwasow
thuszczowych. Rownoczesnie pasza z udziatem hydrolizowanej maczki z drewnojada
cechowala si¢ wyzszymi poziomami nasyconych kwasow ttuszczowych. Potencjalnym
czynnikiem modulujacym sklad watroby ryb, a takze jej budowy oraz metabolizmu, jest
stosunek miedzy kwasami thuszczowymi n-3 oraz n-6 (Kowalska i in., 2012; Piedecausa
I in., 2007). Zmniejszony udzial kwasow n-3 w dietach z zastosowaniem produktéw
pochodzacych z owadow moze powodowaé brak réwnowagi stosunku n-3/n-6 co
zwicksza prawdopodobienstwo powstania ztogéw lipidowych w  watrobie.
W eksperymencie II, pstragi potokowe wykazywaly nizsze warto$ci indeksu
hepatosomatycznego we wszystkich grupach z udzialem BSFM, jednak indeks
wiscerosomatyczny byt wyzszy w grupach z 5 1 10% udziatem tej maczki. Wyniki te sa
zgodne z pracg Stenberg i in. (2019), a powodem rosnacych warto$ci moze by¢ obecno$é

thuszczu okotonarzadowego. W eksperymentach 111 i IV nie obserwowano istotnego
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wplywu zastosowania w paszach maczek z owadow na wskazniki organosomatyczne
I jelitowe. Warto rowniez podkresli¢, ze ze wzgledu na mozliwos¢ wystgpienia zaburzen
metabolicznych powodowanych przez obecno$¢ weglowodanow 1 lipidow, a takze
obecnos¢ lipidow utlenionych czy niedoboru witamin rozpuszczalnych w thuszczach,
indeks hepatosomatyczny nie powinien przekracza¢ 1-2% (Munshi i Dutta, 2017).
Z drugiej strony, dos§wiadczenie Hoffmann i in. (2021a) wskazuje, ze nawet bardzo
wysoki indeks hepatosomatyczny moze nie mie¢ wplywu na strukture watroby, ktorej
budowa histomorfologiczna pozostaje prawidtowa.

Jednym z wazniejszych elementow wyjasniajagcych mechanizm dziatania
czynnikdw alimentarnych jest zarowno budowa makroskopowa przewodu
pokarmowego, jak rowniez jego charakterystyka histomorfologiczna. W eksperymencie
| stwierdzono, ze zastosowane w paszach hydrolizowane maczki z owadoéw nie wptynely
na wysokos$¢ i szeroko$¢ kosmkow jelitowych, ich powierzchnie, ani grubo$¢ warstwy
migsniowe] jelit. Potencjalnie tro¢ wedrowna bedaca gatunkiem dzikim moze
charakteryzowac¢ si¢ wyzszg tolerancja na materiaty paszowe pochodzace z owadoéw niz
w przypadku hodowlanego tososia atlantyckiego w pozostalych omawianych pracach.
W przypadku troci dzikozyjacych nawet 70-90% ich naturalnej diety moga stanowic
muchowki, gldwnie z rodzin ochotkowatych (Chironomidae) i wujkowatych (Empididae)
(Lyse i in., 1998). W eksperymencie III, nie stwierdzono wptywu zastosowanych diet
z udziatem maczek z owaddéw na analizowane parametry histomorfometryczne, ani tez
na oceniane indeksy jelitowe. Rowniez w eksperymencie 1V, z wykorzystaniem
mtodocianych osobnikéw tososia atlantyckiego odnotowano brak rdéznic pomig¢dzy
grupami w przypadku indeksow jelitowych. Niemniej jednak, pomimo braku istotnych
statystycznie roznic zaobserwowano numeryczny wzrost PL/FTL kosztem DL/FTL.
Poniewaz aktywno$¢ enzymow jest najwyzsza w blizszej czgsci jelita, efekt ten mozna
uzna¢ za pozytywny ze wzgledu na prawdopodobienstwo bardziej efektywnego trawienia
(Krogdahl i in.,, 2015). W przypadku jelita proksymalnego, w prezentowanym
doswiadczeniu, w grupach z wykorzystaniem BSFM na poziomie 5 i 15%
zaobserwowano obnizenie wysokosci kosmkow jelitowych. Wedtug Renna i in. (2017),
wlaczenie do diet czgsciowo odttuszczonej maczki BSF (nawet do 40%) nie wywotywato
zmian morfologicznych w jelitach pstraga teczowego. Z drugiej strony Dumas i in. (2018)
obserwowali zmniejszenie wysokosci kosmkow w jelicie proksymalnym w grupie z 26%
udziatem maczki BSF. Rownoczes$nie efekt ten przejawiat si¢ we wzroscie ryb — grupa

z najwyzszym wigczeniem BSFM charakteryzowata si¢ rowniez obnizonym BWG. Jest
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to zgodne z obserwacjami, ze zmiany w strukturze kosmkow jelitowych moga prowadzi¢
do pogorszenia wchtaniania sktadnikow pokarmowych (English i in., 2021). Niemniej
jednak taki efekt nie byt obserwowany w opisywanym cyklu badawczym. W dystalne;j
czesci jelita szerokos¢ kosmkow byta wigksza w grupie BSFMS. Pozostate grupy nie
r6znily si¢ od grupy kontrolnej, jednakze zaobserwowano numeryczny wzrost szerokosci
kosmkoéw. Wspomniana praca Dumas i in. (2018) nie stwierdza wptywu wiaczenia BSFM
do diet pstragdéw tgczowych na strukture jelita dystalnego. Wedtug Egertona i in. (2020)
wicksze kosmki (rowniez pod katem ich szerokosci), co odnotowano w eksperymencie
IV, sa rownoznaczne z wigkszymi enterocytami lub wzrostem ich liczebnosci, co z kolei
zapewnia zwigkszenie powierzchni wchianiania sktadnikow odzywczych oraz
metabolitow.

Mikrobiom jelitowy ryb przeanalizowano w przypadku dwoch doswiadczen:
eksperymentu I, z zastosowaniem hydrolizowanych maczek z macznika miynarka
i drewnojada w dietach dla troci wedrownej oraz eksperymentu Il z wykorzystaniem
BSFM w zywieniu pstraga potokowego. W przypadku pierwszej pracy, stwierdzono, ze
zastosowanie hydrolizowanych maczek z wybranych gatunkow owadow — macznika
miynarka oraz drewnojada moduluje mikrobiom przewodu pokarmowego ryb.
Odnotowano obnizenie koncentracji Carnobacterium spp. oraz grupy Lactobacillus u ryb
zywionych pasza z udziatem hydrolizowanej maczki z macznika mtynarka. Wptyw ten
moze potencjalnie zwigkszy¢ szanse na proliferacje bakterii chorobotwoérczych i dalsza
nierownowage mikroflory. Wynika to z faktu, iz obie te grupy zaliczaja si¢ do bakterii
potencjalnie probiotycznych. Inaczej sytuacja ta wyglada w przypadku pasz z udziatem
hydrolizowanej maczki z drewnojada, gdzie nie tylko nie zaobserwowano wplywu
czynnika zywieniowego na populacje grupy Lactobacillus spp., lecz rowniez odnotowano
obnizenie koncentracji Aeromonas spp. i Enterococcus spp. Redukcja Aeronomas spp. to
jednoznacznie pozytywna zmiana, poniewaz rodzaj ten obejmuje bakterie
chorobotworcze i oportunistyczne, takie jak A. hydrophila czy A. salmonicida, ktore
moga wytwarza¢ cytotoksyny, enterotoksyny i1 endotoksyny negatywnie oddzialowujace
na funkcje bariery jelitowej (Karatas Diigenci i in., 2003; Ringe i in., 2004). Podobna
sytuacja obserwowana jest dla Enterococcus spp. Pomimo faktu, ze wiele bakterii
nalezacych do tego rodzaju wykazuje wlasciwosci probiotyczne, wigkszo$¢ z nich
przejawia takze dzialanie potencjalnie patogenne, co moze prowadzi¢ do zasiedlenia
tkanek gospodarza i przemieszczania si¢ przez komorki nablonkowe (Araujo i in., 2015).

Populacja bakterii z rodzaju Bacillus nie ulegata wptywowi czynnika zywieniowego.
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Utrzymanie frekwencji wystepowania tej grupy mozna rozpatrywacé jako efekt
pozytywny poniewaz posiadaja one zdolnos$¢ do produkcji metabolitéw, takich jak kwas
octowy, kwas mlekowy i bakteriocyny, co potencjalnie wptywa na poprawe zdrowia ryb
(Ramesh i in., 2015; Thankappan i in., 2015). W przypadku eksperymentu Il nie
odnotowano istotnych statystycznie réznic pomiedzy grupami pod katem skladu
mikrobioty jelitowej. Wedtug pracy Rimoldi i in. (2019) w przypadku pstraga teczowego
zywionego paszg z udzialem BSFM wykazano zmniejszenie koncentracji bakterii
potencjalnie patogennych np. Aeromonas i Citrobacter, jednoczesnie nie odnotowujgc
wplywu na grupy Lactobacillus lub Enterococcus. W badaniu Jozefiak i in. (2019) udziat
maczek z owadoéw na poziomie 20% diety powodowat zwigkszenie liczby bakterii
Lactobacillus sp./Enterococcus sp., jednak odnotowano réwniez wyzsza koncentracje
Clostridium coccoides. Co istotne, jako$¢ mikrobiologiczna larw owadow jest zalezna od
substratu, na ktorym zerowaly, co moze mie¢ kluczowe znaczenie, ze wzgledu na
produkowane metabolity bakteryjne oraz ekspresje bakteriocyn (Osimani i in., 2019).
Pozytywny wptyw diet z udziatem drewnojada na mikrobiom przewodu pokarmowego
troci wedrownej moze mie¢ swoje potwierdzenie w niezachwianej budowie
mikrostruktur jelit.

W eksperymentach I (Mikotajczak i in., 2020) oraz II (Mikotajczak i in., 2022)
analizie poddano surowic¢ krwi ryb zywionych dietami z udziatlem maczek z owadow.
Nie zaobserwowano istotnych statystycznie r6zni¢ w przypadku st¢zenia
aminotransferazy alaninowej we krwi. Dodatkowo, w obydwu doswiadczeniach
odnotowano wyzsze warto$ci aminotransferazy asparaginowej — w grupie z udzialem
hydrolizowanej maczki z drewnojada w przypadku eksperymentu | oraz w grupach z 10
i 20% udziatem BSFM w przypadku eksperymentu Il. Wymienione aminotransferazy
stanowia markery kondycji watroby, a jakakolwiek degradacja tego organu prowadzi¢
bedzie do wzrostu ich stezenia (Reddy i Singh, 2011). Odnotowany wzrost stezenia moze
mie¢ zwigzek z opisanymi  wczeSnie] wyzszymi  wynikami  indeksow
hepatosomatycznego i wiscerosomatycznego, a takze wspomniang wysoka zawarto$cig
kwasu palmitynowego w hydrolizowanej maczce z drewnojada. W tej samej grupie
zaobserwowano nizsze st¢zenie fosfatazy alkalicznej, enzymu obecnego w btonie prawie
wszystkich komoérek zwierzecych, ktorego aktywnos$¢ zwigzana jest z ich uszkodzeniem
(Agrahari i in., 2007; Villanueva i in., 1997). Obserwowane wartosci moga $wiadczy¢
0 zachowaniu homeostazy komorkowej oraz mie¢ zwigzek z numerycznymi réznicami

we wzglednych przyrostach masy ryb, co wcze$niej sugerowano w badaniach
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przeprowadzonych na dorszu atlantyckim (Gadus morhua) (Lemieux i in., 1999).
Zawarto$¢ biatka catkowitego we krwi, ktéra uznawana jest za wskaznik odzywienia
(McCarthy i in., 1973), nie wykazywata istotnych réznic pomiedzy grupami w przypadku
obu doswiadczen. Wedtug pracy Panettieri i in. (2020) wahania w catkowitej zawarto$ci
biatka w surowicy krwi ryb moga wynika¢ z szeregu zmian fizjologicznych, m.in.
uszkodzen tkanek, rdznic w objgtosci krwi i osocza, uwodnienia czy tez odpowiedzi
organizmu na warunki stresowe. Efektow tych nie obserwowano jednak
w prezentowanych badaniach witasnych. Odnotowano wyzszy poziom albumin
w przypadku ryb zywionych paszami z udziatem hydrolizowanych maczek z owadow.
W przypadku eksperymentu Il grupa z 20% udziatem BSFM prezentowata nizsze od
pozostalych grup wyniki tego parametru. Wedtug danych literaturowych, dojrzaty toso$
atlantycki charakteryzuje si¢ poziomem albumin réwnym 40% biatka w surowicy krwi
(Gopal i in., 1997). Poziom ten nie zostal odzwierciedlony w niniejszych badaniach
i nalezy podkresli¢, ze w literaturze naukowej brakuje danych dla narybku i osobnikow
mtodocianych. We weczesniejszych pracach probowano rowniez ustali¢ prawidlowe
warto$ci parametréw krwi u zdrowego lososia atlantyckiego i bazujac na tych
informacjach poziom albumin powinien oscylowac¢ miedzy 18 a 24 g/L, jednak wartos$ci
te moga zmieniac si¢ sezonowo i rowniez dotycza jedynie ryb dojrzatych (Sandnes i in.,
1988). Podwyzszony poziom cholesterolu obserwowano w przypadku grup zywionych
paszami z udziatem hydrolizowanych maczek z owadow w eksperymencie | oraz grup
z 10 i 20% udzialem BSFM w eksperymencie Il. Literatura naukowa nie wskazuje
jednoznacznie czy wysoki poziom cholesterolu w surowicy krwi ryb jest efektem
pozytywnym czy negatywnym. Czg$¢ prac naukowych sugeruje, ze wiaczenie BSFM
w dietach réznych gatunkéw ryb nie wptywa na zawarto$¢ cholesterolu catkowitego czy
trojglicerydow (Belghit i in., 2019a; Cardinaletti i in., 2019; Zhou i in., 2018).
Z kolei inne badania wskazuja, ze dodatek maczki z owadéw moze prowadzi¢ do
obnizenia poziomu tych substancji (Khosravi i in., 2018; Wang i in., 2019). Nalezy jednak
podkresli¢, ze obecnos¢ cholesterolu we krwi moze odgrywaé¢ wazng rol¢ w ukladzie
odporno$ciowym ryb, co sugerowano wczesniej w badaniach z wykorzystaniem pstraga
teczowego (Deng i in., 2013). Ponadto, nizsze wartoSci trojglicerydow moga by¢
zwigzane z wystepowaniem chityny w paszach zawierajagcych maczki z owadow oraz jej
potencjalem do wigzania kwasow zotciowych i wolnych kwasoéw thuszczowych (Gasco
I in., 2018). Dodatkowo, w doswiadczeniu II zaobserwowano nizsze stezenie gamma-

glutamylotranspeptydazy (GGT) w grupie BSFL20, natomiast pozostate grupy, w tym
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kontrolna, nie r6znity si¢ od siebie. Aktywno$¢ enzymatyczna GGT obserwowana jest
przede wszystkim w komoérkach watroby, a wedtug Kumara i in. (2017) wyzsze wartosci
mogg by¢ zwigzane z jej niewydolno$cig. Wyzszy udziat BSFM w paszy zadziatat w tym
przypadku pozytywnie.

Przedstawiony cykl badawczy obejmuje kompleksowe wyniki badan dotyczace
zastosowania maczek z réznych gatunkow owadoéw (macznika miynarka, drewnojada
oraz Hermetia illucens) w zywieniu trzech gatunkéw ryb lososiowatych (troci
wedrownej, pstraga potokowego oraz tososia atlantyckiego). Na podstawie uzyskanych
wynikow stwierdzono, ze maczki z owadow posiadajg potencjal jako czgsciowy
zamiennik maczki rybnej. Bazujac na uzyskanych danych, mozliwe jest zastosowanie
hydrolizowanych maczek z macznika mtynarka i drewnojada w paszach dla narybku troci
wedrownej w udziale do 10%. Réwniez mozliwe jest uzycie pelottustych maczek
z Hermetia illucens w paszach przeznaczonych dla pstraga potokowego (w ilosci do 20%
paszy) i tososia atlantyckiego (do 10% paszy dla narybku oraz do 15% paszy dla
osobnikéw mtodocianych). Co wigcej, dowiedziono, ze zastosowane w paszach maczki
z owadow mogg modyfikowaé mikrobiom przewodu pokarmowego, wptywaé na jego
budowe histomorfometryczna, a takze na biochemiczne parametry surowicy krwi u ryb
lososiowatych. Zastosowanie pehotlustej maczki z Hermetia illucens poprawito

zrownowazenie srodowiskowe chowu ryb tososiowatych.

72



. Stwierdzenia i wnioski

Wyniki przeprowadzonego cyklu badawczego potwierdzity wysoka przydatnosé

maczek z biomasy larw owadow w zywieniu ryb lososiowatych, jako czynnika

pozytywnie wplywajacego na homeostazg i rozwoj przewodu pokarmowego oraz
zrownowazenie srodowiskowe chowu.

Potwierdzono hipoteze 1, ze maczki z biomasy larw owadow stanowig alternatywne

zrodto biatka w dietach dla ryb tososiowatych:

2.1. Zastosowanie w paszach hydrolizowanych maczek z macznika mtynarka oraz
drewnojada na poziomie 10% nie wptyngto negatywnie na wskazniki odchowu
oraz wykorzystanie pasz u narybku troci wedrowne;j.

2.2. Udziat pelnottustej maczki z Hermetia illucens w paszy na poziomie 20% nie
wplynal negatywnie na wskazniki odchowu oraz wykorzystanie pasz u narybku
pstraga potokowego.

2.3. Optymalny udziat petnotlustej maczki z Hermetia illucens w paszach dla tososi
atlantyckich wyniést: do 10% dla narybku oraz do 15% dla osobnikow
mtodocianych.

Potwierdzono hipoteze 2, ze wykorzystanie w paszach petnotlustej maczki

z Hermetia illucens zwigcksza zrownowazenie $rodowiskowe chowu ryb

tososiowatych.

Potwierdzono hipoteze 3, Zze cze$ciowe zastgpienie maczki rybnej maczkami

z owadow nie wptywa negatywnie na wykorzystanie pasz oraz wyniki odchowu

1 status nutrifizjologiczny ryb lososiowatych:

4.1. Odnotowano wysokie warto$ci wspotczynnikow strawnosci biatka ogdlnego
1 tluszczu surowego u ryb lososiowatych zywionych paszami z udzialem
petnotlustej maczki z Hermetia illucens.

4.2. Zastosowanie pelnotlustych maczek z biomasy larw owadéw w paszach nie
zaburza mikrostruktury przewodu pokarmowego narybku ryb tososiowatych.

4.3. Stwierdzono pozytywny wplyw zastosowania hydrolizowanej maczki
z drewnojada w paszy na mikrobiom przewodu pokarmowego u narybku troci

wedrowne;.
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Simple Summary: The replacement of fishmeal by environmentally sustainable alternative meals
has been one of the targets in aquaculture in recent decades. A number of factors support the use of
insect meals, as a group of products characterized by high crude protein and crude fat content, in fish
nutrition. Insects are readily accepted by a number of fish species, and they are part of the natural
diet of omnivorous and carnivorous species. The present study was conducted to evaluate the effects
of hydrolyzed Tenebrio molitor and Zophobas morio meals as a partial replacement for fishmeal in sea
trout (Salmo trutta m. trutta) diets on growth performance, feed utilization, organosomatic indices,
serum biochemistry, gut histology, and microbiota. In the present study, insect meals inclusion did
not cause any adverse impacts on growth performance, feed utilization or gut histomorphology.
However, an effect on the organosomatic indices, serum biochemistry, and microbiota was observed.
In conclusion, hydrolyzed T. molitor and Z. morio meals seem to be promising alternative protein
sources for sea trout nutrition.

Abstract: The present study is the first introduction of hydrolyzed superworm meal in sea trout
nutrition. It was conducted to evaluate the effects of inclusion in the diet of hydrolyzed insect
meals as a partial replacement for fishmeal on growth performance, feed utilization, organosomatic
indices, serum biochemical parameters, gut histomorphology, and microbiota composition of sea
trout (Salmo trutta m. trutta). The experiment was performed on 225 sea trout fingerlings distributed
into three groups (3 tanks/treatment, 25 fish/tank). The control diet was fishmeal-based. In the
experimental groups, 10% of hydrolyzed mealworm (TMD) and superworm (ZMD) meals were
included. The protein efficiency ratio was lower in the TMD and ZMD. Higher organosomatic indices
and liver lipid contents were found in the group fed ZMD. The ZMD increased levels of aspartate
aminotransferase, and decreased levels of alkaline phosphatase. The Aeromonas spp. and Enterococcus
spp. populations decreased in the ZMD. The concentrations of the Carnobacterium spp. decreased in
the ZMD and TMD, as did that of the Lactobacillus group in the TMD. In conclusion, insect meals may
be an alternative protein source in sea trout nutrition, as they yield satisfying growth performance
and have the capability to modulate biochemical blood parameters and microbiota composition.

Keywords: Tenebrio molitor; Zophobas morio; hydrolyzed insect meals; fish nutrition; fish health; blood
biochemistry; microbiota; growth performance; feed efficiency
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1. Introduction

The replacement of fishmeal (FM) by environmentally sustainable alternative protein sources
has been one of the targets of aquaculture in recent decades [1]. Plant meals have been used as
the main alternative; however, insect meals have recently emerged as one of the most promising
components of fish nutrition [2-4]. This is caused by their high nutritive value—protein and fat content,
anti-pathogenic and anti-inflammatory properties connected with antimicrobial peptides, and lauric
acid and chitin presence—as well as their environmental sustainability due to their taking partin a
circular economy and wide presence in the natural diets of many fish species [5,6]. Nevertheless, in the
available literature, information about the effect of insect meals on growth performance, microbiota of
the gastrointestinal tract, and blood biochemical parameters in salmonid fish is still scarce, and most of
the research is focused only on salmon and rainbow trout [7-11].

One of the key factors that has caused increased interest in research for alternative feed materials is
the growing price of FM and its harmful effects on the environment [12,13]. However, many alternatives
can lead to secondary, adverse health effects—nutritional disorders and metabolic disturbances may
be caused by the use of dietary plant meal, i.e., enteritis in the distal intestine, hypertrophic mucus
production, a reduction in reproductive rates, high mortality or growth depression [14,15]. Another
important source of protein—animal byproducts, such as blood meal, meat and bone meal, as well as
feather meal—is associated with legislative issues and consumer intolerance; moreover, it may contain
antinutritional factors, i.e., indigestible pepsin or high levels of crude ash [16] or cause amino acid
imbalance in the diet due to high levels of proline or glycine and low tryptophan and tyrosine content [17].

Compared with other salmonids, sea trout (Salmo trutta m. trutta) tolerate higher water
temperatures, and may play a crucial role in aquaculture under the pressure of the progressing
global warming [18]. In the wild, they consume a wide spectrum of terrestrial and aquatic
insects, which makes insect meals natural and environmentally sustainable feed components for
the species [19,20]. The dietary inclusion of up to 25% insect meal does not affect growth performance
in most fish species [9,21-27], and some research conducted on turbot and seabass [28,29] demonstrated
an improvement in performance and digestibility. Moreover, some substances present in insects,
such as chitin and antimicrobial peptides (AMPs), may play an important role in immune system
modulation [30,31] and the stabilization of the homeostasis between animal and host gut microbiota [32].
However, it must be emphasized that processing—such as drying, fat extraction or enzymatic
hydrolysis [33], as well as rearing methods and technologies, i.e., usage of different organic waste
substrates [3,34,35], rearing period length and environmental conditions [36]—can also improve the
nutritional value of insect meals.

In the available literature, data about the use of insect meals in sea trout diets are scarce and they
can be found in only one published study described recently by our team [37]. Moreover, information
on the microbiota of this species is very limited. The effects of insects on blood plasma parameters
and immunological responses have been studied only in salmon [38]. However, the presence of insect
meals may positively affect the microbiota composition and improve the gastrointestinal health of
these animals [7,31].

Considering all the aspects mentioned above, this research aimed to evaluate the impact of mealworm
(Tenebrio molitor) and superworm (Zophobas morio) larval meals hydrolyzed by bacterial enzymes and
used as partial replacements for fishmeal on the blood immune responses and the microbiota of the
gastrointestinal tract of sea trout compared to their growth performance and the feed efficiency.

2. Materials and Methods

2.1. Insect Meals

The insects were purchased from a commercial supplier (HiProMine S.A., Robakowo, Poland).
To obtain full-fat meals, the larvae were oven-dried at 50 °C for 24 h and finely ground. The chemical
composition and amino acid profile of the meals were determined for diet formulation (Tables 1 and 2).



Animals 2020, 10, 1031 3 0f 20

Table 1. Amino acid profiles of hydrolyzed insect larvae meals (% of crude protein) compared to the
fishmeal used in the study.

Item Insect Larvae Meals
Amino Acids ™! ZM ? FM 3
Indispensable amino acids (IAA)
Arginine 5.02 4.50 591
Histidine 3.21 3.04 2.13
Isoleucine 4.77 4.67 4.79
Leucine 8.34 7.61 7.99
Lysine 5.64 5.62 7.99
Methionine 1.62 1.46 3.11
Phenylalanine 4.28 3.98 3.99
Threonine 5.21 497 4.39
Valine 7.40 6.94 5.77
Tryptophan 1.00 1.16 1.08
Dispensable amino acids (DAA)
Alanine 9.09 8.32 6.79
Aspartic acid 8.28 8.19 9.70
Cysteine 0.83 0.75 0.90
Glycine 5.96 521 6.56
Glutamic acid 13.87 13.79 14.57
Proiline 7.17 6.13 4.30
Serina 5.09 4.48 4.45
Tyrosine 6.85 6.61 3.10
IAA/DAA 0.81 0.82 0.94

1 TM, enzyme-hydrolyzed mealworm meal; > ZM, enzyme-hydrolyzed superworm meal; 3 FM, fishmeal
(Skagen, Denmark).

Table 2. Fatty acid composition of the hydrolyzed insect meal (g-kg™" dry matter).

Item Insect Larvae Meals
Fatty Acids ™! ZM?
C14:0 29 9
C16:0 192 306
C18:0 35 91
Saturated fatty acids (SFA) 259 421
Cl6:1n7 19 6
C18:1n9 409 300
Monounsaturated fatty acids (MUFA) 435 315
C18:2n-6 (LA) 281 239
C20:4n-6 (ARA) <0.1 <0.1
Polyunsaturated fatty acids (PUFA n-6) 281 239
C18:3n-3 (LNA) 13 9
C18:4n-3 <0.13 <0.1
C20:5n-3 (EPA) <0.1 <0.1
C22:5n-3 <0.1 <0.1
C22:6n-3 (DHA) <0.1 <0.1
Polyunsaturated fatty acids (PUFA n-3) 13 9
n-3/n-6 0.05 0.04
PUFA/SFA 1.14 0.60
C14:0 29 9
C16:0 192 306
C18:0 35 91

1 TM, enzyme-hydrolyzed mealworm meal; 2 ZM, enzyme-hydrolyzed superworm meal; 3 <0.1 = fatty acids
detected at lower amounts than 1 g-kg™" of sample.
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2.2. Preparation of Insect Meal Hydrolysates

Two commercial proteases were used to hydrolyze the dried larvae meals in two subsequent steps.
The full-fat larvae meals were ground and mixed using distilled water at a ratio of 4:1 (w:v) to achieve
a consistency suitable for enzyme hydrolysis. Initially, the diluted bacterial (Bacillus amyloliquefaciens)
endopeptidase enzyme Corolase® 7090 (AB Enzymes GmbH, Darmstadt, Germany) was added to
the meals at a concentration of 1.5 g-kg~! of protein, and the mixture was heated for five hours at
50 °C, according to the manufacturer’s instructions. Next, 0.75 g-kg~! of the fungal protease enzyme
Flavourzyme® (endopeptidase and exopeptidase from Aspergillus oryzae; supplied by Novozymes
A/S, Denmark) was added to the mixture, which was homogenized and hydrolyzed for three hours.
The hydrolyzed meals were kept at 4 °C until diet preparation.

2.3. Diet Formulation and Preparation

A control diet (CON) and two experimental diets were formulated (Table 3). The control
diet was based on previous results described by our research team and literature [37,39]. A 10%
hydrolyzed insect meal inclusion was fixed for both the experimental diets. Hydrolyzed mealworm
(TMD) and superworm (ZMD) meals were used. The isonitrogenous (490 g-kg™! of crude protein)
and isoenergetic (22.5 MJ-kg™!) diets were manufactured at the Feed Production Technology and
Aquaculture Experimental Station in Muchocin, Poland. In the feed production process, all the dried
ingredients were mixed with hydrolyzed insect biomass in a batch-type ribbon blender (WBN-150,
WAMGROUP S.p.A., Ponte Motta/Cavezzo, MO, Italy). The mixture was then passed through a
semi-industrial single-screw extruder (Metalchem S-60, Gliwice, Poland) at 110 °C to obtain pellets
with 1.5-mm and 2.5-mm diameters. After extrusion, the pellets were dried in an airflow drier for 24 h
at 40 °C. After drying, fish oil was added onto the mildly heated pellets. The diets were packed in
plastic bags and stored at —18 °C until use.

2.4. Fish and Feeding Trial

All animal handling protocols and methods complied with the recommendations of Directive
2010/63/EU of the European Parliament and the council of 22 September 2010 on the protection of
animals used for scientific purposes, the Polish law of 15 January 2015 on the protection of animals
used for scientific purposes (Dz.U.2015 poz. 266), and the good practices and recommendations of
the National Ethics Committee for Animal Experiments and the Local Ethics Committee for Animal
Experiments of Poznan University of Life Sciences [40]. The trial was performed in the Division of
Inland Fisheries and Aquaculture, which, as a unit of the Faculty of Veterinary Medicine and Animal
Science of Poznan University of Life Sciences, is certified for animal experiments (approved unit
no. 0091) by the National Ethics Committee for Animal Experiments (based on authorization by the
Ministry of Science and Higher Education).

Sea trout fingerlings were transported from the Feed Production Technology and Aquaculture
Experimental Station in Muchocin, Poland, to the Division of Inland Fisheries and Aquaculture
laboratory. Firstly, fish were acclimated for seven days. After that time, on the 1st day of the
experimental period, 225 fish with an average body weight of 5.08 + 0.9 g were weighed individually
and distributed randomly into nine tanks (25 fish in each). The fiberglass tanks used had 60 L capacities,
which were supplied with 2 L min~! water from the reservoir in an open-flow system. The water
parameters were recorded daily. The temperature was 14.7 + 0.6 °C, the dissolved oxygen was constant
at7.5 +0.3mg L', and the photoperiod was maintained at 16:8 (light:dark) throughout the experiment.

The trial lasted eight weeks, and, during this time, the animals were fed by automatic band feeders
(12 h discharge time, FIAP Fishtechnik GmbH., Ursensollen, Germany). During the experiment, the
animals were weighed and counted every two weeks to adjust the feed intake ratio, and the growth
and feed efficiency parameters were recorded. The feed ratio was based on a feeding chart designed
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for Atlantic salmon, taking into consideration the average body weight of the fingerlings and the water
temperature [39]. The fish mortality was monitored daily.

Table 3. Formulation and analyzed chemical composition of the experimental diets.

. dients (eke-1) Diets

ngredients '8X8 CON!' TMD? 2zZMD?3

Fishmeal * 250 145 140
Mealworm meal ° - 100 -
Superworm meal © - - 100
Soybean meal 7 100 100 100
Wheat flour 219 220 226
Corn gluten 150 150 150
Blood meal 8 70 100 100
Brewer yeast 35 35 35
Fish oil 164 143 140
Dicalcium phosphate 72 0.8 21
Premix ? 1.5 1.5 1.5
DL-Methionine 1.2 2.2 24
L-Lysine HCL 1.1 1.8 2.0
L-Threonine 0.6 0.6 0.7
Proximate analysis (g-kg~! DM)
Dry matter 930 937 935
Crude protein 480 511 498
Crude lipid 163 146 153
Ash 65 54 51
Crude fiber 17 17 17
Chitin 10 0 9.3 48
NEFE 11 350 338 350
Gross energy (MJ'kg™!) 22.18 22.77 22.55

1 CON—fishmeal diet (control); 2 TMD—enzyme-hydrolyzed mealworm diet; 3 ZMD—enzyme-hydrolyzed
superworm diet; * Skagen, Denmark (crude protein: 71.4%); > Mealworm meal, HiProMine S.A., Poland (dry matter:
95.58%, crude protein: 47.0%, crude lipid: 29.6%); 6 Superworm meal, HiProMine S.A., Poland (dry matter: 96.32%,
crude protein: 49.3%, crude lipid: 33.6%); 7 Solvent-extracted 45% crude protein, 1.8% crude lipid; ® Spray-dried
90% protein, APC Europe, Spain; 9 Polfamix BASF Poland Ltd. (Kutno, Poland) (g~kg‘1 ): vitamin A, 1 000,000 1U;
vitamin Ds, 200,000 IU; vitamin E, 1.5 g; vitamin K, 0.2 g; vitamin By, 0.05 g; vitamin By, 0.4 g; vitamin By, 0.001 g;
nicotinic acid, 2.5 g; D-calcium pantothenate, 1.0 g; choline chloride, 7.5 g; folic acid, 0.1 g; methionine, 150.0 g;
lysine, 150.0 g; Fe, 2.5 g; Mn, 6.5 g; Cu, 0.8 g; Co, 0.04 g; Zn, 4.0 g; ], 0.008 g; carrier > 1000.0 g.; 10 Calculated amount
from chitin analysis of insect meals; !! Nitrogen-free extract = 1000 — (crude protein + ether extract + crude fiber
+ ash).

2.5. Sample Collection and Organosomatic Indices

At the beginning of the trial, 200 g of euthanized fish biomass was collected and preserved at
20 °C for body composition analysis. Fish biomass was weighted for each tank, and animals used for
somatic indices calculations and other analysis were weighed and measured individually. The growth
performance test was performed in triplicate—3 tanks per treatment— and each tank was considered
as experimental unit (n = 3/treatment—representing 25 fish/tank). The fish were euthanized using
an overdose of MS-222 [41] and decapitated for dissection, sampling and further analysis. Blood
sampling was performed postmortem. Blood samples were collected from the caudal veins of nine fish
per tank with nonheparinized 1-ml syringes. The samples were pooled, with 3 fish/sample, which
was the experimental unit (3 samples/tank, n = 9/treatment). The samples were kept in a refrigerator
for 30 min to allow the formation of a clot. The serum was separated by centrifugation at 4 °C and
3500 RPM for 15 min (Hettich Zentrifugen, Tuttlingen, Germany). The serum samples were stored at
—82 °C for further analysis. The viscera and liver weights were recorded and used for the calculation
of the organosomatic indices. The livers from five fish per tank were removed for the determination of
liver glycogen and triglycerides (n = 15/treatment). The whole-body proximate compositions were



Animals 2020, 10, 1031 6 of 20

determined for all the sampled fish. All the samples were kept at —82 °C until they were used for
further analysis.

2.6. Analysis of the Biological Material

The raw materials, experimental diets, and fish carcasses were analyzed according to the
Association of Official Agricultural Chemists (AOAC) [42] methodology for dry matter (934.01), crude
protein (976.05), ether extract (920.39), crude ash (920.153) and crude fiber (985.29). The proximate
amino acid and fatty acid compositions of the hydrolyzed insect meals and experimental diets were
analyzed according to AOAC (2005) [42] procedures at an accredited laboratory (J.S. Hamilton S. A,
Gdynia, Poland). The amino acids were determined using high-performance liquid chromatography
(HPLC) with an Automatic Amino Acid Analyzer AAA 400 (Ingos Ltd., Prague, Czech Republic).
The fatty acid composition of the hydrolyzed insect meals and experimental diets was analyzed
according to the method described in EN-ISO 12966-1:2015-01 (European standard). The gross energy
content was analyzed according to the ISO 9831 method using an adiabatic bomb calorimeter (KL
12 Mn, Precyzja-Bit PPHU, Bydgoszcz, Poland) standardized with benzoic acid. The chitin composition
of the insect meals was determined using the method described by Soon et al. (2018) [43].

2.7. Blood Serum Immunology

The blood serum immunology was assessed according to the methods described by
Kotodziejski et al. (2018) [44]. For the assays of serum concentrations of total protein (TP),
albumin, glucose, triglycerides, and total cholesterol (TC), commercial assay kits (Pointe Scientific,
Canton, MI, USA) were used. A liquid assay reagent set (catalog number: ALT, A7526; AST, A7560;
ALP, A7516, Pointe Scientific, Canton, MI, USA) was used to determine the enzymatic activities of
alanine aminotransferase (ALT), aspartate transaminase (AST), and alkaline phosphatase (ALP).

The free fatty acids (FFA) content as well as the glycogen levels were measured by enzymatic
assay kits from Wako Diagnostics (China); the methodology described by Kotodziejski et al. (2017) [45]
was used for these analyses. Five liver samples from each tank were weighed and immediately placed
into tubes containing KOH (30%). Then, the liver samples were boiled for 15 min and cooled. Next,
ethanol (98%) and distilled water were added into the tubes. The samples were then centrifuged at
3500 rpm for 30 min, and the supernatants were discarded. A citrate buffer (pH 4.4) with enzyme
glucoamylase (activity: 12,000 U/L) was added to the tubes, and the samples were incubated for 2 h at
55 °C to hydrolyze glycogen into glucose. To determine the glucose concentrations in the solutions,
a colorimetric enzyme assay was used (glucose oxidase, Pointe Scientific, Canton, MI, USA), and these
values were used to calculate the concentrations of glycogen in the liver tissues.

The levels of immunoglobulin M (IgM) and lysozyme (LZM) in the serum were measured using
double antibody sandwich ELISA kits (Sunred Biotechnology, Shanghai, China).

2.8. Liver Triglycerides

The liver triglyceride levels were determined according to methods described by Kotodziejski et al.
(2018) [44]. The lipids in the liver samples were extracted by a modified Folch method [46],
which includes bead mill disruption of the tissue material with a Tissue Lyzer II (Qiagen, Germany).
After the extraction of the lipids, the concentration of the triglycerides was determined by a colorimetric
enzyme assay kit (glycerol phosphate oxidase, Pointe Scientific, Canton, MI, USA).

2.9. Gut Histomorphology

Samples of the anterior portion of the intestines of nine fish per treatment were collected and
submerged in Bouin’s solution (Merck) until analysis, which was performed according to methods
described by Sobolewska et al. (2017) [47]. The samples were dehydrated, cleared and embedded in
paraffin blocks. Formed blocks were cut on a rotary microtome (Thermo Shandon, Chadwick Road,
Astmoor, Runcorn, Cheshire, United Kingdom) into slices of 10-um thickness [48]. The slices were
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placed on microscope slides coated with ovo albumin with an addition of glycerol. The samples
were analyzed using an AnMN-800 F microscope (OPTA-TECH, Warsaw, Poland) equipped with an
Opta-View camera for recording microscopic images. MultiScan v. 18.03 microscope imaging software
(Computer Scanning Systems II Ltd., Warsaw, Poland) was used to measure villus height and width
and muscular thickness.

2.10. Microbial Community Analysis by Fluorescent In Situ Hybridization (FISH)

The gastrointestinal tract digesta taken from the gut of 12 fish per tank was sampled, and
digesta was pooled into 3 samples per tank (the experimental unit was a sample representing 4
fish n = 9/treatment). The digesta was immediately frozen and stored at —82 °C. The samples were
prepared and observed following the protocols described by Rawski et al. (2016; 2018) [49,50].
The oligonucleotide probes used for this study are shown in Table 4. The samples were visualized
using a Carl Zeiss Microscope Axio Imager M2. The numbers of detected bacteria are expressed
in colony-forming units/g of digesta (CFU mL™') and were calculated according to the equation of
Jozefiak et al. 2019 [7] given below:

B WA Sweight + Dweight 1000
log CFU/g = log(N X ( PA )% Sweight ) (Svolume)) @

where N is the number of visible bacterial cells, WA is the working area of the filter, PA is the picture
area, Sweight is the sample weight, Dweight is the dilution factor weight, and Svolume is the volume of
the sample pipetted onto the filter.

Table 4. Oligonucleoide probes used in fluorescent in-situ hybridization with fish fed three diets.

Probe Group of Bacteria Sequence 5-3’ References

Aer66 Aeromonas spp. CTA CTT TCC CGC TGC CGC [51]
Bmy843 Bacillus spp. CTT CAG CAC TCA GGT TCG [52]
CAR193 Carnobacterium spp. AGC CACCITTCCTTC AAG [51]
Enfm93 Enterococcus spp. CCG GAA AAAGAGGAGTGGC [53]
Lab722 Lactobacillus group ~ YCA CCG CTA CAC ATGRAGTTCCACT [54]

2.11. Statistical Analysis

SAS software was used to analyze the data. To determine the normality of the data distribution and
equality of the variances, Kolmogorov-Smirnov and Levene’s tests were used. One-way ANOVA was
used, and, if there were significant differences among the treatments, further analysis was performed
by a corrected Duncan’s post hoc test. The data are presented as the mean + standard error of the mean
(SEM). The statistical significance level was set at p < 0.05.

The analysis of variance was conducted according to the following general model:

Yi = p+ o+ 8 2

where Y is the observed dependent variable, p is the overall mean, o; is the effect of the diet, and &;; is
the random error.

3. Results

3.1. Amino Acid and Fatty Acid Composition

The amino acid (AA) composition of the experimental diets is presented in Table 5. Compared
with those in the TMD and ZMD treatments, the control diet exhibited a similar ratio between IAA
and DAA. The contents of EPA and DHA were relatively low in both types of meals. In the case of
experimental diets, the inclusion of insect meals affected the fatty acid profile, especially the content
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of n-3 PUFAs. Compared with that in the control diet, the n-3/n-6 fatty acid ratios decreased in the
experimental diets containing insects (Table 6).

Table 5. Amino acid profiles of experimental diets (g-kg™" dry matter).

Diets
CON'! T™D?2 ZMD?3

Amino Acids

Indispensable amino acids (IAA)

Arginine 21.7 20.3 21.5
Histidine 12.9 139 14.5
Isoleucine 15.3 139 14.7
Leucine 36.1 36.8 39.8
Lysine 27.2 24.9 27.1
Methionine 12.5 11.7 12.6
Phenylalanine 214 21.8 23.2
Threonine 18.6 18.2 15.8
Valine 24.0 24.5 26.5
Tryptophan 4.3 45 4.6
Dispensable amino acids (DAA)
Alanine 23.1 24.0 25.7
Aspartic acid 32.6 33.0 36.0
Cysteine 4.9 5.8 5.3
Glycine 21.6 20.4 21.4
Glutamic acid 93.2 89.9 99.0
Proline 31.9 31.8 34.1
Serine 19.5 20.5 21.1
Tyrosine 12.2 13.2 14.0
IAA/DAA 0.81 0.80 0.78

1 CON—fishmeal diet (control); 2 TMD—enzyme-hydrolyzed mealworm diet; 3 ZMD—enzyme-hydrolyzed
superworm diet.

Table 6. Fatty acid profiles of experimental diets (g-kg™" dry matter).

F Acid Diets
atty Aads CON! TMD? ZMD3
C14:0 38 39 35
C16:0 135 146 176
C18:0 27 31 42
Saturated fatty acids (SFA) 211 223 261
Cl16:1n7 43 39 35
C18:1n9 276 300 303
Monounsaturated fatty acids (MUFA) 492 500 479
C18:2n-6 (LA) 97 108 106
C20:4n-6 (ARA) 5 8 7
Polyunsaturated fatty acids (PUFA n-6) 114 123 120
C18:3n-3 (LNA) 27 23 21
C18:4n-3 16 15 14
C20:5n-3 (EPA) 38 31 28
C22:5n-3 5 8 7
C22:6n-3 (DHA) 60 46 42
Polyunsaturated fatty acids (PUFA n-3) 162 139 113
n-3/n-6 1.43 1.13 0.94
PUFA/SFA 1.31 1.17 0.89
C14:0 38 39 35
C16:0 135 146 176
C18:0 27 31 42

I CON—fishmeal diet (control); 2 TMD—enzyme-hydrolyzed mealworm diet; 3> ZMD—enzyme-hydrolyzed
superworm diet.
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3.2. Growth Performance and Nutrient Utilization

At the end of the experimental period, the growth performance parameters (final body weight, body
weight gain (BWG), and specific growth rate (SGR)) were not affected by the inclusion of the insect meals
(Table 7). Among the feed efficiency parameters, the daily feed intake (DIR), feed conversion ratio (FCR),
and protein production value (PPV) were not different among the treatment groups; only the protein
efficiency ratio (PER) significantly decreased in TMD and ZMD in comparison to CON (p = 0.029).

Table 7. Growth performance and feed utilization of sea trout fed with experimental diets.

Diets
CON'! TMD 2 ZMD 3 p-Value

Initial body weight (g)  5.75 + 0.04 5.84 +0.03 5.85 +0.12 0.639
Final body weight (g) 2120 +0.51 2097 +072  20.60+020  0.729

Item

BWG (g) 15.47 + 0.50 15.10 + 0.69 14.77 + 0.09 0.632
SGR (%/day) ° 2.33 £ 0.04 2.28 + 0.06 2.25 + 0.02 0.435
DIR (%/day) © 1.39 + 0.02 1.44 + 0.04 1.48 + 0.03 0.184

FCR” 0.99 + 0.02 1.04 + 0.04 1.07 £ 0.02 0.200
PER & 2.10+£0.042 1.88 £ 0.07P 1.87 £0.04b 0.029

PPV (%) ? 3251 +0.81 28.82 +2.08 28.58 + 0.53 0.140

Survival (%) 10 100 + 0.00 99 +1.33 99 +1.33 0.630

1 CON—fishmeal diet (control); 2 TMD—enzyme-hydrolyzed mealworm diet; 3 ZMD—enzyme-hydrolyzed
superworm diet; values in the same row having different superscript letters are significantly different at p < 0.05,
(n=3);4 Body weight gain (BWG) = [(final body weight—initial body weight (g))/initial body weight, g] x 100;
5 Specific growth rate (SGR) = [(In final body weight (g)—In initial body weight (g))/number of days] x 100; ¢ Daily
intake rate (DIR) = [(feed intake (g)/total weight (g))/number of days] x 100; 7 Feed conversion ratio (FCR) = total
feed supplied (g DM)/weight gain (g); 8 Protein efficiency ratio (PER) = [weight gain (g)]/total protein fed (g DM);
9 Protein production value (PPV) = [protein retention in fish (g DM)/total protein fed (g DM) x 100; '° Survival = [total
number of fish harvested/total number of fish stocked] x 100; values in the same row having different superscript
letters are significantly different at p < 0.05 (n = 3); 3.3. Organosomatic indices and body composition.

The sea trout fingerlings fed with ZMD exhibited higher hepatosomatic index (HSI) (p < 0.001) and
viscerosomatic index (VSI) (p = 0.010) values than those in the CON and TMD treatments. These values
were related to the significant increase in lipid content in the liver in the ZMD treatment (p = 0.004).
However, the liver glycogen and whole-body composition parameters were not affected by the inclusion
of the insect meals (Table 8).

Table 8. Organosomatic indices and whole-body composition (% of wet weight) of sea trout fed with
experimental diets.

Diets
Item
CON'! TMD 2 ZMD 3 p-Value
Organosomatic indices (%)
HIS 4 145+0.04P 144 +005°  1.78+0.07°2 <0.001
VSI® 778 +0.17°  794+021P  8.62+0222 0.010
Liver energy reserves (%)
Liver lipid 4.05+0.18" 412 +0.14° 496 +0.262 0.004
Liver glycogen 1.76 £ 0.07 1.8 + 0.05 1.71 £ 0.06 0.549
Whole-body composition (%)
Moisture 76.16 + 0.16 76.05 + 0.73 76.00 + 0.35 0.973
Crude protein 15.45 + 0.06 15.40 + 0.47 15.28 + 0.11 0.914
Crude lipid 5.39 +0.13 5.42 +0.27 5.47 +0.16 0.955
Crude ash 2.39 +0.07 2.51 = 0.07 2.60 + 0.06 0.150

I CON—fishmeal diet (control); 2 TMD—enzyme-hydrolyzed mealworm diet; > ZMD—enzyme-hydrolyzed
superworm diet; values in the same row having different superscript letters are significantly different at p < 0.05;
4 Hepatosomatic index (HSI) = [(liver weight (g)/body weight (g)] x 100; 5 Viscerosomatic index (VSI) = [(viscera
weight (g)/body weight (g)] X 100; values in the same row having different superscript letters are significantly
different at p < 0.05 (n = 15).
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3.3. Blood Serum Immunology

Significant differences were found in the serum analysis (Table 9). The aspartate aminotransferase
(AST) value increased in the fish provided feed supplemented with ZMD (p = 0.002). ZMD meal
reduced the concentration of alkaline phosphatase (ALP) compared to the levels of this enzyme in the
CON and TMD treatments (p < 0.001). The concentration of triglycerides was significantly lower in the
TMD treatment than in the CON treatment (p = 0.034); however, no differences were observed between
the ZMD and other treatments. Additionally, the albumin content as well as the total cholesterol
in the blood serum increased in those fish that consumed the insect meals (p = 0.010; p < 0.001,
respectively). In the case of alanine aminotransferase (ALT), total protein content, free fatty acids,
glucose, immunoglobulin M and lysozyme, there were no significant differences observed among
the treatments.

Table 9. Serum biochemistry values of sea trout fed with experimental diets.

Diets
Item
CON'! TMD ? ZMD 3 p-Value
Alanine aminotransferase (U L™1) 4.56 +1.12 454 +0.83 3.92 +0.42 0.616
Aspartate aminotransferase (U L1 32.29 £3.07b 30.86 + 4.07 b 55.46 + 7.252 0.002
Alkaline phosphatase (U L™1) 90.49 +3.912 79.80 + 3.65 2 65.81 +3.52P <0.001
Total protein (g L") 55.6 + 1.1 572 +1.1 54.4 + 0.4 0.097
Albumin (g L) 257 +02b 27.3+0.42 274 +0.62 0.010
Triglycerides (mg dL~1) 49319 +15.843  384.25+33.82°  412.04 +29.61 2P 0.034
Total cholesterol (mg dL™1) 290.41 +11.08°  365.12 + 13372  342.86 + 6.54 2 <0.001
Free fatty acids (mmol L) 0.60 + 0.01 0.60 + 0.02 0.58 + 0.01 0.522
Glucose (mg dL™1) 87.56 + 3.07 91.17 + 3.59 88.33 +2.89 0.702
Immunoglobulin M (mg mL™1) 0.40 £0.03 0.37 £0.03 0.45 £ 0.06 0.419
Lysozyme (ug mL™1) 15.48 + 1.07 14.11 + 0.95 15.05 + 0.99 0.615

! CON—fishmeal diet (control); 2 TMD—enzyme-hydrolyzed mealworm diet; 3 ZMD—enzyme-hydrolyzed
superworm diet; values in the same row having different superscript letters are significantly different at p < 0.05
(n=9).

3.4. Gut Histomorphology

The anterior part of the gastrointestinal tract did not exhibit any significant differences in villus
height, villus width, or villus area among the sea trout fed the insect meals or the control diet.
The muscular layer thickness was also not affected by insect meals inclusion (Table 10).

Table 10. Histomorphology of the anterior portion of the gut of sea trout fed with experimental diets.

Diets
Item
CON'! TMD 2 ZMD 3 p-Value
Villus height 275.83 + 14.58 326.20 + 14.58 287.55 + 14.58 0.056
Villus width 85.00 + 4.38 93.15 + 4.38 97.18 + 4.38 0.156
Villus area 4438.84 +372.8  4798.02 +372.8  5345.44 + 395.5 0.245
Muscular layer thickness 80.13 +4.23 73.38 +4.23 82.70 +4.23 0.293

1 CON—fishmeal diet (control); 2 TMD—enzyme-hydrolyzed mealworm diet; 3 ZMD—enzyme-hydrolyzed
superworm diet; Values in the same row having different superscript letters are significantly different at p < 0.05
n=9).

3.5. Microbial Community Analysis by Fluorescent In-Situ Hybridization (FISH)

The inclusion of ZMD meal significantly decreased the concentrations of Aeromonas spp.,
Enterococcus spp. and Carnobacterium spp. (p = 0.037, p = 0.017, and p = 0.001, respectively);
the concentration of Carnobacterium spp. also decreased in the fish in the TMD treatment. The inclusion
of TMD meal significantly reduced the concentration of the Lactobacillus group (p = 0.025). The total
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number of bacteria and Bacillus spp. did not exhibit any significant differences among the treatments
(Table 11).

Table 11. Microbiology results of the digesta of sea trout fed with experimental diets.

Diets
Target
CON! TMD? ZMD?®  p-Value
Total number of bacteria 9.49 9.52 9.54 0.576
Aeromonas spp. 9.341 9.36° 9.24b 0.037
Carnobacterium spp. 9.341 9.17°b 9.10b 0.001
Enterococcus spp. 9.294 9.292 9.15P 0.017
Lactobacillus group 9.382 9.18P 9.232b 0.025
Bacillus spp. 9.13 9.12 9.19 0.508

I CON—fishmeal diet (control); 2 TMD—enzyme-hydrolyzed mealworm diet; > ZMD—enzyme-hydrolyzed
superworm diet; Values in the same row having different superscript letters are significantly different at p < 0.05
n=9).

4. Discussion

Currently, insect meals are promoted as natural alternative protein sources for fish nutrition.
Although insects are a source of high-quality protein, they also provide antimicrobial peptides (AMPs)
and chitin, which are considered health promoters in animal nutrition [15,31,55]. Chitin and its
derivative products have been demonstrated to be beneficial to fish nutrition and health [56,57].
AMPs are the main contributors to microbiological homeostasis in insects due to their activity against
potentially pathogenic bacteria, fungi, parasites and viruses [58]. However, it should be emphasized
that FM replacement by insect meals creates the need to supplement certain amino acids, especially
methionine (Table 1).

The present study represents the first introduction of hydrolyzed Z. morio meal to sea trout diets.
The results are characterized by a high survival rate and satisfactory growth performance and feed
utilization parameters [37,59]. The positive effect of hydrolyzed fish protein was previously proven
by a significant reduction in vertebral anomalies [60]. Moreover, protein hydrolysate was previously
observed as a positive factor in growth and disease resistance [61]. The main mode of action that is used
to explain this effect is the fact that hydrolyzed meals may contain low-molecular-weight compounds.
These compounds may be related to more effective absorption, which results in improved growth
performance and feed utilization [62]. In the present study, there were no differences in the final body
weight, BWG, SGR, DIR, FCR, PPV or survival rate among the treatment groups. However, the protein
efficiency ratio was reduced significantly in those fish fed insect meals. These results are in agreement
with those of Stadtlander et al. [8], who showed that the inclusion of black soldier fly (BSF, Hermetia
illucens) meal in a rainbow trout diet yielded results similar to those of a control diet in terms of growth
and feed conversion. However, protein utilization was decreased in the BSF group. These differences
may be due to the crude protein bonding to the chitin [63], which causes an overestimation of its
content in the raw materials and the diet, causing a reduction in the PER values. It is important to
emphasize that the nitrogen-to-protein conversion factor (Kp) of 6.25 generally used for proteins leads
to an overestimation of protein content in insects because of the presence of nonprotein nitrogen (NPN)
sources, such as chitin, nucleic acids, or phospholipids. To avoid this overestimation, Kp values of 4.76
for the protein content in whole insects and 5.60 for the protein extracts should be used [64]. The results
of the present study are in agreement with the findings of Hoffmann et al. [37], in which no effect
on average total length or body mass, SGR, FCR, or PER was observed throughout the experiment.
A significant effect of insect meals on survival rate was not observed in either study; however, in the
present study, the survival rate was numerically higher and close to 100%.

Among the organosomatic indices, the HSI and VSI of the fish fed with ZMD were significantly
higher than those of the TMD and CON groups. Moreover, these differences were related to the higher
liver lipid levels found in the fish in the ZMD treatment. This can be explained by the presence of
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higher levels of palmitic acid (PA) in the diet with ZMD meal than in the other diets, as this caused
the enlargement of the liver due to the accumulation of fat in this organ. A similar increase in the
HSI was observed in Japanese sea bass (Lateolabrax japonicus) fed diets with relatively high levels of
PA [65]. Hoffmann et al. (2020) [37] have shown a reduction in VSI values in sea trout fed hydrolyzed
and full-fat mealworm meals compared to those fed the control diet. However, in the same study,
the inclusion of T. molitor full-fat meal and the use of a diet with T. molitor hydrolyzed with a 1.0%
mixture of enzymes did not lead to differences in the HSI values compared to those generated by a
fishmeal-based diet [37]. According to Huang et al. (2016) [66], higher lipid levels in diets lead to fat
storage in the visceral cavity and liver of fish; however, this accumulation may also depend on the fatty
acid composition of the diet. This may be the reason for the observed differences in the effects of dietary
inclusions on organosomatic indices between T. molitor and Z. morio; specifically, this pattern may be
due to differences in PA and saturated fatty acid (SFA) content, which was higher in the ZMD treatment
group. What is more, the ratio between n-3 and n-6 fatty acids is reported as a potential modulate
factor of the biochemical composition of fish liver and its structure as well as metabolism [25,67,68].
The reduction in n-3 fatty acid composition in insect diets creates an imbalance in the n-3/n-6 ratio
which increases the lipid deposits in the liver. The higher level of n-6 in fish products can negatively
affect human health due to the pro-inflammatory properties of this acid [69]. However, the effect of the
diet on the chemical composition of fish, and, indirectly, on human health, should be considered in
further studies.

In terms of the hematological parameters of the serum, there were no significant differences in
the ALT concentration. However, the AST analyses showed higher values in the ZMD treatment
group. These two aminotransferases are potential biomarkers of liver health [70]. According to this
information, any degradation of the liver will elevate the concentration of this enzyme. The inclusion
of BSF meal in the diets of Atlantic salmon led to a decrease in the ALT concentration, while the
AST concentration was not affected by diet [11]. In the case of birds, insect meal inclusion showed
no effect on these aminotransferase concentrations in barbary partridges (Alectoris barbara) [71] or
laying hens [72]. In contrast, the inclusion of mealworm meal in broiler chicken diets increased the
concentrations of both parameters; however, the possibility of liver damage was excluded by analyses
of other enzymes [73]. Perhaps the enlargement observed in our study represents only the excessive fat
accumulation due to the high content of PA mentioned previously. These results suggest that further
analyses are needed to correctly describe the effects of insect use on liver physiology. According to
the literature, ALP is present in the membrane of almost all animal cells, and its activity is commonly
related to cellular damage [74,75]. The decrease in this enzyme in the ZMD group may be related to
cellular homeostasis. The reduction in this compound is related to an improvement in health status in
birds [44]. In contrast, in children, higher levels of ALP are associated with bone growth [76]; therefore,
our findings may indicate that the level of ALP is correlated with numeric differences in growth rate in
the TMD and CON groups, which was suggested previously by Lemieux et al. (1999) [77] in a study
conducted on Atlantic cod (Gadus morhua). The total protein content, which is considered an indicator
of nutritional status [78], was not affected by insect meal inclusion. According to Panettieri et al.
(2020) [79] variations in the total protein content in the blood serum of fish can be a response to a number
of physiological changes, i.e., tissue injury or destruction, differences in blood volume and plasma
hydration and organism response to stress conditions. However, those effects were not observed in the
present study. The albumin levels were significantly higher in the TMD and ZMD groups than in the
control. The proteins in blood serum mainly consist of albumin and globulin. It was reported that,
in adult Atlantic salmon, albumin constituted approximately 40% of the serum protein values [80].
Previous studies have tried to establish the normal values of blood parameters in healthy Atlantic
salmon, and, according to this information, the albumin levels oscillated between 18 and 24 g-L‘l;
however, these values vary seasonally, and data were available for adult fish only [81]. In common carp
(Cyprinus carpio) exposed to heavy metals at lethal and sublethal concentrations, albumin levels may
be significantly decreased to meet the immediate energy demand of toxic stress [80]. In birds, albumin
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has been shown to be a source of the amino acids necessary for tissue protein synthesis [82]. The fish
fed both insect meals showed significantly higher cholesterol levels than those in the CON group,
while the inclusion of TM meal led to a decrease in triglycerides. According to the current literature,
the inclusion of BSF meal in Atlantic salmon, rainbow trout, and Jian carp (Cyprinus carpio var. Jian)
diets did not have an impact on total cholesterol or triglyceride content [83-85]. On the other hand,
anumber of papers have reported that the addition of insect meal can reduce the concentrations of total
cholesterol as well as triglycerides in the blood serum of various fish species [29,30,86,87]. These results
are mainly explained as a positive effect of dietary chitin, which has the ability to bind bile acids and
free fatty acids [31]. In addition, it was suggested that blood cholesterol may play an important role
in the immune defense system [88]; however, in the present study, the increase in total cholesterol
concentration was not related to higher lysozyme activity, which is an important nonspecific immune
system factor in fish. Insect meals inclusion did not affect the content of IgM, which contributes to
innate and adaptive immunity in fish [89]. It has been observed that mealworm meal supplementation
reinforces the innate and adapted immune responses of yellow catfish (Pelteobagrus fulvidraco) [90].
In general, the results obtained from the hematological analyses in this study allow us to conclude that
the inclusion of insect meals in sea trout diets did not negatively affect blood parameters; in particular,
the fish growth performance and survival rate were not affected among any of the groups.

The hydrolyzed insect meals did not affect the gut histomorphology (i.e., the villus height, width
and area and muscular thickness), which has a crucial role in nutrient absorption and gut health.
The use of mealworm and BSF meal in Siberian sturgeon (Acipenser baerii) diets did not affect villus
height [91]. Moreover, the mucosal thickness was lower in fish fed with added BSF meal; in contrast,
mealworm diets increased the thickness of the muscular layer. However, in a study carried out on
rainbow trout (Oncorhynchus mykiss), the villus height decreased with mealworm and tropical house
cricket (Gryllodes sigillatus) inclusion, while an increase in villus height was observed with the addition
of the Turkestan cockroach (Blatta lateralis) [7]. In this study, the mucosal thicknesses were lower and
higher in the tropical house cricket and Turkestan cockroach treatment groups, respectively, than in the
control group. Moreover, the inclusion of BSF meal in the diet decreased the prevalence of steatosis
in the proximal intestine of Atlantic salmon [38]. This variety of results arises mainly from the wide
range of fish species used in the experiments as well as the use of different insect species and their
level of inclusion in the feed. Moreover, the technology used in the production of the diets, the drying
process, fat extraction, etc., as well as for storage, may affect the properties of insect meals as well as
their effects on gut microstructures. Thus, the focus should be placed on species-specific solutions as
well as on processing technologies for further studies and gut health assessments.

The abovementioned findings suggest that a crucial role is played by the GIT microbiome.
The present study shows a lack of effects of insect supplementation on the total number of bacteria,
which is in agreement with the findings of research carried out by Bruni et al. (2018) [92] on rainbow
trout. This result indicates that the use of partially defatted BSF meal did not affect the amount of
digesta-associated bacterial communities; however, it did increase the number of mucosa-associated
bacteria. This study showed that the inclusion of insect meals also had no influence on the concentration
of Bacillus spp. This genus of bacteria is well known, due to its probiotic properties and production
of secondary metabolites, such as acetic acid, lactic acid and bacteriocins, and may contribute to
potentially improving fish health [93,94]. In terms of insect meal use, it has been reported that the
inclusion of mealworms at a concentration of 50% in fish diets reduced Bacillus spp. in gilt-head
bream (Sparus aurata) and brown trout [95]. In contrast, the inclusion of mealworm as well as BSF
meal led to an increase in Bacillus spp. in the case of Siberian sturgeon [91]. The inclusion of
Z. morio meal significantly decreased the concentration of Carnobacterium spp., but, in the case of the
T. molitor meal, a reduction in Carnobacterium spp. as well as the Lactobacillus group was observed.
Both Carnobacterium spp. and the Lactobacillus group are lactic acid bacteria (LAB), which produce
inhibitory substances against fish pathogens [96]. The described effect can potentially provide an
increased chance for pathogen proliferation and further microbiota imbalance. However, despite
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those changes, a significant decrease in the concentration of Aeromonas spp. and Enterococcus spp
was observed in the ZM group. The reduction in Aeromonas spp. is a positive change, as this genus
includes pathogenic and opportunistic bacteria, such as Aeromonas hydrophila and Aeromonas salmonicida,
that may produce cytotoxins, enterotoxins and endotoxins, negatively affecting intestinal barrier
functions [97,98]. The decrease in Enterococcus spp. can also be seen as a positive effect of ZM meal
inclusion. Despite the fact that a number of bacteria belonging to this genus may be used as probiotics
due to their antimicrobial properties, many of them are virulent, and this can lead to the invasion of
host tissue and displacement through epithelial cells [99]. The obtained results are in opposition to the
findings of an experiment on A. baerii, which showed a decrease in Carnobacterium spp., the Lactobacillus
group, Aeromonas spp., and Enterococcus spp. in a control treatment fishmeal [91]. However, in a study
that included BSF, mealworm, tropical house cricket, and Turkestan cockroach meal in rainbow trout
diets, the concentration of LAB from Lactobacillus sp./Enterococcus sp. was lower in all the groups fed
with insects than in the control group, which was fed fishmeal. In the same experiment, the number of
Enterobacteriaceae bacteria increased as a result of T. molitor inclusion. Moreover, according to Osimani
etal. (2019) [100] the microbiota of black soldier fly may have been influenced by the feeding substrates
used during the rearing process of insects. The microbiological composition of insects can be connected
with the rearing methods and used substrates, which affect the microbiological value of insect meals
due to secondary metabolites of bacteria and bacteriocin expression. Those differences indirectly
affected the bacterial community of the gastrointestinal tract of zebrafish (Danio rerio) [100].

All described results can be explained by the presence of chitin, which is a component of the
exoskeleton of insects, shellfish, fungi, molds, and protozoa. It is considered as a factor modulating
the microbiome of the gastrointestinal tract [101]. It has been shown that a 5% addition of chitin to
the diet of Salmo salar affected individual bacterial groups by decreasing the populations of Bacillus
spp., Lactobacillus spp., Pseudomonas spp., and Staphylococcus spp. [102]. The antimicrobial properties of
shrimp chitin and chitosan against many pathogenic microorganisms, i.e., Escherichia coli, Pseudomonas
aeruginosa, Listeria monocytogenes, and Staphylococcus aureus, have been observed [103], which suggest
the potential of usage chitin and its derivatives as prebiotic or immunostimulants [104,105]. The effect
of dietary chitin on the composition of the gastrointestinal tract of Gadus morhua was also demonstrated
by Zhou et al. (2013) [106]. However, it has to be emphasized that the presence of chitin in the diet can
reduce feed intake and digestibility as well as nutrient absorption [26,28] due to possible intestinal
inflammation [25,30]. The second explanation for the differences in microbiological composition among
the groups may be the presence of AMPs. AMPs can be classified into four groups (x-helical peptides,
cysteine-rich peptides, proline-rich peptides, and glycine-rich proteins), and, depending on the group
they belong to, these peptides may be effective against a wide spectrum of potentially pathogenic
bacteria species, i.e., S. aureus, E. coli, L. monocytogenes, and Salmonella typhimurium [58].

5. Conclusions

The use of hydrolyzed insect meals did not affect the growth performance or feed efficiency
parameters, including final body weight, BWG, SGR, DIR, FCR and PPV. The effects of ZMD meal
were found in the HSI, VSI and liver lipids. Effects of ZMD and TMD on serum biochemistry were
observed, which are key points for further studies due to the limited information about hematological
parameters in fish. In terms of intestinal histomorphology, there were no aberrations or structural
changes, which can be considered an advantage of using insects for sea trout nutrition. The ZMD
and TMD treatments decreased the concentrations of groups of bacteria key for fish health, including
the Lactobacillus group, Carnobacterium spp., Aeromonas spp., and Enterococcus spp., which provides a
need for further complex analyzes of insect meal effects on fish microbiome and health. In general,
hydrolyzed insect meals appear to be a promising alternative protein source for sea trout nutrition.
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ABSTRACT

Insect meals are considered among the most promising feed materials in fish nutrition due to their sus-
tainability and possibility of fish meal replacement. The present study is the first application of full-fat
black soldier fly larvae (BSFL) meal in brown trout (Salmo trutta m. fario) diets. Two experiments were
performed on 240 brown trout fingerlings (average body mass 4.85 g) distributed into four groups (12
tanks for the growth performance experiment, 10 fish/tank; and 12 metabolic tanks for the digestibility
test, 10 fish/tank). The experimental group design was conducted as follows: control diet, with no BSFL
and 35% fish meal, and experimental diets: BSFL5 — with 5% BSFL full-fat meal and 32.5% fish meal;
BSFL10 - with 10% BSFL full-fat meal and 30% fish meal; and BSFL20 — with 20% BSFL full-fat meal and
25% fish meal. No effects were recorded in the case of growth performance and feed utilization parame-
ters. The environmental sustainability of the usage of insect meals in fish diets was proven - due to the
lower fish meal inclusion, the fish-in-fish-out ratio decreased by 31% in BSFL20. In the case of the viscero-
somatic index, increases in BSFL5 and BSFL20 were reported. In all experimental groups, decreases in
hepatosomatic index values were observed. Crude protein digestibility decreased in BSFL5 and BSFL20,
while crude fat digestibility decreased only in the BSFL20 group. The effect of including BSFL full-fat meal
in a brown trout diet on serum biochemical parameters was reported. The aspartate transaminase con-
centration increased in BSFL10 and BSFL20, while the gamma-glutamyl transpeptidase values decreased
in BSFL20. In the case of total cholesterol, higher values were observed in BSFL10 and BSFL20. The albu-
min content decreased in the BSFL20 group, while globulin showed the highest values in the control
group. The microbiota composition was not affected by insect meal inclusion. In conclusion, the results
of the present study showed the high potential of BSFL full-fat meal application of up to 20% in a brown
trout diet.
© 2022 The Authors. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Implications

ronmental sustainability of the usage of insect meals in fish diets
was proven.

Fish meal is one of the least environmentally sustainable feed
ingredients. Therefore, investigation of novel protein sources in
fish nutrition is needed. The present study evaluated the usage of
Hermetia illucens in brown trout fry diets. The experiment per-
formed indicated that the substitution of black soldier fly larvae
full-fat meal did not affect the growth performance, feed utiliza-
tion, digestibility of protein and fat, chemical blood parameters,
or microbiota of the gastrointestinal tract. Furthermore, the envi-
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Introduction

In recent years, insect meals have been considered among the
most promising feed materials in fish nutrition (Nogales-Mérida
et al., 2018). This is supported by the fact that insects are charac-
terized by high CP and crude fat contents as well as by their ben-
eficial properties, including the antimicrobial peptides they
produce and the prebiotic features of chitin (Jézefiak and
Engberg, 2017), and may be used as functional additives in fish
nutrition and to modulate the microbiome of the gastrointestinal
tract (GIT) (Jozefiak et al., 2019) and the immune response
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(Henry et al., 2018). Currently, black soldier flies (Hermetia illucens)
have become the most widely studied and applied species due to
their short period of rearing, high fertility, favourable waste to
high-quality protein conversion rate and health-promoting fatty
acid composition (Smetana et al., 2019).

The most widely used technologies of insect biomass processing
are drying techniques, which can be divided into traditional meth-
ods, such as roasting, frying, and sun-drying, as well as modern
methods, such as freeze-drying, oven-drying, and microwave-
assisted drying (Melgar-Lalanne et al., 2019). Moreover, an increas-
ing number of scientific papers have reported the usage of partially
defatted insect meal in aquafeed (Renna et al., 2017; Stejskal et al.,
2020). However, all of the abovementioned procedures increase
the costs of production. It must be emphasized that the majority
of studies on insect meal usage in salmonids include Atlantic sal-
mon (Salmo salar) (Weththasinghe et al., 2021) and rainbow trout
(Oncorhynchus mykiss) (Cardinaletti et al., 2019). The first efforts
were made in the case of closely related sea trout (Hoffmann
et al,, 2020; Mikotajczak et al., 2020). However, in the scientific lit-
erature, there is no information about their application in brown
trout (Salmo trutta m. fario).

Brown trout seems to be a promising species for aquaculture
production in the current era of global warming. Salmo trutta is
characterized by higher tolerance for summer temperatures, which
in the long term of progressing climate change trends and lead to
becoming suitable competition for Atlantic salmon production
(Vandeputte and Labbé, 2012).

Considering all of the factors mentioned above, the aim of this
study was to evaluate the impact of black soldier fly larvae (BSFL)
full-fat meal as a replacement for fish meal at three different addi-
tion levels (5%, 10% and 20%) in brown trout diets on growth per-
formance, production sustainability, protein and fat digestibility
coefficients, biochemical blood parameters and microbiota of GIT.
The examined hypothesis assumed that the use of insect meals will
not adversely affect brown trout growth performance, feed utiliza-
tion or physiological parameters.

Material and methods
Preparation of insect full-fat meals

Insect biomass was supplied by HiProMine S.A., Robakowo,
Poland. BSF larvae were fed a mix of plant by-products
(Weththasinghe et al.,, 2021). To obtain full-fat insect meals,
the biomass of insects was frozen at —20 °C, air-dried at
50 °C for 24 h and then homogenized using a beater mill
(the diameter was less than 0.1 mm). The hygienization of
raw material was performed by heating at 100 °C for 95 min
according to the recommendations of Annex IV of European
Commission Regulation No. 141/2011 concerning the processing
of animal by-products.

Diet formulation and preparation

The isonitrogenous and isoenergetic diets were manufactured,
including a control diet (CON) and three experimental diets. The
arrangement of diets was as follows: CON - without the addition
of BSFL full-fat meal and with 35% fish meal; BSFL5 - with 5% BSFL
full-fat meal and 32.5% fish meal; BSFL10 - with 10% BSFL full-fat
meal and 30% fish meal; and BSFL20 - with 20% BSFL full-fat meal
and 25% fish meal. All experimental diets were prepared at the
Feed Production Technology and Aquaculture Experimental Station
in Muchocin, Poland, using a single-screw extruder (Metalchem S-
60, Gliwice, Poland). The extrusion conditions were 90 °C in the
cylinder and 110 °C in the head, 52 rpm screw speed and a matrix
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size of 2 mm (Rawski et al., 2020). The diets were packed in plastic
bags and stored at —18 °C. All chemical compositions of the com-
ponents and results of chemical analyses of diets are presented
in Supplementary Table S1.

Fish and growth performance trial

Brown trout were transported from the Feed Production Tech-
nology and Aquaculture Experimental Station in Muchocin to the
Laboratory of Inland Fisheries and Aquaculture in Poznan. During
acclimatization, fish were kept in 500-1 tanks. Before the experi-
ment, fish were fed commercial feed for salmonids (Aller Performa,
Poland).

On the 1st day of the experimental period, 240 healthy fish
were randomly selected from the primary tank and weighed (the
average BW was 4.85 g). Fish were allocated to 12 tanks with a
net capacity of 50 1 (10 fish per tank) for the growth performance
experiment and 12 tanks with a cylindrical shape, conical bottom
and a net capacity of 50 1 for the digestibility test. Fish distribution
among the experimental groups was made randomly. Tanks were
supplied with 2 1/min of filtrated tap water in an open-flow system.
The water parameters were recorded daily. The temperature was
15 °C £ 0.5 °C, the concentration of oxygen was 7.5 mg + 0.3 mg/
1, and the photoperiod was maintained at 17:7 (light:dark) during
the entire experiment.

The experiment lasted 8 weeks. To reduce stress caused by con-
tact with personnel, trout were fed using automatic belt feeders
(12 h discharge time, FIAP Fishtechnik GmbH, Germany). Fish were
acclimated to the experimental conditions for 1 week, and the CON
diet was given to them 3 days before the start of the experiment.
Each trial was carried out in three replications (tanks) per diet.
The feed ratio was based on a feeding chart designed for rainbow
trout taking into consideration the average BW and the water tem-
perature (Twibell and Wilson, 2002). The fish mortality and health
condition were monitored daily. All animals were weighed at 10-
day intervals.

To calculate the growth performance and feed utilization fac-
tors, equations described by Hoffmann et al. (2020) were used as
follows:

Survival Rate(%) = (Nf X N;l) % 100

where N is the final number of fish (pc) and N, is the initial number
of fish (pc).

Specific Growth Rate (%day™") = (100 x (Inw, — Inw,) x t7)

where w; is the final mean fish weight (g), w, is the initial mean fish
weight (g), and t is the number of experimental days.

Feed Conversion Ratio = f; x (W, — W,)™"

where f; is the weight of the diet (g), w¢ is the final mean fish weight
(g), and wy, is the initial mean fish weight (g).

Protein Efficiency Ratio = (w; — w,) x P!

where w, is the final mean fish weight (g), w, is the initial mean fish
weight (g) and P is the weight of the protein in the fish diets (g).

All growth performance results are presented as the means,
where n = 3 tanks per group (10 fish/tank, 30 fish/group).

Environmental sustainability assessment

The environmental sustainability assessment was calculated on
the basis of raw data for growth performance and feed utilization
parameters according to Rawski et al. (2020, 2021).

The relative usage of marine-derived feed materials - fish meal
and fish oil - was calculated according to two formulas:
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Fish Meal Use (g/kg of fish gain) = fish meal share in the diet (g/kg)
x feed conversion ratio (g/g).

Fish Oil Use (g/kg of fish gain) = fish oil share in the diet (g/kg)
x feed conversion ratio (g/g).

The fish-in-fish-out ratio (FIFO) was calculated as a practical
measure of the quantity of live fish from capture fisheries required
for each unit of farmed fish produced, as follows:

FIFO = ((level of fish meal in the diet (g/kg)
+ level of fish oil in the diet (g/kg))
/(yields of fish meal from wild fish (g/kg)
+ yields of fish oil from wild fish (g/kg)))
x (feedintake (g)/ BW gain (g)).

where the yield of fish meal from wild fish was assumed to be
225 g/kg of fresh fish weight, and the yield of fish oil from wild fish
was assumed to be 50 g/kg of fresh fish weight (Stejskal et al.,
2020).

Sample collection and somatic indices

On the last day of the experiment, all fish were weighed individ-
ually, and ten animals from each tank (30 fish/group were used to
collect samples for somatic indices) were euthanized using an
overdose of MS-222 (Leary et al., 2013) and decapitated for dissec-
tion and sampling for further analysis. Measurements of the car-
cass, viscera and liver were recorded to calculate the condition
factor, viscerosomatic index and hepatosomatic index as described
by Hoffmann et al. (2020) as follows:

Condition Factor = [w[/(lgf] x 100

where w; is the final mean fish weight (g) and I; is the total length of
the body (cm).

Viscerosomatic Index (%) = (ve x w,™") x 100

where v, is the final visceral weight (g) and w;, is the final mean fish
weight (g).

Hepatosomatic Index (%) = (I x W{l) x 100

where [; is the final liver weight (g) and w; is the final mean fish
weight (g).

All somatic index results are presented as the means, where
n = 30 per group (3 tanks/treatment x 10 fish/tank = 30
fish/group).

Blood sampling was performed post mortem, and blood was col-
lected by auricular and ventricular puncture from ten fish/tank (30
fish/group, analysed individually for each fish). Blood was collected
from the animals using BD Vacutainer® SST™ Il Advance tubes (BD
Medical, New Jersey, USA). The blood was set aside for 20 min to
form a clot. After this time, the blood was centrifuged for 15 min
at 3500g in the temperature 4 °C (Hettich Zentrifugen, Tuttlingen,
Germany). The obtained serum was transferred to new eppendorf
tubes and frozen for further analysis at —80 °C.
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Biological material analyses

Feed materials, experimental diets, and faeces were analysed
according to the Association of Official Agricultural Chemists
(AOAC) (2005) methodology for DM (934.01), CP (976.05), ether
extract (920.39), crude ash (920.153) and crude fibre (985.29).
TiO, analyses were performed according to the recommendations
of Myers et al. (2004). The gross energy content was analysed
according to the ISO 9831 method using an adiabatic bomb
calorimeter (KL 12Mn, Precyzja-Bit PPHU, Poland) standardized
with benzoic acid. For the chitin composition of the insect meals,
the method described by Soon et al. (2018) was used.

Blood serum parameters

The blood serum parameters were assessed according to
Kolodziejski et al. (2018). To assay serum concentrations of total
protein, albumin, glucose, triglycerides, and total cholesterol, com-
mercial assay kits (Pointe Scientific, Canton, MI, USA) were used.
The concentration of non-esterified fatty acids (NEFAs) was esti-
mated with a kit from Wako Chemicals (Richmond VA, USA). Glob-
ulin values were calculated based on the total protein and albumin
results. A liquid assay reagent set (Pointe Scientific, Canton, MI,
USA) was used to determine the enzymatic activities of alanine
aminotransferase (ALT), aspartate transaminase (AST), and
gamma-glutamyl transpeptidase (GGT).

All blood serum results are presented as the means, where
n = 30 per group (3 tanks/treatment x 10 fish/tank = 30
fish/group).

Microbial community analysis by fluorescence in situ hybridization

The samples were prepared and observed following the proto-
cols described by Jozefiak et al. (2019). The oligonucleotide probes
used for this study are shown in Table 1. The samples were visual-
ized using a Carl Zeiss Axio Imager M2 Microscope. The numbers of
detected bacteria are expressed in colony-forming units/g of
digesta (CFU/ml) and were calculated according to J6zefiak et al.
(2019).

All microbiological results are presented as the means, where
n = 3 per group (digesta collected from 10 fish per tank polled in
one sample).

Digestibility trial

This experiment was performed to determine the apparent
digestibility coefficients of CP and crude fat in experimental diets
for brown trout. Metabolic tanks were used as a modification of
the Allan et al. (1999) design according to Rawski et al. (2020).
They were equipped with a conical bottom with a separation grille
and a two-valve bottom separation and drainage system. The tanks
were supplied with filtrated tap water in an open-flow system. The
temperature was 15 °C + 0.5 °C, the concentration of oxygen was 7.
5 mg = 0.3 mg/l, and the photoperiod was maintained at 17:7
(light:dark) during the entire experiment. The digestibility test
lasted 45 days, including 15 days of the adaptation period and
30 days of the period of faecal sampling. For the experiment, 120

Table 1

Oligonucleotide probes used in fluorescence in situ hybridization of digesta samples from brown trout.
Probe Group of bacteria Sequence 5'-3' References
Car193 Carnobacterium spp. AGC CAC CTT TCC TTC AAG (Huber et al., 2004)
Enfm93 Enterococcus spp. CCG GAA AAA GAG GAG TGG C (Waar et al., 2005)
Lab722 Lactobacillus spp. YCA CCG CTA CAC ATG RAG TTC CACT (Sghir et al., 2000)
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fish with an average BW of 4.85 g were used and divided into four
groups (3 tanks/group and 10 fish/tank). Fish were fed the same
diets used in the growth performance trial. The feed was given at
1% fish weight per day for 6 h (from 07:00 h to 13:00 h) using auto-
matic belt feeders. After feeding, the uneaten feed was removed.
The accumulated faeces were obtained by opening the bottom sep-
aration system and collecting faeces for filtration vessels. Faecal
collection was conducted three times per day between 07:00 h,
17:00 h, and 23:00 h. Filtration was carried out through cellulose
filters. The obtained faeces were frozen at —20 °C for further anal-
ysis. The coefficients of apparent ileal digestibility of CP and crude
fat were calculated according to the following formulas described
by Kieroiczyk et al. (2018):

1. Coefficients of apparent total digestibility (%):

Coefficients of apparent total digestibility = 1 — ((TiO, (g/kg) in
the diet/TiO; g/kg) in the faeces) x (nutrient (g/kg) in the faeces/
nutrient (g/kg) in the diet)).

All digestibility results are presented as the means, where the n
value is equal to 3 per group (excreta collected from 10 fish from
one tank during the whole experimental period polled in one
sample).

Statistical analysis

R studio software was used to analyse the data. To determine
the normality of the data distribution and the equality of variances,
Shapiro-Wilk and Bartlett’s tests were used. One-way ANOVA was
used, and if there were significant differences among treatments,
further analysis was performed by corrected Duncan’s post hoc
test. Data are presented as the mean + SE of the mean. The statis-
tical significance level was declared at P < 0.05.

The statistical ANOVA was conducted according to the follow-
ing general model:

Yij=p+oai+0;
where Yj; is the observed dependent variable, i is the overall mean,

o is the effect of the diet, and §;; is the random error.

Results

The final BW, BW gain, specific growth rate, daily intake rate,
feed conversion ratio, protein efficiency ratio, and survival rate
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were not affected by the addition of BSFL meal to the brown trout
diet (Table 2). In the case of environmental sustainability, feed con-
version efficiency did not show any differences among the groups.
However, the results of fish meal use, fish oil use and FIFO
decreased with an increasing share of insect meal (P < 0.001,
Table 2).

The results of the condition and somatic indices are shown in
Table 3. The condition factor was not affected by the inclusion of
BSFL meal. In the case of viscerosomatic index, BSFL5 and BSFL20
were characterized by higher values than CON (P =0.018). The hep-
atosomatic index results decreased in all groups containing BSFL
meal compared to CON (P < 0.001).

All results of serum analysis are presented in Table 4. The AST
values increased in BSFL10 and BSFL20 compared to CON
(P =0.002). GGT and albumin showed decreased values in BSFL20
(P=0.002 and P < 0.001, respectively). In the case of NEFAs, BSFL20
had the highest value among the groups (P = 0.003), similar to the
globulin estimation (P < 0.001). In the case of total cholesterol, only
BSFL5 did not show any significant differences compared to CON;
additionally, higher values were observed in BSFL10 and BSFL20
(P =0.007).

There were no significant differences among the groups in the
total number of bacteria, Carnobacterium spp., Lactobacillus group,
or Enterococcus spp. among the groups (Table 5).

The results of the digestibility trial are shown in Table 6. CP
digestibility was decreased in all groups including BSFL meal
except for BSFL10, which did not differ compared to CON
(P < 0.001), while crude fat digestibility was lower only in BSFL20
(P < 0.006).

Discussion

Fish meal is the main animal protein source in salmonid fish
nutrition. In recent years, up to 12% of the total fish production
was used for non-food purposes, which was approximately 20 mil-
lion tons. Moreover, the greatest part of this number was reduced
to fish meal and fish oil (15 million tonnes) (Food and Agriculture
Organization, 2018). It is estimated that up to 90% of fish delivered
for non-food purposes could be used in human nutrition (Olsen
and Hasan, 2012). This situation emphasizes research on innova-
tive protein and fat sources for sustainable aquaculture. Based on
data presented by Jannathulla et al. (2019), the FIFO ratio for sal-
monids decreased by 68% from 2000 to 2015. This trend is con-

Table 2
Growth performance, feed utilization and environmental sustainability parameters of brown trout fed experimental diets.
Parameters Treatments' SEM P-value
CON BSFL5 BSFL10 BSFL20
Growth performance
Initial BW (g) 4.81 4.67 4.75 5.00 0.0693 0.399
Final BW (g) 10.69 1031 10.76 10.65 0.1299 0.684
BW gain (g) 5.88 5.64 6.02 5.64 0.1134 0.645
Specific growth rate (%/day) 1.38 1.37 1.42 1.31 0.0245 0.453
Survival rate (%) 100 100 100 100 0.0000 1.000
Feed utilization
Daily intake rate (%/day) 1.29 1.30 1.32 1.30 0.0067 0.606
Feed intake (g, as fed) 5.79 5.64 5.90 5.87 0.0669 0.568
Feed conversion ratio 0.99 1.00 0.98 1.04 0.0140 0.456
Protein efficiency ratio 2.15 2.14 2.14 2.01 0.0301 0.343
Environmental sustainability
Fish meal use (g/kg of fish gain) 345.332 325.00* 295.00° 260.83¢ 10.2714 < 0.001
Fish oil use (g/kg of fish gain) 138.13° 123.00° 103.25°¢ 73.03¢ 7.4534 < 0.001
FIFO 1.76* 1.63* 1.45° 1.21¢ 0.0641 < 0.001

Abbreviations: BSFL = black soldier fly larvae; CON = control group, without the addition of BSFL full-fat meal and with 35% fish meal; BSFL5 = 5% addition of BSFL full-fat meal
and 32.5% fish meal; BSFL10 = 10% addition of BSFL full-fat meal and 30% fish meal; BSFL20 = 20% addition of BSFL full-fat meal and 25% fish meal; FIFO = fish-in-fish-out ratio.
! Values are presented as the means (n = 3/treatment).* Values within a row with different superscripts differ significantly at P < 0.05.
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Table 3
Condition and somatic indices of brown trout fed experimental diets.
Parameter Treatments' SEM P-value
CON BSFL5 BSFL10 BSFL20
Condition factor 1.14 1.18 1.15 1.14 0.0069 0.120
Viscerosomatic index 12.82° 14.22° 13.15% 14.04° 0.1872 0.018
Hepatosomatic index 1.97° 1.71° 1.81° 1.82° 0.0187 < 0.001

Abbreviations: BSFL = black soldier fly larvae; CON = control group, without the addition of BSFL full-fat meal and with 35% fish meal; BSFL5 = 5% addition of BSFL full-fat meal
and 32.5% fish meal; BSFL10 = 10% addition of BSFL full-fat meal and 30% fish meal; BSFL20 = 20% addition of BSFL full-fat meal and 25% fish meal.
T Values are presented as the means (n = 30/treatment).* Values within a row with different superscripts differ significantly at P < 0.05.

Table 4

Selected serum biochemical values of brown trout fed experimental diets.
Parameter Treatments' SEM P-value

CON BSFL5 BSFL10 BSFL20

AST (U/1) 33.79° 33.64° 41.43° 41.17° 1.0097 0.002
ALT (U/I) 5.44 5.71 5.55 5.58 0.4349 0.997
GGT (U/l) 88.36° 76.25% 89.72° 66.48° 2.5334 0.002
NEFAs (mmol/1) 0.71° 0.70° 0.76° 0.94? 0.0263 0.003
Triglycerides (mg/dl) 398.54 343.74 383.35 384.61 9.2414 0.181
Total cholesterol (mg/dl) 656.09¢ 696.93" 812.58? 770.67°° 17.9087 0.007
Total protein (g/dl) 4.05 4.24 431 4.25 0.0589 0.441
Albumin (g/dl) 2.97¢ 2.80% 2.76% 2.44° 0.0452 < 0.001
Globulin (g/dl) 1.12° 1.522 1.622 1.812 0.0627 < 0.001
Glucose (mg/dl) 69.73 66.80 72.13 73.05 1.3553 0.363

Abbreviations: BSFL = black soldier fly larvae; CON = control group, without the addition of BSFL full-fat meal and with 35% fish meal; BSFL5 = 5% addition of BSFL full-fat meal
and 32.5% fish meal; BSFL10 = 10% addition of BSFL full-fat meal and 30% fish meal; BSFL20 = 20% addition of BSFL full-fat meal and 25% fish meal; AST = aspartate
transaminase; ALT = alanine aminotransferase; GGT = gamma-glutamyl transpeptidase; NEFAs = non-esterified fatty acids.

T Values are presented as the means (n = 30/treatment).* Values within a row with different superscripts differ significantly at P < 0.05.

Table 5

Selected intestinal microbial populations in the digesta of brown trout fed experimental diets at the end of the experimental period.
Group of bacteria (CFU/ml) Treatments' SEM P-value

CON BSFL5 BSFL10 BSFL20

Total number of bacteria 9.06 9.01 9.17 9.11 0.0504 0.791
Carnobacterium spp. 8.32 7.92 8.44 8.20 0.0826 0.126
Lactobacillus group 8.51 8.50 8.84 8.66 0.0764 0.388
Enterococcus spp. 7.96 7.68 8.33 8.06 0.0949 0.083

Abbreviations: CFU = colony-forming units/g of digesta; BSFL = black soldier fly larvae; CON = control group, without the addition of BSFL full-fat meal and with 35% fish meal;
BSFL5 = 5% addition of BSFL full-fat meal and 32.5% fish meal; BSFL10 = 10% addition of BSFL full-fat meal and 30% fish meal; BSFL20 = 20% addition of BSFL full-fat meal and

25% fish meal.
! Values are presented as the means (n = 3/treatment).

X?)I;laere‘int digestibility coefficients of crude protein and crude fat in brown trout fed experimental diets.
Coefficients of apparent total digestibility (%) Treatments' SEM P-value
CON BSFL5 BSFL10 BSFL20
cP 98.6° 98.3° 98.4% 97.9° 0.0008 <0.001
Crude fat 99.4% 98.8% 98.8% 98.1° 0.0016 <0.006

Abbreviations: BSFL = black soldier fly larvae; CON = control group, without the addition of BSFL full-fat meal and with 35% fish meal; BSFL5 = 5% addition of BSFL full-fat meal
and 32.5% fish meal; BSFL10 = 10% addition of BSFL full-fat meal and 30% fish meal; BSFL20 = 20% addition of BSFL full-fat meal and 25% fish meal.

¢ Values within a row with different superscripts differ significantly at P < 0.05.
1 Values are presented as the means (n = 3/treatment).

nected to reduced availability and a higher demand for fish meal in
aquaculture nutrition. The FIFO value for salmon in 2017 reached
1.87, which still creates a need for further diet optimization
(Naylor et al., 2021). The results of the present study show that
there is a possibility to balance isonitrogenous diets for brown
trout with 20% BSFL meal and substitution of fish meal. Moreover,
the parameters of environmental sustainability showed significant
reductions in fish meal use, fish oil use and FIFO in aquafeeds. The
inclusion of 20% BSFL meal as a replacement in high fish meal diets

reduced the FIFO ratio by 30%. What is crucial is that it did not
result in deteriorated growth performance or feed utilization
parameters. These results are in agreement with several studies
performed on salmonids using a spectrum of BSFL meal doses
and different meal production methods. However, according to
Weththasinghe et al. (2021), the inclusion of 25% full-fat BSFL meal
increased the value of feed conversion ratio, while inclusions of
6.25 and 12.5% did not affect this ratio in comparison to the control
group in Atlantic salmon nutrition. In an experiment conducted on
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sea trout (Salmo trutta m. trutta) by Hoffmann et al. (2020), the
feed conversion ratio and protein efficiency ratio results were not
affected by the addition of hydrolysed mealworm (Tenebrio moli-
tor) meal. However, Mikotajczak et al. (2020) reported that the
addition of enzyme-hydrolysed mealworm and superworm
(Zophobas morio) meals caused a decrease in protein efficiency
ratio values compared to the control group. It is important to
emphasize that this effect was not observed in the present study.
These observations suggest that protein assimilation of full-fat
BSFL meal at the level of 20% in brown trout did not differ from
the values observed in the control group. Moreover, the usage of
BSFL meal did not cause any adverse effects on the survival rate.

The inclusion of insect meal in brown trout diets led to increas-
ing viscerosomatic index results. This outcome is in agreement
with experiment conducted on Atlantic salmon, where the inclu-
sion of H. illucens affected the numerically increased visceroso-
matic index (Stenberg et al., 2019). The increasing results are
mainly explained by the higher hepatic and intraperitoneal fat con-
tents. Numerically lower triglycerides levels in blood serum of all
groups containing insects compared to CON can potentially sup-
port this thesis due to the action of specific enzymes which could
hydrolysed triglycerides transported in the bloodstream, thus pro-
viding free fatty acids for uptake by adipose tissue (Zhang et al.,
2017). However, in the present study, the addition of BSFL meal
to brown trout diets led to a decrease in the hepatosomatic index
value. From a physiological point of view, hepatosomatic index is a
substantial index used to investigate the effects of diet on liver
functionality, fish health and body condition (Dernekbasi, 2012).
This decrease can be a manifestation of lower fat accumulation
in the liver due to a reduction in crude fat utilization or lack of
its retention. Nevertheless, this effect can be considered positive
compared to other studies, which showed opposite results, where
the addition of superworm and hydrolysed mealworm meals led to
an increase in the hepatosomatic index values of sea trout
(Hoffmann et al., 2020; Mikotajczak et al., 2020), especially since
values oscillating between 1-2% are taken as a range reported for
healthy salmonid fish (Munshi and Dutta, 2017). Due to described
situation, another explanation for higher viscerosomatic index
results in insect groups may be an increase in relative intestinal
length or intestinal weight (Melenchén et al., 2021). While the
increasing length of intestines should provide to higher digestibil-
ity of nutrients, this explanation is not supported by our findings.
However, it could be speculated that higher viscerosomatic index
results are connected with increasing weight of intestines, which
could be effect of thicker muscular layer in BSFL groups. The main
muscular layer function is to promote intestine peristalsis - a
thicker muscularis increase the rate of peristalsis, and the time of
digesta remaining in intestines is decreased, thus decreasing the
time for absorption of nutrients, which in fact is one of the argu-
ment to explain lower digestibility of CP in insect addition groups
(Liu et al., 2018).

The 10 and 20% substitutions of full-fat BSFL meal led to
decreasing AST concentrations in the blood serum of brown trout.
Simultaneously, the ALT concentration did not change among the
groups. These aminotransferase enzymes are used as indicators
to estimate liver and kidney damage and increase during stress fac-
tor influence (Kilercioglu et al., 2020). The normal range of AST
concentration for mature Atlantic salmon has been estimated to
be 202 - 351 IU/1 depending on the season (Sandnes et al., 1988),
and similar results have been reported for other salmonid species
of different ages. However, our distinctly lower AST (33.64 -
41.43 1U/1) results are in agreement with those conducted on rain-
bow trout (Pastorino et al., 2020) and sea trout (Mikotajczak et al.,
2020). GGT enzyme activity occurs especially in biliary liver cells.
According to Kumar et al. (2017), increasing GGT values can be
considered a negative effect due to liver insufficiency. However,
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the addition of BSFL5 and BSFL20 led to a reduction in this enzyme
in blood serum. In the case of the lipid profile in the biochemistry
of blood serum, an increase in NEFAs concentration in BSFL20 was
observed, along with increases in the total cholesterol values in
BSFL10 and BSFL20; however, the concentration of triglycerides
did not differ among the groups. These observations are in line
with the findings of Mikotajczak et al. (2020). It is important to
emphasize that blood cholesterol seems to play an important role
in the fish immune system (Deng et al., 2013). In particular, triglyc-
erides values were numerically lower in the BSFL groups, which
can be related to dietary chitin occurrence and its potential to bind
bile acids and free fatty acids (Gasco et al., 2018). Regarding the
protein profile of blood serum, the albumin level decreased in
the BSFL20 group, while the globulin concentration increased in
all BSFL groups. Higher globulin values may be correlated with
lipid profiles because B-globulins are responsible for the transport
of plasma fats and lipids (Chernyavskikh et al., 2019).

The results of the present study showed that the addition of BSF
meal did not lead to changes in the microbiota of GIT among the
groups. According to Rimoldi et al. (2019), the microbiota of rain-
bow trout fed BSF meal manifested a reduction in potential patho-
genic genera, such as Aeromonas and Citrobacter. However, no
effects on the concentrations of Lactobacillus or Enterococcus were
observed. Conversely, Huyben et al. (2019) reported that 30% addi-
tion of meals from different black soldier fly life stages provided an
abundance of lactic acid bacteria in the GIT microbiota of rainbow
trout. Similarly, in an experiment conducted on rainbow trout by
Jozefiak et al. (2019), the inclusion of several insect species - black
soldier fly, mealworm, tropical house cricket (Gryllodes sigillatus),
and Turkestan cockroach (Blatta lateralis) - at the level of 20% pro-
vided an increased number of Lactobacillus sp./Enterococcus sp. In
addition, in the same study, a higher concentration of Clostridium
coccoides was observed. Another experiment showed that the addi-
tion of 10% hydrolysed superworm meal in a sea trout diet led to
decreases in the concentration of Aeromonas spp., Carnobacterium
spp., and Enterococcus spp., while the total numbers of bacteria,
bacteria from the Lactobacillus group and Bacillus spp. were not
affected by this source of protein. Nevertheless, the inclusion of
hydrolysed mealworm meal provided lower concentrations of
Carnobacterium spp. and Lactobacillus groups in the GIT microbiota
of sea trout compared to a control diet based on fish meal
(Mikotajczak et al., 2020).

The results of the digestibility test showed that inclusion of 20%
BSFL in brown trout diets led to lower CP and crude fat digestibil-
ity. These findings are in agreement with Basto et al. (2020), where
the inclusion of full-fat and defatted BSFL meal in sea bass (Dicen-
trarchus labrax) resulted in a decrease in CP from 92.6% for the ref-
erence diet to 89.3% for full-fat BSFL meal, along with a decrease in
crude fat digestibility from 98.2% for the reference diet to 96.8% for
full-fat BSFL meal. The decrease in crude fat digestibility by BSFL
inclusion was previously reported by Weththasinghe et al. (2021)
in experiments conducted on Atlantic salmon. Lower digestibility
values of CP in groups fed insects can be explained by the high
level of chitin present in the BSFL exoskeleton. According to the lit-
erature, even when the gastrointestinal microbiome functions
properly and in balance and chitinase activity has been detected
in the digestive system, the chitin digestibility is usually very
low (Renna et al., 2017). Moreover, the presence of chitin in meal-
worms and black soldier flies is negatively correlated with the
digestibility of CP (Marono et al., 2015). The lower utilization of
nutrients in experimental groups can be an effect of higher crude
fibre levels in diets (Nguyen et al., 2018). However, it is important
to emphasize that despite some statistically significant differences,
the percentage disparities were not high and oscillated between
97.9-98.6% for CP and 98.1-99.4% for crude fat, indicating the high
digestibility of these nutrients. The differences among the treat-
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ments, despite their significant character from a statistical point of
view, may not be relevant in terms of their biological meaning, as
confirmed by the growth performance results.

Conclusion

In conclusion, the results of the present study showed that the
use of up to 20% BSFL full-fat meal in brown trout diets may be
applied with no adverse effects on growth performance and feed
utilization. Despite the fact that insect meal dietary application
caused decreases in CP and crude fat digestibility. The physiologi-
cal status based on organosomatic indices and biochemical blood
parameters was not affected by insect diets, and the homeostasis
of fish organisms was not disturbed. The composition of the GIT
microbiota was not affected by the experimental diets. Considering
all of the factors mentioned above, H. illucens can be a promising
protein source and fishmeal replacement in brown trout nutrition.
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Abstract

Black soldier fly larva meal (BSFM) application as an innovative feed material has been developed in aquaculture nutrition. However,
recent scientific literature is still lacking in the case of insect meal effects on different stages of salmonid fish, and the vast majority of
research is focused on farmed Atlantic salmon. Therefore, the holistic approach was undertaken in the cycle of two studies carried out: on
fries and pre-smolts. This study aimed to evaluate the effect of fish meal (FM) replacement by full-fat BSFM in Atlantic salmon fry diets
on the growth performance, feed utilization, crude protein and crude fat digestibility, somatic indices, histomorphology of intestines, and
environmental sustainability. Additionally, pellet quality was assessed. Two experiments were performed on 360 Atlantic salmon fries —
each of which lasted 60 days. For the first experiment, 240 individuals were distributed to four experimental groups: six replicates (tanks)
per group and 10 fish per tank. For the second experiment, 120 individuals were distributed to four experimental groups: three replicates
(tanks) per group and 10 fish per tank were used. The following groups were applied: CON — without the addition of full-fat BSFM
and with 39% FM; BSFMS — with 5% addition of full-fat BSFM and 36.1% FM; BSFM10 — with 10% full-fat BSFM and 33.3% FM;
BSFM15 — with 15% addition of full-fat BSFM and 30.3% FM. The present study showed satisfactory results of BSFM inclusion at the
levels of 5% and 10% as a replacement for fish meal in feeds for Atlantic salmon fries. No negative effects on growth performance, feed
utilization, protein and fat digestibility, or intestinal structure were recorded. Simultaneously, insect meal inclusion in Atlantic salmon
diets significantly improved the environmental sustainability of the feed. In the case of BSFM15, decreases in body weight gain, protein
lipid efficiency ratio, and lipid efficiency ratio, as well as increases in feed conversion ratio, were observed. Therefore, the use of shares
higher than 10% of BSFM in Atlantic salmon fries may not be recommended.

Key words: black soldier fly, Atlantic salmon nutrition, innovative feed materials, sustainability, insect meals

A wide spectrum of insect meals as a replacement for
fish meal (FM) have been studied in various salmonids:
rainbow trout (Oncorhynchus mykiss) (Cardinaletti et al.,
2019; Jozefiak et al., 2019; Bruni et al., 2020), sea trout
(Salmo trutta m. trutta) (Hoffmann et al., 2020, 2021 b;
Mikotajczak et al., 2020), and brown trout (Mikotajczak
et al., 2022). In addition to these new innovative prod-
ucts, those produced from insects have been started to
R&D for trout feed (Acar et al., 2021). However, in At-
lantic salmon (Salmo salar) nutrition, the main focus is
on black soldier fly larvae meal (BSFM; Hermetia illu-
cens) due to the large aquaculture scale and the highest

meal availability (Belghit et al., 2019 a; Biancarosa et al.,
2019; Stenberg et al., 2019; Li et al., 2020; Weththasing-
he etal., 2021 a). The BSFM application as an innovative
feed material has been developed in aquaculture nutri-
tion due to its sustainability in terms of land use, water
consumption, CO, emissions, short larval rearing period,
and especially its ability to convert food waste to high-
quality feed (Spranghers et al., 2017; Meneguz et al.,
2018; Zarantoniello et al., 2021). Additionally, in recent
scientific literature, insect meals are considered a source
of antimicrobial peptides (AMPs) (Xia et al., 2021), chi-
tin (Gaudioso et al., 2021), and lauric acid (Belghit et

*This work was supported by the funds of the National Centre for Research and Development, no. POIR.01.01.01-00-0828/15, titled Inn-
Secta: Innovative Technology of Feedstuffs Production Based on Insect Biomass and the funds of Poznan University of Life Sciences.
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al., 2019 b), which seem to be chemical compounds that
positively affect the microbiome of the gastrointestinal
tract and immune system.

The vast majority of research and review papers point
to environmental sustainability as the main argument for
the use of insects in aquaculture nutrition (Arru et al.,
2019; Goyal et al., 2021). However, only a few research
works focused on growth performance and feed utiliza-
tion simultaneously apply calculations that would con-
firm the environmental balance of insects (Stejskal et al.,
2020; Rawski et al., 2021). One of the simplest methods
to assess the sustainability of novel protein sources is the
application of the fish-in-fish-out ratio, which is the com-
bination of an improved feed conversion ratio (FCR) and
areduction in FM and fish oil ratios (Naylor et al., 2021).
Based on the data already obtained during growth trials,
it is possible to easily assess the environmental sustain-
ability of the innovative feed materials used, which in the
future will allow for more effective meta-analyses in this
field, as well in species other than salmonids. Addition-
ally, there is a lack of data about full-fat BSFM usage
among stages of Atlantic salmon production. Due to their
natural life cycle, the species reproduces in two environ-
ments — fresh and salt waters (Hosfeld et al., 2009). In
nature they undergo long-distance migrations, which is
an important step in their maturity, and the change in the
environment from fresh to seawater is connected with
several physiological responses, a process called smolti-
fication (Juntti and Fernald, 2016).

Considering significant changes taking place during
this process in salmon physiology, it can be assumed that
it is important to implement similar experimental diets
in different life stages of Atlantic salmon as a continu-
ation in a cycle of two treatments. Because the results
obtained in the case of young and older individuals can-
not be compared with each other in any way, it is impor-
tant to create a niche in which nutritional research will
be extended for the further period of salmon rearing. For
instance, Lazzarotto et al. (2015) showed that the effect
of applied diets in salmonids can be related to fish age.
Based on this research, the early inclusion of plant-based
materials may significantly influence reproduction per-
formance and survival rates, while older fish are less sus-
ceptible to this effect. A comprehensive approach to fish
nutrition, especially in terms of life stage, will help to
explain alimentary factor modes of action and effects on
the growth performance, feed utilization, and health of
fish, especially in the case of studies on innovative feed
materials. Additionally, a key factor, which is production
sustainability, is omitted in most scientific papers. There-
fore, the holistic approach was undertaken in the cycle of
two studies carried out: on fries and pre-smolts.

The current study aimed to present the results of
study performed on Atlantic salmon fries at the labora-
tory scale. The scientific goals of the study were to as-
sess the possibility of dietary application of BSFM at the
levels of 5, 10, and 15% as the substitution of FM, and
their effects on growth performance, feed utilization, and

selected nutriphysiological traits of fish, as well as to cal-
culate the environmental potential of this innovative feed
material. To meet this question, the research hypothesis
was that the usage of BSFM in diets for Atlantic salmon
will not affect growth parameters, feed utilization, and
designated gastrointestinal tract functions and structures,
and at the same time, it will increase the environmental
sustainability of fish feed.

Material and methods

Ethical statement

The experimental protocols and methods utilized
during this study complied with the recommendations of
Directive 2010/63/EU of the European Parliament and
the Council of 22 September 2010 on the protection of
animals used for scientific purposes, the Polish law of
15 January 2015 on the protection of animals used for
scientific purposes (Journal of Laws 2015, item 266), and
the good practices and recommendations of the National
Ethics Committee for Animal Experiments and the Lo-
cal Ethics Committee for Animal Experiments of Poznan
University of Life Sciences. The place of experimen-
tation was certified for animal experiments by the Na-
tional Ethics Committee for Animal Experiments (based
on authorization by the Ministry of Science and Higher
Education — approved unit no. 0091) — the Laboratory of
Inland Fisheries and Aquaculture (the Faculty of Veteri-
nary Medicine and Animal Science of Poznan University
of Life Sciences).

Insect full-fat meal preparation

Insect biomass was purchased from HiProMine S.A.,
Robakowo, Poland. BSF larvae were fed a mix of plant
byproducts normalized in terms of dry matter (DM) con-
tent by the addition of wheat middlings (Weththasinghe
et al.,, 2021 a). The biomass of insects was frozen at
—20°C and then dried first at 130°C for 1 hour and then
at 80°C for 23 hours until a constant weight was reached
using a chamber air dryer (HiProMine S.A., Robakowo,
Poland). The prepared insects were homogenized using a
beater mill (diameter less than 0.1 mm) to obtain a full-
fat meal. The chemical analyses of meals were performed
in the Laboratory of the Department of Animal Nutrition
(Poznan University of Life Sciences). Ingredients were
analysed according to the procedures described in detail
below.

Amino acid profile analyses were performed to as-
sess the amount of protein and amino acids as well as for
conversion factor establishment for BSFM. The BSFM
protein content was estimated based on the amino acid
content. In further calculations for the diet, the conver-
sion factor (Kp) for BSFM was calculated according to
the following formula:

Kp = (total amino acid content/total protein content
based on N x 6.25 analysis) x 6.25
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The formula was based on the ratio of amino acids
to total protein content with N x 6.25 conversion, as pre-
viously established by Janssen et al. (2017). Due to the
presence of chitin in insect biomass, which could lead
to overestimation of protein, a calculation based on the
analysis of BSFM used for the present experiment was
performed, i.e.:

BSFM Kp = (412.1 g/503.1 g) x 6.25=5.12

where:

412.1 g was the sum of amino acids in 1000 g of
BSFM DM:

503.1 g was the total protein content in 1000 g of
BSFM calculated on an N x 6.25 basis;

6.25 was the traditionally used Kp;

5.12 was the Kp calculated for BSFL.

The nutritional composition and amino acid profile
of the meals corrected by calculated KP are presented in
Table 1.

Diet formulation and preparation

The isonitrogenous, isoenergetic, and isolipidic di-
ets were manufactured: a control diet (CON) and three
experimental diets. The arrangement of diets was as
follows: CON — without the addition of full-fat BSFM
and with 39% FM; BSFM5 — with 5% addition of full-
fat BSFM and 36.1% FM; BSFM10 — with 10% full-fat
BSFM and 33.3% FM; BSFM15 — with 15% addition
of full-fat BSFM and 30.3% FM. All experimental diets
were manufactured at the Experimental Station of Feed
Production Technology and Aquaculture in Muchocin,
Poland using a single-screw extruder (Metalchem S-60,
Gliwice, Poland). The extrusion conditions were 90°C in
the cylinder and 110°C in the head, 52 rpm screw speed,
and a matrix size of 2 mm (Rawski et al., 2020). After
drying and screening of dusty fractions, pellets were
sprayed at 40°C with fish oil in the amount specified
in the recipe. The diets were packed in plastic bags and
stored at —18°C. The ingredient composition of the diets
used in the fry experiments is presented in Table 2.

Biological material analyses

Experimental diets and faeces (sampled during di-
gestibility trial — description below) were analysed ac-
cording to the AOAC (AOAC, 2005) methodology for
crude protein (976.05), ether extract (920.39), crude ash
(920.153), and crude fibre (985.29). The dry matter con-
tent was analysed according to the ISO 6496 method.
TiO, analyses were performed according to the recom-
mendations of Myers et al. (2004). The gross energy
content was analysed according to the ISO 9831 method
using an adiabatic bomb calorimeter (KL 12Mn, Precyz-
ja-Bit PPHU, Poland) standardized with benzoic acid. To
determine the number of macro elements (C and P), the
methodology described by Ptak et al. (2013) was applied.
The amino acid profile was determined using an AAA-
400 automatic amino acid analyser (Ingos Ltd., Prague,

Czech Republic) and ninhydrin for postcolumn derivati-
zation. Before carrying out profile analyses, hydrolysis in
6 N HCI for 24 h at 110°C was applied according to the
AOAC procedure (994.12) (AOAC, 2005). The chemical
composition and amino acid profile of the experimental
diets are presented in Table 3.

Table 1. Chemical composition and amino acid profile of insect larval
meal and fish meal used in experimental diets

Nutrients BSFM FM
% of DM
crude protein 41.21 61.80
crude fat 16.19 16.50
nitrogen-free extract! 9.54 4.20
ash 11.91 17.50
crude fibre 12.06 0.71
Ca 1.32 3.92
P 235 2.16
Amino acid profile (% of crude protein)
Indispensable amino acids (IAA)
arginine 5.47 6.07
histidine 3.25 2.09
isoleucine 4.73 4.24
leucine 7.83 7.48
lysine 6.83 6.63
methionine 2.13 2.53
phenylalanine 4.76 3.07
threonine 443 4.10
valine 6.80 5.79
Dispensable amino acids (DAA)
alanine 8.22 6.87
aspartic acid 7.30 9.40
cysteine 0.77 9.59
glycine 6.15 6.41
glutamic acid 13.07 14.50
proline 6.68 4.28
serine 4.88 4.17
tyrosine 6.71 3.00

BSFM = black soldier fly larvae meal; FM = fish meal (brown fish
meal, 62% total protein, 16% fat, Agro-Fish, Kartoszyno, Poland).
'Nitrogen-free extract = dry matter % — (crude protein % + crude fat
% + crude fibre % + ash %).

Feed physical properties

All feed physical property assessments were per-
formed according to Rawski et al. (2020) and conducted
in 10 replicates for each parameter. The analysis condi-
tions were a temperature of 21°C and 60% air-controlled
humidity (Toyotomi, YD-C312, Nagoya, Japan).

1. Pellet bulk density (PD) analysis was conduct-
ed using a modified method described by Irungu et al.
(2018). A total of ten randomly sampled replications of
1000 mL of feed were weighed (W), and the density was
expressed as g/dm?.

PD (g/dm’) = sample weight/dm’



228

Z. Mikotajczak et al.

Table 2. Ingredient composition of the experimental diets in Atlantic salmon fry

Ingredients (g/kg) CON BSFMS5 BSFM10 BSFM15
FM! 390 361 333 303
BSFM? 0 50 100 150
Krill meal® 50 50 50 50
Blood cells* 100 100 100 100
Soy protein isolate’ 100 100 100 100
Wheat gluten® 50 50 50 50
Wheat meal 90 73 54 38
Maltodextrin 50 50 50 50
Fish oil’ 125 121 118 114
Lecithin® 10 10 10 10
Premix’® 15 15 15 15
Vitamin mix'’ 1 1 1 1
Choline chloride 2 2 2 2
Chalk 14 14 14 14
TiO, 3 3 3 3
Total (g) 1000 1000 1000 1000

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 39% FM; BSFMS5 = 5% ad-
dition of full-fat BSFM and 36.1% FM; BSFM 10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM 15 = 15% addition of full-fat BSFM and 30.3% FM.
"Brown fish meal, 62% total protein, 16% fat, Agro-Fish, Kartoszyno, Poland.

2HiProMine S.A., Poland.

3Krill Meal (Antarctic), 60% total protein, 23% fat, less than 13% of ash, CC Moore, England.

‘AP 301 P, 92% total protein, APC (GB) Ltd, Ings Road, Doncaster, UK.
SSUPRO 590, 87.5% total protein, 3.2% fat, Solae Belgium N.V., Belgium.

°Gluvital, Cargill, Poland.
"Agro-Fish, Kartoszyno, Poland.

8BergaPure, deoiled lecithin, 97% pure lecithin, Berg + Schmidt GmbH & Co. KG, Hamburg, Germany.

Premix (g kg !): vitamin A, 1,000,000 IU; vitamin D,, 200,000 IU; vitamin E, 1.5 g; vitamin K, 0.2 g; vitamin B, 0.05 g; vitamin B, 0.4 g; vitamin B
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0.001 g; nicotinic acid, 2.5 g; inositol, 35 g; D-calcium pantothenate, 1.0 g; myoinositol, 500 IU; choline chloride, 7.5 g; folic acid, 0.1 g; methionine, 150.0
g; lysine, 150.0 g; Fe, 2.5 g; Mn, 6.5 g; Cu, 0.8 g; Co, 0.04 g; Zn, 4.0 g; I, 0.008 g; carrier > 1000.0 g.

%Vitamin mix (g kg!): vitamin A, 50,000 IU; vitamin D,, 5000 IU; vitamin E, 30.0 mg; vitamin C, 100.0 mg.

Table 3. Chemical composition and amino acid profile of the experimental diets used in Atlantic salmon fry

Nutrients CON BSFM5 BSFM10 | BSFM15
% of DM
crude protein 47.99 48.00 48.05 48.01
crude fat 20.05 20.00 20.06 20.00
nitrogen-free extract' 15.63 15.34 14.92 14.70
ash 10.82 10.90 11.00 11.07
crude fibre 0.88 1.42 1.94 2.48
Ca 1.50 1.50 1.50 1.49
P 1.10 1.12 1.16 1.19
gross energy (MJ/kg) 21.84 21.77 21.74 21.66
energy/protein ratio 45.51 45.36 45.23 45.13
Amino acid profile (% of crude protein)
arginine 5.49 5.36 5.23 5.09
histidine 2.74 2.71 2.68 2.65
lysine 6.18 6.07 5.96 5.85
tryptophan 0.87 0.84 0.81 0.78
phenylalanine + tyrosine 6.22 6.15 6.08 6.01
methionine + cysteine 2.38 2.33 2.27 222
threonine 3.04 3.57 3.49 3.41
leucine 7.65 7.50 7.35 7.20
isoleucine 7.65 4.14 4.06 3.98
valine 5.76 5.67 5.57 5.47

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 39% FM; BSFM5 = 5% ad-
dition of full-fat BSFM and 36.1% FM; BSFM 10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM15 = 15% addition of full-fat BSFM and 30.3% FM.
'Nitrogen-free extract = dry matter % — (crude protein % + crude fat % + crude fibre % + ash %).
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2. Sinking velocity (SV) was conducted using a mod-
ified method described by Das et al. (1993). A sedimen-
tation column (Terra-Robson, Wierzbno, Poland) with
a height of 105 cm was filled with 100 cm of water. A
total of twenty randomly selected pellets per feed batch
were inserted into the water individually, and the time
taken to reach the bottom was measured with an accuracy
of 0.1s.

SV (s/100 cm) = sinking time (s)/water column height
(cm)

3. Water stability (WS) was conducted using modi-
fied methods proposed by Das et al. (1993) and Umar
et al. (2013). For each feed, 100 g was placed in a flask,
and 500 mL of distilled water was added and placed on
a horizontal shaker. Then, the feed was filtered after 10
minutes through a 1-mm strainer on paper filters. After
water filtration, the residues were dried at 50°C for 24 h
and weighed to calculate the disintegrated feed propor-
tion.

WS (%) = ((final sample weight — initial sample weight)/
initial sample weight) x 100

4. Volume increase (VI) was conducted using the
method described by Rawski et al. (2020). A volume of
25 mL of feed was placed in a volumetric flask, and the
flask was filled with 100 mL of water. After 10 minutes,
the volume of the feed was measured, and the expansion
in water was calculated.

VI (%) = ((final volume — initial volume)/initial volume)
x 100

5. The expansion ratio (ER) was calculated accord-
ing to the formula described by Khater et al. (2014).
The result is presented as the ratio of pellet diameter
to extrusion matrix perforation diameter. The analy-
sis was performed using an electronic calliper (Yato,
YT-7201, Shanghai, China) with an accuracy of up to
0.01 mm.

ER (%) = (pellet diameter (mm)/matrix diameter (mm))
x 100

Animal handling and growth performance trial

Atlantic salmon fries were transported from the Ex-
perimental Station of Feed Production Technology and
Aquaculture in Muchocin to the Laboratory of Inland
Fisheries and Aquaculture. The study was carried out
using an experimental Recirculated Aquaculture System
(eRAS). During acclimation, fish were kept in a 500 L
tank. One week before the right part of the experiment,
240 healthy fish were randomly selected from the ad-
aptation tank and transferred into experimental tanks
(24 tanks with a capacity of 50 L, 10 fish per tank,
6 tanks per group) and then fed commercial feed for sal-
monids (Aller Performa — 48% crude protein, 21% crude
fat, 22.1 MJ gross energy/kg, Aller Aqua, Poland). On
the 1st day of the experimental period, all fish in each
tank were bulk weighed (average body weight was
13.4 g + 1 g). The eRAS was supplied with tap water,
and technological water was purified by a biological fil-
ter and aerated using an aeration system powered with

a membrane blower (HiBlow, Japan). The water flow was
2 L/min per each experimental tank. The water param-
eters were recorded daily. The temperature was 15°C +
0.5°C, the dissolved oxygen was 7.5 mg + 0.3 mg L,
and the photoperiod was maintained at 16:8 (light:dark)
during the experiment.

The experiment lasted 60 days. To reduce stress caused
by contact with personnel, salmon were fed continuously
using automatic belt feeders (12 h discharge time, FIAP
Fishtechnik GmbH, Germany) during both acclimation
and experimental periods. Each trial was carried out in
six replications (tanks) per diet. The feed ratio was based
on a feeding chart designed for Atlantic salmon, taking
into consideration the average body weight and the water
temperature (National Research Council, 2011). The fish
mortality and health condition were monitored daily. All
animals were weighed at 10-day intervals.

To calculate the growth performance and feed utiliza-
tion factors, the following formulas were used:

1. Final Body Weight (FBW):
FBW (g) = fish biomass in the tank (g)/number of fish in
the tank
2. Body Weight Gain (BWG):
BWG (g) = final body weight (g) — initial body weight
©
3. Percent of Body Weight Gain (PWG):
PWG (%) = (final body weight (g) — initial body weight
(g))/initial body weight (g) * 100
4. Feed Intake (FI):
FI (g) = applied feed (g) — uneaten feed (g)
5. Feed Conversion Ratio (FCR):
FCR = feed intake (g)/body weight gain ()
6. Specific Growth Rate (SGR):
SGR (%/day) = 100 * (In final body weight — In initial
body weight)/number of experimental days
7. Survival Rate (SR):
SR (%) = (final number of live fish/initial number of live
fish) x 100
8. Protein Efficiency Ratio (PER):
PER = (body weight gain (g))/(feed intake (g) * protein
level in the diet (%))
9. Lipid Efficiency Ratio (LER):
LER = (body weight gain (g))/(feed intake (g) x lipid
level in the diet (%))

All growth performance results are presented as the
means, where n = 6 tanks per group (10 fish/tank, 60 fish/

group).

Digestibility trial

This trial was performed to determine the apparent
digestibility coefficients of crude protein and crude fat
in the Atlantic salmon fry experiment. Salmons were
transported from the Experimental Station of Feed Pro-
duction Technology and Aquaculture in Muchocin to the
Laboratory of Inland Fisheries and Aquaculture labo-
ratory. Metabolic tanks were used as a modification of
the Allan et al. (1999) design according to Rawski et al.
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(2020). Tanks were equipped with a conical bottom with
a separation grille and a two-valve bottom separation and
drainage system. The tanks were supplied with filtrated
tap water in an open-flow system. The temperature was
15°C £ 0.5°C, the concentration of oxygen was 7.5 mg +
0.3 mg L', and the photoperiod was maintained at 16:8
(light:dark) during the entire experiment. The digestibili-
ty test lasted 45 days, including 15 days of the adaptation
period and 30 days of the period of faccal sampling. For
the experiment, 120 fish with an average body weight of
13.4 grams (£ 1 g) were used and divided into 4 groups
(3 tanks/group and 10 fish/tank). Animals were fed the
same diets used in growth performance trials but with
the addition of titanium dioxide (TiO,) as a digestibility
marker in the amount of 0.3% (Kieronczyk et al., 2020).
The feed was given in the amount of 1% of fish weight per
day for 6 hours (from 7:00 to 13:00) using automatic belt
feeders. After feeding, the rest of the uneaten feed was re-
moved. The accumulated faeces were obtained by open-
ing the bottom separation system and collecting faeces
for filtration vessels. The faecal collection was conducted
3 times per day between 7:00, 17:00, and 23:00. Filtration
was carried out through cellulose filters. The obtained
faeces were frozen at —20°C for further analysis. The co-
efficients of apparent ileal digestibility of crude protein
and crude fat were calculated according to the following
formulas described by Kieronczyk et al. (2018):

1. Coefficients of apparent total digestibility (%):

Coefficients of apparent total digestibility = 1 — ((TiO,
(g kg') in the diet/TiO, (g kg™') in the faeces)) > (nutri-
ent (g kg™') in the faeces/nutrient (g kg™) in the diet).

Sample collection and somatic indices
On the last day of the experiment, all fish were
weighed individually, and 5 animals from each tank were
euthanized using an overdose of MS-222 (Leary et al.,
2013) and decapitated for dissection and sampling for
further analysis. Measurements of the carcass, viscera,
and liver were recorded to calculate the condition fac-
tor (CF), viscerosomatic index (VSI), and hepatosomatic
index (HSI) as described by Hoffmann et al. (2020),
while measurements of total intestines, proximal intes-
tines, distal intestines, gastrointestinal tract, and total fish
length were assessed to calculate numerous intestinal in-
dices according to Rawski et al. (2021):
1. Condition Factor (CF):
CF = (body weight (g)/fish total length (cm?)) x 100
2. Viscerosomatic Index (VSI):
VSI (%) = (viscera weight (g)/body weight (g)) x 100
3. Hepatosomatic Index (HSI):
HSI (%) = (liver weight (g)/body weight (g)) * 100
4. Relative Gastrointestinal Tract Length (GIT/FTL):
GIT/FTL (%) = (gastrointestinal tract length (mm)/fish
total length (mm)) x 100
5. Relative Intestinal Length (IL/FTL):
IL/FTL (%) = (intestine length (mm)/fish total length
(mm)) x 100
6. Relative Proximal Intestine Length (PL/FTL):

PL/FTL (%) = (proximal intestine length (mm)/fish total
length (mm)) x 100
7. Relative Distal Intestine Length (DL/FTL):
DL/FTL (%) = (distal intestine length (mm)/fish total
length (mm)) x 100
8. Intestine Share in Total Gastrointestinal Tract Length
(IL/GIT):
IL/GIT (%) = (intestine length (mm)/gastrointestinal
tract length (mm)) x 100
9. Proximal Intestine Share in Total Gastrointestinal
Tract Length (PL/GIT)
PL/GIT (%) = (proximal intestine length (mm)/gastroin-
testinal tract length (mm)) x 100
10. Distal Intestine Share in Total Gastrointestinal Tract
Length (DL/GIT)
DL/GIT (%) = (distal intestine length (mm)/gastrointes-
tinal tract length (mm)) x 100
All somatic index results are presented as the me-
ans, where n = 32 per group (6 tanks/treatment x 8§ fish/
tank).

Gut histomorphology

At the end of the experiment, 24 fish were sampled
from each treatment (6 fish/group). Samples of the intes-
tine were collected, submerged in Bouin’s solution (Mer-
ck), and stored at 4°C. Histological examination was
performed using the methodology described by Bogucka
et al. (2016). The samples were dehydrated, cleared, and
embedded in paraffin blocks. Formed blocks were cut on
a rotary microtome (Thermo Shandon, Chadwick Road,
Astmoor, Runcorn, Cheshire, United Kingdom) into slic-
es of 10-um thickness. The slices were placed on micro-
scope slides coated with ovo-albumin with the addition
of glycerol. The prepared samples were analysed using
an AnMN-800 F microscope (OPTA-TECH, Warsaw,
Poland) equipped with an Opta-View camera for record-
ing microscopic images. MultiScan v. 18.03 microscope
imaging software (Computer Scanning Systems II Ltd.,
Warsaw, Poland) was used to measure villus height and
width and muscular layer thickness. Ten villi per fish
were randomly selected from a cross-section. The length
was measured from the top of the villus to its base, while
the width was measured at half of its length.

Environmental sustainability assessment
The environmental sustainability assessment was cal-
culated based on raw data for growth performance and
feed utilization parameters according to Rawski et al.
(2020, 2021).
The relative usage of marine-derived feed materials
— fish meal (FMU) and fish oil (FOU) — was calculated
according to two formulas:
1. FMU (g/kg of fish gain) = fish meal share in the diet
(g kg™) x feed conversion ratio (g/g)
2. FOU (g/kg of fish gain) = fish oil share in the diet
(g kg™) x feed conversion ratio (g/g)
The fish-in-fish-out ratio (FIFO) was calculated as
a practical measure of the quantity of live fish from cap-
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ture fisheries required for each unit of farmed fish pro-
duced, as follows:

1. FIFO = ((level of fish meal in the diet (g kg™') + level
of fish oil in the diet (g kg™'))/(yields of fish meal from
wild fish (g kg™') + yields of fish oil from wild fish
(g kg™)) x (feed intake (g)/body weight gain (g))
where the yield of fish meal from wild fish was assumed
to be 225 g kg! of fresh fish weight and the yield of fish
oil from wild fish was assumed to be 50 g kg™ of fresh

fish weight (Stejskal et al., 2020).

Statistical analysis

R studio software was used to analyse the data for
both experiments conducted in this study. To determine
the normality of the data distribution and equality of
variances, Kolmogorov—Smirnov and Levene’s tests
were used. One-way ANOVA was used, and if there were
significant differences among treatments, further analy-
sis was performed by correcting Duncan’s post-hoc test.
Data are presented as the mean + standard error of the
mean (SEM). The statistical significance level was de-
clared at P <0.05. The statistical analysis of variance was
conducted according to the following general model:

Yi=u+ ai+oij
where: Yi is the observed dependent variable, u is the

overall mean, ai is the effect of the diet, and dij is the
random error.

Results

Feed physical properties

In terms of the physical properties of feed, the increas-
ing inclusion of BSFM meal in diets leads to decreasing
results in PD and increasing results of VI (P<0.0001).
In groups BSFM10 and BSFM15, higher values in SV
compared to CON and BSFMS5 were observed (P =
0.0005). All groups with insect addition showed in-
creased ER values compared to CON; however, there
were no significant differences between groups BSFM 10
and BSFM15 (P<0.0001). Additionally, no significant
differences were observed in terms of WS. All results of
the feed physical property assessment are presented in
Table 4.

Growth performance trial

In the case of the experiment conducted on At-
lantic salmon fry, the BWG, PWG, SGR, PER, and
LER showed decreases in the BSFMI15 group com-
pared to the CON (P = 0.0064; P = 0.0064, P = 0.0161;
P = 0.0111; P = 0.0111, respectively), while the FCR
in the mentioned group showed the highest result (P =
0.0035). However, there were no significant differences
in FBW and FI results. No mortality during the entire
experiment was recorded. The results of the growth per-
formance trial on Atlantic salmon fry are presented in
Table 5.

Table 4. Physical properties of experimental diets for Atlantic salmon fry

Parameter CON BSFM5 BSFM10 BSFM15 SEM P value
PD (g/dm?) 639 a 612b 588 ¢ 548d 5.4185 <0.0001
SV (s/100 cm) 11.4b 12.0b 13.7a 14.1a 0.2869 0.0005
WS (%) 93.4 92.4 93.4 95.4 1.8123 0.3400
VI (%) 43.8d 50.0c¢ 575b 63.8 a 1.4979 <0.0001
ER (%) 119¢ 126 b 127 ab 131a 0.9906 <0.0001

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 39% FM; BSFM5 = 5%
addition of full-fat BSFM and 36.1% FM; BSFM10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM15 = 15% addition of full-fat BSFM and 30.3%
FM; PD — pellet density; SV — sinking velocity; WS — water stability; VI — volume increase; ER — expansion rate.

a-d — values within a row with different letters differ significantly at P<0.05. Values are presented as the means (n = 10/treatment), pooled

standard error of the mean, SEM.

Table 5. Growth performance and feed utilization parameters of Atlantic salmon fry fed experimental diets

Parameter CON BSFMS5 BSFM10 BSFMIS | SEM |  Pvalwe
IBW (g) 13.7 132 13.0 13.6 0.2085 0.9410
FBW (g) 263 25.9 253 24.7 0.3144 0.3050
BWG (g) 1262 1272 1242 11.0b 2.0587 0.0064
PWG (%) 914a 96.0a 95.6a 80.9b 11587 0.0064
FI () 112 108 106 11 16325 0.5300
FCR 0.89b 0.85b 0.86 b 1.01 a 0.0192 0.0035
SGR Llla 112a 1.07a 0.95b 0.0223 0.0161
PER 243a 2552 2562 2.15b 0.0522 0.0111
LER 6.22a 6.53a 6.56a 5.53b 0.1340 0.0111

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 39% FM; BSFMS5 = 5%
addition of full-fat BSFM and 36.1% FM; BSFM10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM15 = 15% addition of full-fat BSFM and 30.3%
FM; IBW — initial fish body weight; FBW — final fish body weight; BWG — fish body weight gain; PWG — percent of fish body weight gain; FI — feed intake;
FCR — feed conversion ratio; SGR — specific growth rate; PER — protein efficiency ratio; LER — lipid efficiency ratio.

a-d — values within a row with different letters differ significantly at P<0.05. Values are presented as the means (n = 6/treatment), pooled standard error

of the mean, SEM.
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Table 6. Somatic indices of Atlantic salmon fry fed experimental diets

Parameter CON BSFMS BSFM10 BSFM15 SEM P value
CF 1.21 1.22 1.20 1.18 0.0082 0.3090
VSI (%) 11.45 11.35 10.49 11.93 0.2024 0.0857
HSI (%) 1.99 2.17 1.93 1.89 0.0630 0.4140

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 39% FM; BSFMS5 = 5%
addition of full-fat BSFM and 36.1% FM; BSFM10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM15 = 15% addition of full-fat BSFM and 30.3%
FM; CF - condition factor; VSI — viscerosomatic index; HIS — hepatosomatic index.

Values are presented as the means (n = 30/treatment), pooled standard error of the mean, SEM.

Table 7. Histomorphology of intestines of Atlantic salmon fry fed with experimental diets

Parameter | coN | BsFMs BSFM10 BSFMI5 SEM P value
Villus height (um) 346.42 393.55 467.70 393.55 19.4538 0.1720
Villus width (um) 110.30 117.41 120.15 124.95 23168 0.1510
Villus area (mm?) 122.72 147.90 178.81 156.92 9.2084 0.2010
Muscular layer thickness (im) 44.73 47.04 45.06 40.78 1.9262 0.7350

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 39% FM; BSFMS5 = 5% ad-
dition of full-fat BSFM and 36.1% FM; BSFM10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM15 = 15% addition of full-fat BSFM and 30.3% FM.
Values are presented as the means (n = 30/treatment), pooled standard error of the mean, SEM.

Table 8. Environmental sustainability parameters of Atlantic salmon fry fed experimental diets

Parameter CON BSFM5 BSFM10 BSFM15 SEM P value
FCE (g/g) 1.12a 1.17a 1.18a 0.99 b 0.0241 0.0111
FMU (g/kg) 349.0 a 3082 b 2859b 307.0b 6.5795 0.0017
FOU (g/kg) 111.8 ab 1033 b 101.3b 1155a 2.0281 0.0261
FIFO 1.68a 1.50 b 1.41b 1.54 ab 0.0301 0.0070

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 39% FM; BSFMS5 = 5%
addition of full-fat BSFM and 36.1% FM; BSFM10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM 15 = 15% addition of full-fat BSFM and 30.3%
FM; FCE - feed conversion efficiency; FMU — fish meal use; FOU — fish oil used, FIFO — the fish-in-fish-out ratio.

a-d —values within a row with different letters differ significantly at P<0.05. Values are presented as the means (n = 6/treatment), pooled standard error
of the mean, SEM.

100

99

8 [ : 1| I | =—F—"

L ]
T T

97
= 9%
=
a
5 95
B
=
lE 94
=]
? - ECmde fat
= 93 .
B B8 Crude protein
7
& 2
Z
§ 51
(]
&
< %

89

CON BSFMS BSFM10 BSFMI5

Figure 1. The effect of experimental diets on nutrients (crude fat — upper and crude protein — lower) digestibility of Atlantic salmon fry. FM =

fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 39% FM; BSFMS = 5%

addition of full-fat BSFM and 36.1% FM; BSFM 10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM15 = 15% addition of full-fat BSFM
and 30.3% FM; No statistically significant differences were observed among the groups
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Figure 2. The effect of experimental diets on the percentage of length of individual parts of the gastrointestinal tract in the total body length of
Atlantic salmon fry. FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and
with 39% FM; BSFMS5 = 5% addition of full-fat BSFM and 36.1% FM; BSFM10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM15 =
15% addition of full-fat BSFM and 30.3% FM; GIT/TL —relative gastrointestinal tract length; IL/FTL — relative intestinal length; PL/FTL — rela-
tive proximal intestine length; DL/FTL — relative distal intestine length; No statistically significant differences were observed among the groups
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Figure 3. The effect of experimental diets on the percentage of length of individual parts of intestines in the total gastrointestinal tract length of

Atlantic salmon fry. FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with

39% FM; BSFMS5 = 5% addition of full-fat BSFM and 36.1% FM; BSFM10 = 10% addition of full-fat BSFM and 33.3% FM; BSFM15 = 15%

addition of full-fat BSFM and 30.3% FM; IL/GIT — intestinal share in total gastrointestinal tract length; PL/GIT — proximal intestine share in

total gastrointestinal tract length; DL/GIT — distal intestine share in total gastrointestinal tract length; no statistically significant differences were
observed among the groups (P>0.05)

Digestibility trial

During the digestibility of nutrients trial, no signifi-
cant differences among the groups in terms of crude pro-
tein and crude fat were reported. The results of digest-
ibility of nutrients of Atlantic salmon fry are presented
in Figure 1.

Somatic indices

In the case of somatic indices of Atlantic salmon fry,
there were no significant differences in CF, VSI or HIS
among the groups. The results are presented in Table 6.
Similarly, in terms of gastrointestinal tract indices, in-
cluding GIT/FTL, IL/FTL, PL/FTL, DL/FTL, IL/GIT,
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PL/GIT, and DL/GIT, no significant differences were re-
ported. The results of those indices are presented on the
graphs in Figures 2 and 3.

Gut histomorphology

Experimental groups did not show any significant dif-
ferences in comparison to the control group. All histo-
morphology results are presented in Table 7.

Environmental sustainability assessment

In terms of environmental sustainability parameters,
a decrease in the FCE value was observed only in the
BSFM15 group (P = 0.0111). In the case of FMU, all
groups with insects showed decreased values compared
to CON (P =0.0017), while FOU values of insect groups
did not differ from CON (P = 0.0261). Additionally,
BSFMS5 and BSFM10 were significantly different com-
pared to CON, and a decrease was observed (P = 0.0070).
All results of the environmental sustainability parameters
are presented in Table 8.

Discussion

The basic chemical composition of full-fat black sol-
dier fly larvae meal (BSFM) and fish meal (FM) showed
lower crude protein content and higher crude fat and
crude fibre levels in insect meal. These findings are in
agreement with several scientific papers (Belghit et al.,
2018; Nogales-M¢érida et al., 2018; Jozefiak et al., 2019;
Basto et al., 2020; Rawski et al., 2020). The higher con-
tent of crude fibre can be explained by the occurrence of
chitin in insect exoskeletons due to its chemical structure,
which qualifies it as a polysaccharide. Simultaneously,
chitin can contain non-amino acid nitrogen bonds in its
structure. According to suggestions of previous research-
ers (Finke, 2007; Gasco et al., 2018), protein overesti-
mation would occur due to the presence of chitin in in-
sect biomass. Additionally, the overestimation will reach
a higher level as the inclusion of insect meal in fish diets
increases (Rawski et al., 2020). Therefore, it is crucial
to perform calculations of the crude protein conversion
ratio (Kp) to compensate for differences in the content
of nutrients. The current study confirmed the foregoing
statement of Janssen et al. (2017), who assessed Kp for
insect meals in the range from 4.76 to 5.60, depending
on crude protein quality and purification. The abovemen-
tioned correction in the nitrogen to protein conversion ra-
tio allowed us to calculate isonitrogenous diets for Atlan-
tic salmon. No differences were observed in the chemical
composition of diets, which could potentially affect and
disturb the proper growth performance of fish. Substan-
tial dissimilarities were reported in the crude fibre content
only, which seems to be justified. Additionally, according
to Storebakken (2009), the requirement for calcium has
not been established in Atlantic salmon. However, the
level of total phosphorus in the diet, depending on the
literature, was estimated at 6 g/kg (Ketola, 1975) or even

10-11 g/kg for juvenile salmon (Asgérd and Shearer,
1997). Therefore, the diets designed for the experiment
meet the requirements in terms of mineral composition.

The data focused on the pellet quality of aquafeeds
with insect material inclusion are still limited. However,
our findings are in line with Rawski et al. (2020) — an
increase in the share of BSFM in Atlantic salmon diets
led to increasing results of sinking velocity (SV), volume
increase (VI), and expansion ratio (ER), with a simulta-
neous decrease in pellet density (PD). In contrast, Weth-
thasinghe et al. (2021 a) reported that higher inclusion
of full-fat BSFM meal or paste led to a decrease in ER,
while the SV did not show any differences among the
groups. In turn, Irungu et al. (2018) reported that an in-
crease in insect inclusion in aquafeeds led to higher pellet
bulk density. The main reason for the observed results,
which was suggested previously (Rawski et al., 2020),
is that the usage of full-fat insect meals provided better
oil dispersed in the feed during extrusion. However, it
is important to emphasize that in the present study, the
percentage values of crude fat in BSFM and FM were
quite similar, oscillating at approximately 16%. Simul-
taneously, in the mentioned study, the higher ER and SV
positively related to a decrease in PD could be explained
by increasing pore formation in the pellet structure.
A similar effect in the case of SV was previously observed
in pellets with higher DDGS inclusion (Kannadhason et
al., 2009). Additionally, Liu et al. (2021) reported that
the addition of wheat flour leads to a more porous pellet
texture due to expansion, which affects the water stability
of feed. Therefore, this might be the reason for the much
higher SV in groups with the addition of BSFM, since
BSFM was characterized by a significantly higher crude
fibre proportion.

In the present study, the addition of 15% BSFM af-
fected body weight gain (BWG), percent body weight
gain (PWG), feed conversion ratio (FCR), protein effi-
ciency ratio (PER) and lipid efficiency ratio (LER). How-
ever, 5 and 10% BSFM inclusion did not affect growth
performance or feed utilization parameters. Compared
to Weththasinghe et al. (2021 b), feed intake presented
lower values than control in groups including defatted
BSFM (accounting for approximately 15% of diet) and
H. illucens exoskeleton (accounting for approximately
7% of diet); however, this outcome did not negatively af-
fect the FCR results. Additionally, the FCR in the group
with the inclusion of full-fat BSFM (more than 20% of
diet) did not differ from the control group and simultane-
ously showed the highest values in final fish body weight
(FBW). Belghit et al. (2018) reported that even a high
amount of defatted BSFM inclusion (60% of diets) did
not affect FBW, FCR, FI, PER, or LER. In contrast, 25%
substitution of FM by full-fat BSFM led to higher val-
ues in FCR and lower FBW, which is in line with our
findings (Weththasinghe et al., 2021 a). Similar results
were observed by Fisher et al. (2020), where the inclu-
sion of BSFM at the level of 30% significantly decreased
the BWG and increased the FCR of Atlantic salmon pre-
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smolts. The most common explanation in the scientific
literature for the effect of insect addition in fish diets on
growth performance and feed utilization is the presence of
chitin (Belghit et al., 2018; Fisher et al., 2020; Mikotajczak
et al., 2020; Hoffmann et al., 2021 a; Weththasinghe et al.,
2021 a) due to crude protein overestimation (Finke, 2007).
However, to minimize this effect and avoid distorting the
results, a corrected Kp value was applied.

Despite the fact that crude protein and crude fat di-
gestibility were lowest in the group with 15% BSFM in-
clusion, the differences were not statistically significant.
Our findings are in agreement with Weththasinghe et al.
(2021 a). Previously stated reductions in PER values
could be an outcome of numerical digestibility results.
According to Marono et al. (2015), the presence of chi-
tin in insects is negatively correlated with protein diges-
tion. This is probably due to the reduced availability of
protein for protease enzymes by chitin (Henry et al.,
2015) or decreased activity of these enzymes (Belghit
et al., 2018). In fact, Atlantic salmon is characterized by
a low capacity for chitin digestibility (Olsen et al., 2006).
This chemical compound can also be responsible for the
numerically lower crude fat digestibility. By analysing
the fatty acid profile of previous studies by our research
team, it can be concluded that lauric acid can comprise
approximately 46% of all estimated fatty acids (Rawski
et al.,, 2020). Antecedent consideration highlights that
lauric acid can be a satisfactory energy source for sal-
monids by simple oxidation, which results in low tissue
deposition (Renna et al., 2017; Belghit et al., 2019 b).
This statement explains the reduction in LER results, and
limited lipid retention simultaneously affects lower crude
fat digestibility.

No effect on the condition factor of Atlantic salmon
fries was found among the groups. This result is in line
with Belghit et al. (2018). However, no changes to the
hepatosomatic index (HSI) and viscerosomatic index
(VSI) were observed in our research, which is in contrast
to the abovementioned study, where increasing inclusion
of BSF meal and oil led to higher HSI and VSI results.
This observation was previously pointed out in the scien-
tific literature focused on insect-derived material addition
in salmonid juvenile and fingerling diets (Hoffmann et
al., 2020; Mikotajczak et al., 2020; Fawole et al., 2021).
The reason for fat storage in the visceral cavity and liver
of fish may depend on the fatty acid composition in the
diets (Huang et al., 2016). Due to the possibility of met-
abolic disorders indicated by carbohydrates and lipids,
the presence of oxidized fat and vitamin deficiency (A,
D, E, and K) the HSI should not exceed 1-2% (Munshi
and Dutta, 1998). Therefore, the only result in terms of
liver condition was elevated HSI in the group with a 5%
BSFM addition. However, Hoffmann et al. (2021 a) re-
ported that excellent fish conditions can be observed even
with a very high (over 3.48) hepatosomatic index without
a negative effect on liver histomorphology.

While the vast majority of recent scientific literature
is focused on sea-water phase Atlantic salmon (Elia et

al., 2018; Belghit et al., 2019 a; Li et al., 2020), the com-
parison of obtained results to experiments conducted on
fish of different ages is not satisfactory. In the present re-
search, no effect on the relative length of gastrointestinal
tract sections, villus width, height and area, or muscu-
lar layer thickness was observed. According to Demirci
et al. (2021) the use of different dietary protein sources
has morphometric effects on the rainbow trout digestive
system. Li et al. (2019) reported that the usage of a diet
wherein 85% of the protein was supplied by BSFM leads
to an increasing share of mid and distal intestines and
simultaneously provides a decrease in the prevalence of
steatosis in pyloric caeca enterocytes of salmon. It is also
conjectured that insect meals stimulate the regulation of
T-cell activity and xenobiotic metabolism in the proxi-
mal and distal intestines. According to Mikotajczak et
al. (2020), the inclusion of mealworm (7enebrio molitor)
and superworm (Zophobas morio) meals did not affect the
histomorphology of sea trout. Additionally, Hoffmann et
al. (2021 a) observed that the usage of mealworm meal at
the levels of 30 and 40% sea trout diets led to a decrease
in villus width and villus surface, as well as an increase in
the thickness of the muscle membrane. In contrast, Raw-
ski et al. (2021) showed that 20% inclusion of BSFM in
Siberian sturgeon (Acipenser baerii) diets increased vil-
lus height, villus width and villus surface. In general, the
changes in intestinal morphology may be the effect of
the presence of antimicrobial peptides (AMPs) in insect
meals, which modulate the microbial community of the
gastrointestinal tract (Tang et al., 2008). It is crucial to
emphasize that the gaps in the scientific literature regard-
ing the influence of BSFM on intestine histomorphology
should be filled with novel experiments, since knowledge
about this area is limited.

FM is the main protein source used in aquaculture
feeds (Naylor et al., 2021). In farmed salmon, FM di-
etary inclusion oscillates between 20% and 50% (Jan-
nathulla et al., 2019). Additionally, more often, this feed
material is considered a potential pathway to introduce
microplastics to the food chain of aquaculture products
(Giindogdu et al., 2021). The most important parameter
describing feed sustainability in the nutrition of differ-
ent species is the fish-in-fish-out ratio (FIFO). In general,
FIFO is the requirement of wild-caught fish for nutritive
purposes (as feed materials — FM and fish oil) necessary
to produce one kg of farmed animals (Jannathulla et al.,
2019). However, this ratio interacts with FCR, so feed in-
take and hence body weight gain influence the final FIFO
score. The results observed in our research illustrate this
situation well. Due to the lower growth performance of
fish in BSFM15, FIFO did not differ significantly from
the CON. However, BSFM5 and BSFM10 presented a
decrease in FIFO, which indicates the potential of insects
as a sustainable protein source in Atlantic salmon fries.
Depending on the year, the FIFO ratio for salmonids os-
cillates between 2.57 and 0.82, which is an effect of an in-
crease in alternate protein source utilization (Jannathulla
etal., 2019). Naylor et al. (2021) emphasized that salmon
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is one of the critical species, where FIFO exceeded 1.0,
and the ratio reached 1.87 in 2017. However, the effect
of insect-derived feed material utilization on environ-
mental sustainability is still a new research object, and
the summary data do not distinguish between seawater
and freshwater phases of Atlantic salmon, which makes
it impossible to clearly compare these results. Therefore,
the presented results are an important incorporation into
scientific knowledge.

Conclusions

The present study showed satisfactory results of
BSFM inclusion at the levels of 5% and 10% as a re-
placement for fish meal in feeds for Atlantic salmon fries.
No negative effects on growth performance, feed utiliza-
tion, protein and fat digestibility, or intestinal structure
were recorded. Simultaneously, insect meal inclusion in
Atlantic salmon fry diets significantly improved the envi-
ronmental sustainability of the feed. However, due to the
lack of positive results observed in growth performance
and sustainability, the use of shares higher than 10% of
BSFM in Atlantic salmon fries may not be recommended.
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Abstract

Black soldier larva meal (BSFM) seems to be a competitive protein and fat source for widely used fish meal (FM) and fish oil. Because of
the still present problem of overfished seas and oceans for feed purposes, even a low substitution of the mentioned feed materials could
have a positive impact on the environment. Due to the specificity of salmon metabolic processes, with particular attention to smoltifica-
tion and the various requirements for nutrients related to individual stages, it is important to implement similar dietary inclusion levels
of innovative feed materials in different life stages of Atlantic salmon. Thus, a holistic approach was undertaken in the cycle of two stud-
ies carried out: on fries and pre-smolts. This study aims to evaluate the effect of FM replacement by full-fat BSFM in Atlantic salmon
pre-smolt diets on growth performance, feed utilization, somatic indices, histomorphology of intestines, colorimetric assessment and raw
meat quality, as well as environmental sustainability. The following groups were applied: CON — without addition of full-fat BSFM and
with 30% FM; BSFMS5 — with 5% addition of full-fat BSFM and 27.1% FM; BSFM10 — with 10% full-fat BSFM and 24.3% FM; and
BSFM15 — with 15% addition of full-fat BSFM and 21.3% FM. The present study showed satisfactory results of BSFM inclusion up to
15% as a replacement for FM in feeds for Atlantic salmon pre-smolts. The present study showed that BSFM is a suitable feed material
for Atlantic salmon proper diet balancing and may be used to decrease FM content. The semi-technical application of BSFM containing
diets confirmed their effectiveness during the growth phase of Atlantic salmon. According to our results, BSFM can be recommended as
an alternative feed component in Atlantic salmon pre-smolt nutrition at levels up to 15%. Simultaneously, insect inclusion significantly
improved the environmental sustainability of the rearing process.

Key words: black soldier fly, Atlantic salmon nutrition, innovative feed materials, sustainability, insect meals

Studies on the use of innovative feed materials in  plementation in post-smolts diets during the seawater

aquafeeds for salmonids have developed rapidly in
recent years and have led to an increasing number of
scientific contributions on this topic (De Santis et al.,
2016; Gong et al., 2019; Tibbetts et al., 2020; Serensen
et al., 2021). At the same time, one of the most tested
alternatives is insect-derived materials (Hoffmann et
al., 2020, 2021; Mikotajczak et al., 2020; Terova et al.,
2021), particularly black soldier fly meal (BSFM, Her-
metia illucens) (Jozefiak et al., 2019; Weththasinghe et
al., 2021 a, b; Mikotajczak et al., 2022). Recently, the
vast majority of BSFM utilization in Atlantic salmon
(Salmo salar) nutrition has mainly included its im-

growth phase, and the inclusion levels reach up to 15%
(Belghit et al., 2019 a; Bruni et al., 2020; Li et al., 2020
a, b; Husein et al., 2021). As a feed material, BSFM
contains 30-58% crude protein and 40% crude fat
(Nogales-Mérida et al., 2018). The requirements of At-
lantic salmon before smoltification for crude protein are
estimated between 50 and 60% of the diet and 18-30%
for crude fat (Storebakken, 2009). BSFM seems to be
a competitive protein and fat source for widely used fish
meal (FM) and fish oil, even a low substitution of which
could have a positive environmental impact, due to the
still present problem of overfished seas and oceans for

*This work was supported by the funds of the National Centre for Research and Development, no. POIR.01.01.01-00-0828/15, titled Inn-
Secta: Innovative Technology of Feedstuffs Production Based on Insect Biomass and the funds of Poznan University of Life Sciences.
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feed purposes (Franco et al., 2021; Mohan et al., 2022).
Moreover, the use of BSFM as an alternative feed ma-
terial is supported by its mineral composition — it is
a rich source of calcium (Palma et al., 2019); fatty acid
profile — due to the high content of lauric acid, who-
se additional antimicrobial effect and positive influence
on fish health have been previously confirmed (Skri-
vanova et al., 2007; Belghit et al., 2019 b); and the pres-
ence of chitin — which can positively affect the immune
system (Gopalakannan and Arul, 2006; Askarian et al.,
2012).

In nutritional experiments performed on fish, meat
quality assessment should be one of the most impor-
tant elements (Alfiko et al., 2022). While the inclusion
of insect-derived materials in fish diets does not affect
the appearance and colour assessment of the meat, it
can have a significant influence on the fatty acid profile
(Renna et al., 2017; Husein et al., 2021). Lipids are im-
portant determiners of taste; thus, the described effect
may result in palatability. Some studies reported that a
panel that conducted sensory testing of the fillets was
unable to detect a significant difference between groups
containing insects or without them (Sealey et al., 2011;
Lock et al., 2016). According to scientific literature data
based on surveys, a significant portion of consumers
declare a positive attitude towards meat from farmed
animals and fish fed insect meals and fats (Verbeke et
al., 2015; Laureati et al., 2016; Mancuso et al., 2016;
Popoff et al., 2017). Apart from the question of price,
taste, microbiological quality and health influence, re-
spondents also emphasized the importance of environ-
mental sustainability (Verbeke et al., 2015; Szendr6 et
al., 2020) and even underlined that information about
the environmental impact of feeding methods in aqua-
culture may influence consumer choice (Bazoche and
Poret, 2016).

Due to the specificity of salmon metabolic process-
es, with particular attention to smoltification and the
various requirements for nutrients related to the stage
of the individuals, or even other tolerance for specif-
ic feed materials depending on age, it is important to
implement similar experimental diets in different life
stages of Atlantic salmon as a continuation of the two
treatments. The current study aims to present the results
of our second experiment with Atlantic salmon pre-
smolts reared on a semitechnical scale. The scientific
goals were to assess the possibility of dietary applica-
tion of BSFM at the levels of 5, 10, and 15% and the
effect on growth performance, feed utilization, selected
nutriphysiological traits, and meat quality of fish, as
well as to calculate the environmental potential of this
innovative feed material. To meet this question, the re-
search hypothesis was that the addition of BSFM to At-
lantic salmon diets will not disturb growth parameters,
feed utilization, and designated gastrointestinal tract
(GIT) functions and structures, and at the same time,
it will increase the environmental sustainability of fish
feed.

Material and methods

Ethical statement

The experimental protocols and methods utilized
during this study complied with the recommendations of
Directive 2010/63/EU of the European Parliament and
the Council of 22 September 2010 on the protection of
animals used for scientific purposes, the Polish law of
15 January 2015 on the protection of animals used for
scientific purposes (Journal of Laws 2015, item 266), and
the good practices and recommendations of the National
Ethics Committee for Animal Experiments and the Lo-
cal Ethics Committee for Animal Experiments of Poznan
University of Life Sciences. The place of experimen-
tation was certified for animal experiments by the Na-
tional Ethics Committee for Animal Experiments (based
on authorization by the Ministry of Science and Higher
Education — approved unit no. 0091) — the Laboratory of
Inland Fisheries and Aquaculture (the Faculty of Veteri-
nary Medicine and Animal Science of Poznan University
of Life Sciences).

Insect full-fat meal preparation

Insect biomass was purchased from HiProMine S.A.,
Robakowo, Poland. BSF larvae were fed a mix of plant
byproducts normalized in terms of dry matter (DM) con-
tent by the addition of wheat middlings (Weththasinghe
et al., 2021 a). Insect biomass was frozen at —20°C and
then dried first at 130°C for 1 hour and then at 80°C
for 23 hours until a constant weight was reached using
a chamber air dryer (HiProMine S.A., Robakowo, Po-
land). The prepared insects were homogenized using
a beater mill (diameter less than 0.1 mm) to obtain a full-
fat meal. The chemical analyses of meals were performed
in the Laboratory of the Department of Animal Nutrition
(Poznan University of Life Sciences). Ingredients were
analysed according to the procedures described in detail
below.

Amino acid profile analyses were performed to as-
sess the amount of protein and amino acids as well as for
conversion factor establishment for BSFM. The BSFM
protein content was estimated based on the amino acid
content. In further calculations for the diet, the conver-
sion factor (Kp) for BSFM was calculated according to
the following formula:

Kp = (total amino acid content/total protein content
based on N x 6.25 analysis) x 6.25

The formula is based on the ratio of amino acids to
total protein content with N x 6.25 conversion, as pre-
viously established by Janssen et al. (2017). Due to the
presence of chitin in insect biomass, which could lead
to overestimation of protein, a calculation based on the
analysis of BSFM used for the present experiment was
performed, i.e.:
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BSFM Kp = (412.1 g/503.1 g) x 6.25=5.12

where:

412.1 g was the sum of amino acids in 1000 g of
BSFM DM,

503.1 g was the total protein content in 1000 g of
BSFM calculated on an N x 6.25 basis,

6.25 was the traditionally used Kp,

5.12 was the Kp calculated for BSFL.

The chemical composition and amino acid profile of
the meals corrected by calculated KP are presented in Ta-
ble 1.

Table 1. Chemical composition and amino acid profile of insect larval
meal and fishmeal used in experimental diets

Nutrients | BSFM | FM
% of DM
crude protein 41.21 61.80
crude fat 16.19 16.50
nitrogen-free extract! 9.54 4.20
ash 11.91 17.50
crude fibre 12.06 0.71
Ca 1.32 3.92
P 2.35 2.16
Amino acid profile (% of crude protein)
Indispensable amino acids (IAA)
arginine 5.47 6.07
histidine 3.25 2.09
isoleucine 4.73 4.24
leucine 7.83 7.48
lysine 6.83 6.63
methionine 2.13 2.53
phenylalanine 4.76 3.07
threonine 443 4.10
valine 6.80 5.79
Dispensable amino acids (DAA)
alanine 8.22 6.87
aspartic acid 7.30 9.40
cysteine 0.77 9.59
glycine 6.15 6.41
glutamic acid 13.07 14.50
proline 6.68 4.28
serine 4.88 4.17
tyrosine 6.71 3.00

BSFM = black soldier fly larvae meal; FM = fishmeal (Brown fishmeal,
62% total protein, 16% fat, Agro-Fish, Kartoszyno, Poland).

'Nitrogen-free extract = dry matter % — (crude protein % + crude fat %
+ crude fibre % + ash %).

Diet formulation and preparation
The isonitrogenous, isoenergetic, and isolipidic di-
ets were manufactured: a control diet (CON) and three

experimental diets. The arrangement of diets was as
follows: CON — without addition of full-fat BSFM and
with 30% FM; BSFM5 — with 5% addition of full-fat
BSFM and 27.1% FM; BSFM10 — with 10% full-fat
BSFM and 24.3% FM; BSFM15 — with 15% addition
of full-fat BSFM and 21.3% FM. All experimental diets
were manufactured at the Experimental Station of Feed
Production Technology and Aquaculture in Muchocin,
Poland using a single-screw extruder (Metalchem
S-60, Gliwice, Poland). The extrusion conditions were
90°C in the cylinder and 110°C in the head, 52 rpm
screw speed, and a matrix size of 2 mm (Rawski et al.,
2020). After drying and screening of dusty fractions,
pellets were sprayed at 40°C with fish oil in the amount
specified in the recipe. The diets were packed in plastic
bags and stored at —18°C. The ingredient composition
of diets of experiments on pre-smolts is presented in
Table 2.

Table 2. Ingredient composition of the experimental diets in Atlantic
salmon pre-smolts

Ingredients (g/kg) CON | BSFM5 | BSFM10 | BSFM15
FM! 300 271 243 213
BSFM? 0 50 100 150
Blood cells? 95 95 95 95
Yeasts 60 60 60 60
DDGS 50 50 50 50
Soybean meal* 90 90 90 90
Wheat gluten® 120 120 120 120
Wheat meal 120 109 97 88
Fish oil® 129 119 109 98
Lecithin’ 10 10 10 10
Premix® 15 15 15 15
Vitamin mix’ 1 1 1 1
Choline chloride 2 2 2 2
Chalk 5 5 5 5
TiO, 3 3 3 3
Total (g) 1000 1000 1000 1000

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control
group, without the addition of full-fat BSFM and with 30% of FM; BSFM5
= 5% addition of full-fat BSFM and 27.1% of FM; BSFM 10 = 10% addition
of full-fat BSFM and 24.3% of FM; BSFM15 = 15% addition of full-fat
BSFM and 21.3% of FM.

'Brown fishmeal, 62% total protein, 16% fat, Agro-Fish, Kartoszyno, Poland.

?Dried black soldier fly larvae, HiProMine S.A., Poland.

SAP 301 P, 92% total protein, APC (GB) Ltd, Ings Road, Doncaster, UK.

“Solvent extracted 45% crude protein, 1.8% crude lipid;

Gluvital, Cargill, Poland.

SAgro-Fish, Kartoszyno, Poland.

"BergaPure, deoiled lecithin, 97% pure lecithin, Berg + Schmidt GmbH
& Co. KG, Hamburg, Germany.

*Premix (g kg'): vitamin A, 1,000,000 IU; vitamin D,, 200,000 1U;
vitamin E, 1.5 g; vitamin K, 0.2 g; vitamin B,, 0.05 g; vitamin B,, 0.4 g;
vitamin B, 0.001 g; nicotinic acid, 2.5 g; inositol, 35 g; D-calcium panto-
thenate, 1.0 g; myoinositol, 500 TU; choline chloride, 7.5 g; folic acid, 0.1 g;
methionine, 150.0 g; lysine, 150.0 g; Fe, 2.5 g; Mn, 6.5 g; Cu, 0.8 g; Co,
0.04 g; Zn, 4.0 g; 1, 0.008 g; carrier > 1000.0 g.

°Vitamin mix (g kg™'): vitamin A, 50,000 IU; vitamin D,, 5000 IU; vita-
min E, 30.0 mg; vitamin C, 100.0 mg.
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Biological material analyses

Experimental diets and whole fish bodies were ana-
lysed according to the AOAC (AOAC, 2005) method-
ology for crude protein (976.05), ether extract (920.39),
crude ash (920.153), and crude fibre (985.29). The dry
matter content was analysed according to the ISO 6496
method. The gross energy content was analysed accord-
ing to the ISO 9831 method using an adiabatic bomb
calorimeter (KL 12Mn, Precyzja-Bit PPHU, Poland)
standardized with benzoic acid. To determine the num-
ber of macroelements (C and P), the methodology de-

scribed by Ptak et al. (2013) was applied. The amino
acid profile was determined using an AAA-400 auto-
matic amino acid analyser (Ingos Ltd., Prague, Czech
Republic) and ninhydrin for postcolumn derivatiza-
tion. Before carrying out profile analyses, hydrolysis
in 6 N HCI for 24 h at 110°C was applied according to
the AOAC procedure (994.12) (AOAC, 2005). The che-
mical composition and amino acid profile of the ex-
perimental diets are presented in Table 3, while the che-
mical composition of the whole fish body can be found
in Table 4.

Table 3. Chemical composition and amino acid profile of the experimental diets used in Atlantic salmon pre-smolts

Nutrients CON BSFMS BSFM10 BSFM15
% of DM
crude protein 45.00 45.01 45.04 45.04
crude fat 20.00 20.05 20.08 20.00
nitrogen-free extract! 19.40 19.41 19.28 19.37
ash 9.26 9.05 8.83 8.59
crude fibre 1.53 1.85 2.18 2.52
Ca 0.97 0.98 0.99 1.00
P 0.99 0.96 0.92 0.89
gross energy (MJ/kg) 21.77 21.79 21.79 21.77
energy/protein ratio 48.37 48.41 48.37 48.34
Amino acid profile (% of crude protein)
arginine 4.14 4.09 4.03 3.98
histidine 2.31 2.33 2.35 2.37
lysine 4.34 433 431 4.29
tryptophan 0.78 0.75 0.72 0.69
phenylalanine + tyrosine 4.77 4.86 4.94 5.02
methionine + cysteine 1.79 1.77 1.76 1.74
threonine 3.02 3.03 3.05 3.06
leucine 6.20 6.17 6.13 6.09
isoleucine 3.47 3.45 3.43 3.42
valine 4.75 4.75 4.74 4.74

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 30% FM; BSFMS5 = 5% ad-
dition of full-fat BSFM and 27.1% FM; BSFM10 = 10% addition of full-fat BSFM and 24.3% FM; BSFM15 = 15% addition of full-fat BSFM and 21.3% FM.
'Nitrogen-free extract = dry matter % — (crude protein % + crude fat % + crude fibre % + ash %).

Table 4. Chemical composition of the whole body of Atlantic salmon pre-smolts fed with experimental diets

Nutrients CON BSFM35 BSFM10 BSFM15
Dry matter (%) 32.56 31.32 32.70 31.06
Crude protein (%) 18.83 18.41 18.61 18.48
Crude fat (%) 11.64 11.29 11.91 10.41
Ash (%) 211 2.13 2.04 2.30

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 30% FM; BSFMS5 = 5% ad-
dition of full-fat BSFM and 27.1% FM; BSFM10 = 10% addition of full-fat BSFM and 24.3% FM; BSFM15 = 15% addition of full-fat BSFM and 21.3% FM.
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Animal handling and growth performance trial

Atlantic salmon pre-smolts were maintained at the
Experimental Station of Feed Production Technology
and Aquaculture in Muchocin. Water was collected from
a natural watercourse, flowed through a system of filters
filled with thick gravel, and then sent to two equalizing
tanks (each with a capacity of 5 m?), where it was aerated
(Hiblow HP200, Hiblow, Japan) and distributed to the
tanks through a system of pipes. Water parameters were
recorded daily throughout the entire 60-day experiment.
The temperature ranged from 14.2°C to 16.3°C, the con-
centration of oxygen ranged from 7.8 mg to 8.4 mg L',
and the photoperiod was maintained at 16:8 (light:dark).
Fish were fed using automatic belt feeders (12 h dis-
charge time, FIAP Fishtechnik GmbH, Germany). The
feed ratio was based on a feeding chart designed for At-
lantic salmon, taking into consideration the average body
weight and water temperature (NRC, 2011). The trial
was carried out in three replications (tanks) per diet and
25 fish per tank with a water capacity of 260 L. Fish mor-
tality and health condition were monitored daily. All ani-
mals were weighed at 10-day intervals. To calculate the
growth performance and feed utilization parameters, the
following formulas were used:

1. Final Body Weight (FBW):
FBW (g) = fish biomass in the tank (g)/number of fish in
the tank

2. Body Weight Gain (BWGQG):
BWG (g) = final body weight (g) — initial body weight
@

3. Percent of Body Weight Gain (PWG):
PWG (%) = (final body weight (g) — initial body weight
(g))/initial body weight (g) *x 100

4. Feed Intake (FI):
FI (g) = applied feed (g) — uneaten feed (g)

5. Feed Conversion Ratio (FCR):
FCR = feed intake (g)/body weight gain (g)

6. Specific Growth Rate (SGR):
SGR (%/day) = 100 * (In final body weight — In initial
body weight)/number of experimental days

7. Survival Rate (SR):
SR (%) = (final number of live fish/initial number of live
fish) x 100

8. Protein Efficiency Ratio (PER):
PER = (body weight gain (g))/(feed intake (g) *x protein
level in the diet (%))

9. Lipid Efficiency Ratio (LER):
LER = (body weight gain (g))/(feed intake (g) x lipid
level in the diet (%))

All growth performance results are presented as the
means, where n = 3 tanks per group (20 fish/tank, 60 fish/

group).

Sample collection and somatic indices

On the last day of the experiment, all fish were
weighed individually, and 6 animals from each tank were
euthanized and decapitated for dissection and sampling
for further analysis. Measurements of the carcass, liver,
spleen, total intestines, proximal intestines, distal intes-
tines, GIT, and total fish length were recorded to calcu-
late numerous indices:

1. Condition Factor (CF):
CF = (body weight (g)/(fish total length (cm))’) x 100

2. Hepatosomatic Index (HSI):
HSI (%) = (liver weight (g)/body weight (g)) * 100

3. Relative GIT Length (GIT/FTL):
GIT/FTL (%) = (GIT length (mm)/fish total length
(mm)) x 100

4. Relative Proximal Intestine Length (PL/FTL):
PL/FTL (%) = (proximal intestine length (mm)/fish total
length (mm)) x 100

5. Relative Distal Intestine Length (DL/FTL):
DL/FTL (%) = (distal intestine length (mm)/fish total
length (mm)) % 100

6. Carcass Share (CS):
CS (%) = (final carcass weight (g)/final body weight

(g) x 100

7. Spleen Share (SS):
SS (%) = (final spleen weight (g)/final body weight (g))
x 100

Gut histomorphology

At the end of the experiment, 30 fish were sampled
from each treatment. Samples of the proximal and distal
portions of the GIT were collected, submerged in Bouin’s
solution (Merck), and stored at 4°C. Histological exami-
nation was performed using the methodology described
by Bogucka et al. (2016). The samples were dehydrated,
cleared and embedded in paraffin blocks. Formed blocks
were cut on a rotary microtome (Thermo Shandon, Chad-
wick Road, Astmoor, Runcorn, Cheshire, United King-
dom) into slices of 10-um thickness. The slices were
placed on microscope slides coated with ovo-albumin
with an addition of glycerol. The prepared samples were
analysed using an AnMN-800 F microscope (OPTA-
TECH, Warsaw, Poland) equipped with an Opta-View
camera for recording microscopic images. MultiScan v.
18.03 microscope imaging software (Computer Scanning
Systems II Ltd., Warsaw, Poland) was used to measure
villus height and width and muscular layer thickness. Ten
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villi per fish were randomly selected from a cross-sec-
tion. The length was measured from the top of the villus
to its base, while the width was measured at half of its
length. The muscular layer thickness was defined as the
average of five measurements per fish.

Colorimetric assessment and raw meat quality

During the last day of the experiment, 18 fish from
each treatment were randomly chosen to take images of
fresh fillets. A space with a natural daylight source was
prepared. All images were taken using the Color Analysis
Smartphone App v. 7.0.0. (Research Lab Tools), which
allowed us to record L (lightness), a (redness index), and
b (yellowness index). The RGB, chroma, and hue values
were recorded based on ImagelJ v.1.53 analyses.

The pH value was measured using a combined glass
and reference electrode (pH 100 L; VWR International,
Leuven, Belgium). Measurements were recorded in the
meat of nine randomly selected fish three times: in fresh
fillets directly after slaughter, after 24 h in cooled fillets,
and the last time after cooking.

The cooking procedure was performed at 100°C for
10 minutes. The fillet share, cooled fillet and cooking effi-
ciency were calculated according to the following formulas:

1. Fillet Share (FS):
FS (%) = (final fillet weight (g)/final body weight (g))
x 100

2. Cooled Fillet (CFL):
CFL (%) = (cooled fillet weight (g)/final fillet weight

(g) x 100

3. Cooking Efficiency (CE):
CE (%) = (fillet weight before cooking (g)/fillet weight
after cooking (g)) x 100

Environmental sustainability assessment

The environmental sustainability assessment was cal-
culated based on raw data for growth performance and
feed utilization parameters. The relative usage of marine-
derived feed materials — fish meal (FMU) and fish oil
(FOU) — was calculated according to two formulas:

1. FMU (g/kg of fish gain) = fishmeal share in the diet
(g kg') x feed conversion ratio (g/g)

2. FOU (g/kg of fish gain) = fish oil share in the diet
(g kg) x feed conversion ratio (g/g)

The fish-in-fish-out ratio (FIFO) was calculated as
a practical measure of the quantity of live fish from cap-
ture fisheries required for each unit of farmed fish pro-
duced, as follows:
FIFO = ((level of fishmeal in the diet (g kg™') + level of
fish oil in the diet (g kg))/(vields of fishmeal from wild
fish (g kg™!) + yields of fish oil from wild fish (g kg)) x

(feed intake (g)/body weight gain (g))

where the yield of fishmeal from wild fish was as-
sumed to be 225 g kg ! of fresh fish weight and the yield
of fish oil from wild fish was assumed to be 50 g kg™ of
fresh fish weight (Stejskal et al., 2020).

Statistical analysis

R studio software was used to analyse the data for
both experiments conducted in this study. To determine
the normality of the data distribution and equality of
variances, Kolmogorov—Smirnov and Levene’s tests
were used. One-way ANOVA was used, and if there were
significant differences among treatments, further analy-
sis was performed by correcting Duncan’s post-hoc test.
Data are presented as the mean + standard error of the
mean (SEM). The statistical significance level was de-
clared at P < 0.05. The statistical analysis of variance
was conducted according to the following general model:

Yi=u+ ai+dij

where: Vi is the observed dependent variable, u is the
overall mean, ai is the effect of the diet, and dij is the
random error.

Results

Growth performance trial

In the experiment conducted on Atlantic salmon pre-
smolts no significant differences were found in FBW,
BWG, FI, SGR, SR, or PER among the groups. However,
in group BSFM15, an increase in FCR and a decrease in
LER compared to CON were reported (P = 0.0195 and
P = 0.0114, respectively). The results of growth perfor-
mance and feed utilization of Atlantic salmon pre-smolts
are presented in Table 5.

Somatic indices

In the case of somatic indices, there were no sig-
nificant differences in CF, HSI, CS, and SS among the
groups (Table 6). Similarly, in terms of GIT indices, in-
cluding GIT/FTL, PL/FTL and DL/FTL, no significant
differences were reported. The results of those indices
are presented in the graphs in Figure 1.

Gut histomorphology

All parameters represent the proximal intestine and
showed significant differences among the groups. A de-
crease in villus height was observed among all groups
fed BSFM diets (P<0.0001). In the case of villus width,
only BSFM15 did not differ from the CON; moreo-
ver, BSFMS5 showed a decrease, while in BSFM10, an
increase in villus width was recorded (P<0.0001). In
turn, CON and BSFM10 did not differ in terms of vil-
lus area; however, BSFMS5 and BSFM15 showed a de-
crease in this item (P<0.0001). The muscular layer thick-
ness increased with the inclusion of insects in the diets
(P<0.0001).
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Table 5. Growth performance, survival rate and feed utilization parameters of Atlantic salmon pre-smolts fed with experimental diets

Parameter CON BSFMS5S BSFM10 BSFM15 SEM P value
IBW (g) 201.2 201.0 202.0 201.1 0.3728 0.8180
FBW (g) 473.6 468.2 462.5 460.5 2.4136 0.2110
BWG (g) 272.4 267.2 260.5 259.4 2.4358 0.1910
PWG (%) 135.4 132.9 129.5 124.0 1.4618 0.1010
SR 98.7 98.7 98.7 97.3 0.5946 0.8590
FI (g) 6613 6610 6627 6610 18.0278 0.9900
FCR 0.98 b 0.99 b 1.02 ab 1.03a 0.0078 0.0195
SGR 1.43 1.41 1.38 1.38 0.0091 0.1930
PER 223 2.19 2.13 2.08 0.0238 0.0678
LER 6.47 a 6.43a 6.09 a 5.18b 0.1641 0.0114

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 30% FM; BSFMS5 = 5%
addition of full-fat BSFM and 27.1% FM; BSFM10 = 10% addition of full-fat BSFM and 24.3% FM; BSFM15 = 15% addition of full-fat BSFM and 21.3%
FM; IBW — initial fish body weight; FBW — final fish body weight; BWG — fish body weight gain; PWG — percent of fish body weight gain; SR — fish survival
rate; FI — feed intake; FCR — feed conversion ratio; SGR — specific growth rate; PER — protein efficiency ratio; LER — lipid efficiency ratio.

a—b — values within a row with different letters differ significantly at P<0.05. Values are presented as the means (n = 3/treatment), pooled standard error
of the mean, SEM.

Table 6. Somatic indices of Atlantic salmon pre-smolts fed with experimental diets

Parameter CON BSFMS5 BSFM10 BSFMI5 SEM P value
CS (%) 90.3 90.6 902 913 0.2936 0.5370
SS (%) 0.17 0.17 0.15 0.17 0.0049 0.4530
CF 0.79 0.84 0.78 0.86 0.0191 0.3630
HSI (%) 1.06 1.12 1.03 1.08 0.0206 0.4690

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 30% FM; BSFMS5 = 5%
addition of full-fat BSFM and 27.1% FM; BSFM10 = 10% addition of full-fat BSFM and 24.3% FM; BSFM15 = 15% addition of full-fat BSFM and 21.3%
FM; CS — carcass share; SS — spleen share; CF — condition factor; HSI — hepatosomatic index.

Values are presented as the means (n = 18/treatment), pooled standard error of the mean, SEM.
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Figure 1. The effect of experimental diets on the percentage of length of individual parts of the gastrointestinal tract in the total body length of

Atlantic salmon pre-smolts. FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM

and with 30% FM; BSFM5 = 5% addition of full-fat BSFM and 27.1% FM; BSFM 10 = 10% addition of full-fat BSFM and 24.3% FM; BSFM15

= 15% addition of full-fat BSFM and 21.3% FM; GIT:FTL — relative gastrointestinal tract length; PL:FTL — relative proximal intestine length;
DL:FTL - relative distal intestine length; no statistically significant differences were observed among the groups (P>0.05)
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Table 7. Histomorphology of proximal and distal intestines of Atlantic salmon pre-smolts fed with experimental diets

Parameter CON BSFMS BSFM10 BSEM15 SEM P value
Proximal intestine
villus height (pm) 781.04 a 592.20b 605.56 b 530.18 b 18.5074 <0.0001
villus width (um) 123.24 b 109.00 ¢ 14573 a 112.34 be 2.6153 <0.0001
villus area (mm?) 301.80 a 199.57 b 276.51 a 188.55b 8.7725 <0.0001
muscular layer thickness (iwm) 105.81 ¢ 131.19b 151.28 ab 154.79 a 4.4038 <0.0001
Distal intestine
villus height (um) 535.69 513.08 513.08 580.69 12.5467 0.2220
villus width (um) 128.64 b 152.59 a 138.76 ab 144.58 ab 2.8854 0.0253
villus area (mm?) 215.56 245.29 232.03 270.25 8.1266 0.1070
muscular layer thickness (pum) 222.08 217.27 248.84 220.76 6.0209 0.2260

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 30% FM; BSFMS5 = 5% ad-
dition of full-fat BSFM and 27.1% FM; BSFM 10 = 10% addition of full-fat BSFM and 24.3% FM; BSFM15 = 15% addition of full-fat BSFM and 21.3% FM.

a—c — values within a row with different letters differ significantly at P<0.05. Values are presented as the means (n = 30/treatment for villus height, villus
width and villus area; n = 15/treatment for muscular layer thickness), pooled standard error of the mean, SEM.

Table 8. Colorimetric assessment and raw meat quality of Atlantic salmon pre-smolts fed with experimental diets

Parameter CON BSFMS5 BSFM10 BSFM15 SEM P value
Cie L 63.1 62.9 63.0 61.5 0.7819 0.8710
Cic A 7.08 7.76 6.51 7.21 0.3585 0.6860
Cie B 13.2 13.2 12.0 12.1 0.3055 0.3040
Chroma 15.1 15.5 13.8 14.2 0.4012 0.4430
Hue 24.6 23.6 24.7 235 0.5076 0.7650
R 174 175 172 169 1.9686 0.7830
G 148 147 148 144 2.0398 0.8910
B 130 129 132 128 2.2386 0.9590
Meat pH O h 6.60 6.60 6.66 6.67 0.0245 0.6070
Meat pH 24 h 6.38 6.39 6.40 6.50 0.0355 0.6900
Meat pH after cooking 6.37 6.44 6.38 6.50 0.0333 0.5290
Fillet share (%) 53.1 53.0 53.9 53.5 0.4118 0.8630
Cooled fillet (%) 97.1 97.2 97.3 97.3 0.1113 0.7960
Cooking efficiency (%) 91.7 92.3 91.4 92.8 0.4680 0.7610

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 30% FM; BSFM5 = 5% ad-
dition of full-fat BSFM and 27.1% FM; BSFM10 = 10% addition of full-fat BSFM and 24.3% FM; BSFM 15 = 15% addition of full-fat BSFM and 21.3% FM.
Values are presented as the means (n = 18/treatment for colorimetric assessment; n = 9/treatment for cooking efficiency), pooled standard error

of the mean, SEM.

Table 9. Environmental sustainability parameters of Atlantic salmon pre-smolts fed with experimental diets

Parameter | CON BSFMS5 BSFM10 BSFMIS | SEM |  Pvalue
FCE (g/g) 1.02a 1.00 ab 0.98 b 0.97b 0.0078 0.0367
FMU (g/kg) 29452 27440 2548 ¢ 229.6d 7.3546 <0.0001
FOU (g/kg) 126.6 118.7b 1.6 ¢ 101.4d 2.8637 <0.0001
FIFO 1532 1.43b 133¢ 120d 0.0372 <0.0001

FM = fish meal; BSFM = black soldier fly larvae meal; CON = control group, without the addition of full-fat BSFM and with 30% FM; BSFMS5 = 5%
addition of full-fat BSFM and 27.1% FM; BSFM10 = 10% addition of full-fat BSFM and 24.3% FM; BSFM15 = 15% addition of full-fat BSFM and 21.3%
FM; FCE - feed conversion efficiency; FMU — fish meal use; FOU — fish oil used, FIFO — the fish-in-fish-out ratio.

a—d — values within a row with different letters differ significantly at P<0.05. Values are presented as the means (n = 3/treatment), pooled standard error

of the mean, SEM.

The distal intestine results did not show any signifi-
cant differences in terms of villus height and area or mus-
cular layer thickness. However, villus width showed an
increase in BSFMS5 (P = 0.0253). All gut histomorphol-
ogy parameters are presented in Table 7.

Colorimetric assessment and raw meat quality

No effect of experimental diets on colorimetric as-
sessment results was recorded during the study. The pH
value of raw meat after slaughter varied between 6.60
and 6.67. After 24 h from the end of the experiment and
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after cooking, the pH of the meat decreased slightly. The
numerical differences between experimental groups in
the fillet share were not wide, and the values were within
arange of 53.0-53.9. All results are presented in Table 8.

Environmental sustainability assessment

In terms of environmental sustainability parameters, a
decrease in the FCE value was observed in the BSFM10
and BSFM15 groups (P = 0.0367). However, all groups
with insect addition presented decreases in FMU, FOU,
and FIFO (P<0.0001 for all parameters). All results of
the environmental sustainability parameters of Atlantic
salmon pre-smolts are presented in Table 9.

Discussion

A wide spectrum of results, both positive (Jozefiak et
al., 2019; Rawski et al., 2020, 2021) and negative (Ron-
carati et al., 2015; Dietz and Liebert, 2018; Dumas et al.,
2018) effects of insect meal application in aquaculture,
was observed over the last decade (Weththasinghe et al.,
2022; Hua, 2021). However, due to insect biomass pro-
cessing technology development, the products that were
tested should not be compared without mentioning that
fact. Thus, publications with the same product compared
among species and stages of development are needed.
Considering the two presented experiments conducted on
Atlantic salmon, the following mode of action could be
assumed. In the following study, the inclusion of BSFM
in diets up to 15% did not affect growth performance.
However, Atlantic salmon fries showed a physiologically
lower tolerance to the BSFM content in feeds, which re-
sulted in a decrease in final body weight in the mentioned
group. In both cases, a 15% share resulted in higher FCR
values, which from the livestock and aquaculture pro-
duction perspective is an undesirable effect. These ob-
servations were not confirmed by nutrient digestibility
or intestinal histomorphology results of Atlantic salmon
fry experiments due to the lack of statistically significant
differences. Nevertheless, the structure of the gastroin-
testinal tract of older individuals indicated a decrease in
villus height in the proximal intestine, which may result
in decreased protein absorption in this section, which
could ultimately affect the abovementioned FCR results.
Importantly and worth emphasizing, in the case of both
experiments, no effect of diets on somatic indices or meat
quality was found. However, one of the most important
results of the conducted research is the confirmation of
the environmental sustainability of insect-based feed. All
groups with BSFM inclusion in the diets showed a posi-
tive effect on the FIFO ratio. The results suggest that in
the nutrition of Atlantic salmon fries, it is optimal to use
lower BSFM shares (up to 10%), while pre-smolts can
tolerate a wider range (up to 15%) without significantly
affecting growth performance. Moreover, the authors’ re-
search team has previously conducted experiments with
the usage of insects in salmonid diets. An experiment

using BSFM in brown trout nutrition showed no effect
on growth performance or feed utilization and simultane-
ously improved the environmental sustainability parame-
ters (Mikotajczak et al., 2022). In this experiment, a posi-
tive effect of diet on the hepatosomatic index was also
found. Despite no differences in growth performance,
crude protein and crude fat digestibility were reduced in
some insect groups (especially with 20% BSFM in the
diets). In turn, the usage of mealworm (7enebrio molitor)
and superworm (Zophobas morio) in sea trout nutrition
did not affect the growth performance but decreased the
protein efficiency ratio (Mikotajczak et al., 2020). The
addition of superworm meal increased liver lipid values,
which resulted in an increasing hepatosomatic index. No
differences were observed in the histomorphological as-
sessment of the intestines. Previous experiments indicate
that insect meals may also modulate the microbiota of the
gastrointestinal tract (Mikotajczak et al., 2020), as well
as the biochemical blood parameters (Mikotajczak et al.,
2020, 2022).

The results of the chemical analyses of the experi-
mental diets confirmed the isonitrogenous, isolipidic and
isoenergetic properties of the applied feeds. In terms of
key nutrients, balanced diets should not disturb the prop-
er growth performance of fish. The highest numerical dif-
ferences were observed in the case of crude fibre, which
increased with the higher share of BSFM in the diet. This
can be explained by the chitin content, which qualifies
it as a polysaccharide. Despite the fact that ash content
decreased in all diets with insect inclusion, the calcium
remained at a similar level. A decrease in phosphorus
levels was recorded in the BSFM groups; however, the
proper level of total phosphorus in the diet was main-
tained according to dietary requirements not exceeding
6 g/kg (Storebakken, 2009).

In the present study, the inclusion of BSFM in At-
lantic salmon pre-smolt diets did not affect the final
body weight (FBW), body weight gain (BWG), percent
of body weight gain (PWG), feed intake (FI), specific
growth rate (SGR), survival rate (SR), or protein effi-
ciency ratio (PER). Nevertheless, a significant increase
in the feed conversion ratio (FCR) was observed in
the BSFM15 group. In the case of FCR, the recorded
results are in agreement with Weththasinghe et al.
(2021 b), where 20% inclusion of full-fat BSFM resulted
in the highest FCR level. It should be noted that this ef-
fect was also accompanied by an increase in FBW, SGR,
and FI, which was not observed in our study. In turn,
the usage of full-fat BSFM at a level of 16% in Atlantic
salmon diets resulted in a decrease in FCR and simulta-
neously did not show any differences in terms of FBW,
SGR and FI compared to the control group (Weththasin-
ghe et al., 2021 a). The initial body weight of the fish may
contribute to these differences between the experimental
results. Despite the fact that in the described studies the
individuals are called pre-smolts, their body weight is
only a dozen grams, while fish used in our study weighed
approximately 200 g at the beginning. Considering stud-
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ies on another farmed salmonid species — rainbow trout
(Oncorhynchus mykiss), which had a higher initial body
weight, the results are not so divergent. There were no
significant differences in FBW, SGR, BWG or PER
(Renna et al., 2017; Cardinaletti et al., 2019); however,
FCR, even without significant differences, showed high-
er results with increasing dietary BSFM inclusion (Cardi-
naletti et al., 2019). Therefore, it is important during data
comparison with the scientific literature to not only focus
on the fish age determination or phase — fresh or saltwater
but also, or even primarily, on body weight, which per-
haps better describes their stage of development.

No effect on somatic indices, including carcass share
(CS), spleen share (SS), condition factor (CF), or hepa-
tosomatic index (HSI), was observed among the groups.
The vast majority of scientific literature that also studied
the effects of different insect diets on somatic indices of
salmonids has focused mainly on HSI and VSI (Stenberg
et al., 2019; Hoffmann et al., 2020; Hossain et al., 2021;
Weththasinghe et al., 2021 b). Taking into account these
data, as well as the established norms for HSI (Munshi
and Dutta, 2017), the condition of the liver was not dis-
turbed by either the control diet or any of the experimen-
tal groups. Despite the lack of literature data that would
examine the influence of insect introduction in fish nutri-
tion on changes in the spleen indices, the usage of BSFM
in the diets of Atlantic salmon did not affect these organs
compared to the control group. The results of the spleen
share were slightly higher than those found in other stud-
ies. However, as the authors pointed out, smolts show
lower values of spleenosomatic index, which indicate an
emptying of the spleen blood cell reservoirs (Nordgarden
et al., 2002). This process has probably not yet occurred
in the case of our fish.

In the present study, no statistically significant differ-
ences were observed in the GIT/FTL, PL/FTL, or DL/
FTL. However, a slight increase in PL/FTL was observed
at the expense of DL/FTL. Because enzyme activity is
highest in the proximal intestine, this effect could be
considered positive because of the increasing digestion
probability (Krogdahl et al., 2015). Nevertheless, the di-
gestibility of nutrients was not the subject of this study,
which was due to the difficulties associated with the
collection of fish faeces, widely described in the litera-
ture (Austreng, 1978; Choubert et al., 1982; Allan et al.,
1999). In the previous part of the presented experimental
cycle conducted on Atlantic salmon fries, no significant
differences were observed in the case of crude protein
and crude fat digestibility; however, GIT somatic indices
seemed to demonstrate opposite results, where DL/FTL
numerically showed an increase in insect groups at the
expense of PL/FTL.

In the present study, in all BSFM groups, a de-
crease in villus height in the case of proximal intestine
histomorphology was observed; nevertheless, because
BSFM10 showed the highest values in the case of vil-
lus width, this group was the only one that did not dif-
fer from the CON in the event of villus area. According

to Renna et al. (2017), the dietary inclusion of partially
defatted BSFM up to 40% did not induce morphological
changes in the rainbow trout intestine. In turn, Dumas et
al. (2018) reported that the content of partially defatted
BSFM at a level of 26% led to a decrease in villus height
in the anterior intestinal part, which is in line with our
research. These changes in the structure of the intestinal
villi can lead to a decrease in nutrient absorption (English
et al., 2021). Importantly, in the aforementioned study,
this effect was manifested in the growth performance
— the group with the highest BSFM inclusion was also
characterized by reduced BWG. Nevertheless, such ob-
servations were not recorded in our experiment.

In the distal intestine, villus width was higher in fish
from the BSFMS group. The rest of the BSFM groups
did not differ from the CON group; however, a numerical
increase in villus width was observed. In contrast, Du-
mas et al. (2018) reported no effect of BSFM inclusion
on the posterior intestine of rainbow trout. According
to Egerton et al. (2020), larger villi equate to larger en-
terocytes or an increase in their number, which provide
a greater surface area for the absorption of nutrients and
metabolites.

No significant differences in the colorimetric assess-
ment of Atlantic salmon raw meat were observed in our
study. These findings are in agreement with several sci-
entific papers in which BSFM was introduced into sal-
monid diets (Renna et al., 2017; Secci et al., 2019; Bruni
et al., 2020; Husein et al., 2021). In our research, the pro-
portions of these parameters seem to be preserved and
in line with the literature on Atlantic salmon (Secci et
al., 2019; Bruni et al., 2020): a clear advantage of L and
reduced shares in b and a, with b showing higher val-
ues. Simultaneously, in the case of raw meat pH, the re-
sults presented by scientific papers are not unequivocal.
Bruni et al. (2020) reported much lower pH values than
we obtained in our study — even at 6.08. In turn, Secci
et al. (2019) presented values closer to 6.40. Moreover,
our results indicate that the pH of the meat was quite
stable even 24 h after the analyses and oscillated at ap-
proximately 6.40, which is in agreement with Renna et
al. (2017).

Modern aquaculture diets for predatory fish such as
Atlantic salmon showed a significant decrease in fish
meal (FM) use from >60% in the 1990s to <20% in the
2010s (Ytrestoyl et al., 2015). Simultaneously, it has
been reported that total FM replacement in salmon di-
ets has negative consequences on production parameters
(Davidson et al., 2018; Robaina et al., 2019). In the pre-
sent study, FIFO values decreased with the increase in
the BSFM share in the diets. Despite the fact that even
with the highest inclusion of BSFM, the FIFO value still
exceeded 1.0, these results are still significantly lower
compared to the estimated FIFO of salmon feed in 2017
(Naylor et al., 2021). Nevertheless, data on the influence
of various alternative protein sources on FIFO values and
FM use in aquafeeds are still limited and need further
consideration.
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Conclusions

The present study showed that BSFM is a suitable
feed material for Atlantic salmon proper diet balanc-
ing and may be used to decrease fish meal content. The
semi-technical application of BSFM-containing diets
confirmed their effectiveness during the growth phase
of Atlantic salmon. According to our results, BSFM can
be recommended as an alternative feed component in
Atlantic salmon pre-smolt nutrition at levels up to 15%.
Simultaneously, insect inclusion significantly improved
the environmental sustainability of the rearing process.
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nutrition as an environmentally sustainable fish meal replacement. Animal, 16(5), 100516.
Y.aczny wklad: 5%

3. Mikotlajczak Z., Mazurkiewicz J., Rawski M., Kieronczyk B., Jozefiak A., Swiqtkiewicz
S., Jozefiak D. (2022) Black Soldier Fly Full-Fat Meal in Atlantic Salmon Nutrition — Part
A: Effects on Growth Performance, Feed Utilization, Selected Nutriphysiological Traits and
Production Sustainability in Fries, Annals of Animal Science, vol.23, no.1, 2023, pp.225-
238. https://doi.org/10.2478/aoas-2022-0070
Laczny wklad: 5%

4. Mikotajczak Z., Mazurkiewicz J., Rawski M., Kieroficzyk B., Jozefiak A., Swiatkiewicz
S., Jozefiak D. (2022) Black Soldier Fly Full-Fat Meal in Atlantic Salmon Nutrition — Part
B: Effects on Growth Performance, Feed Utilization, Selected Nutriphysiological Traits and
Production Sustainability in Pre-smolts, Annals of Animal Science, vol.23, no.1, 2023,
pp.225-238. https://doi.org/10.2478/aocas-2022-0070
Laczny wklad: 5%

Udzial w opracowywaniu i 1nterpretaCJl wynikéw. Udzial w korekc1e prac naukowych

i proce31e recenZJl przez czasoplsma naukowe. ; 9 2
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dr inz. Mateusz Rawski



dr inz. Bartosz Kieronczyk
Katedra Zywienia Zwierzat

dla:

mgr Zuzanna Mikotajczak

Katedra Zywienia Zwierzat

Wydzial Medycyny Weterynaryjnej i Nauk o Zwierzetach
Uniwersytet Przyrodniczy w Poznaniu

ul. Wotynska 33, 60-637 Poznan

OSWIADCZENIE DOTYCZACE WKEADU W PRZYGOTOWANIE
OPUBLIKOWANYCH PRAC NAUKOWYCH

Jako jeden ze wspotautorow nizej wymienionych prac, deklaruje nastepujacy udzial w ich
powstaniu:

1.

Mikotajczak Z., Rawski M., Mazurkiewicz J., Kieronczyk B., Jozefiak D. (2020) The
Effect of Hydrolyzed Insect Meals in Sea Trout Fingerling (Salmo trutta m. trutta) Diets on
Growth Performance, Microbiota and Biochemical Blood Parameters. Animals, DOI:
10.3390/ani10061031

Laczny wklad: 5%

Mikotajczak 7., Rawski M., Mazurkiewicz J., Kieronczyk B., Kotodziejski P., Pruszynska-
Oszmatek E., Jozefiak D. (2022). The first insight into black soldier fly meal in brown trout
nutrition as an environmentally sustainable fish meal replacement. Animal, 16(5), 100516.
Laczny wklad: 4%

Mikotajczak Z., Mazurkiewicz J., Rawski M., Kieronczyk B., Jozefiak A., Swia,tkiewicz
S., Jozefiak D. (2022) Black Soldier Fly Full-Fat Meal in Atlantic Salmon Nutrition — Part
A: Effects on Growth Performance, Feed Utilization, Selected Nutriphysiological Traits and
Production Sustainability in Fries, Annals of Animal Science, vol.23, no.1, 2023, pp.225-
238. https://doi.org/10.2478/aoas-2022-0070

Laczny wklad: 5%

Mikotajczak 7., Mazurkiewicz J., Rawski M., Kieronczyk B., Jozefiak A., Swiqtkiewicz
S., Jozefiak D. (2022) Black Soldier Fly Full-Fat Meal in Atlantic Salmon Nutrition — Part
B: Effects on Growth Performance, Feed Utilization, Selected Nutriphysiological Traits and
Production Sustainability in Pre-smolts, Annals of Animal Science, vol.23, no.1, 2023,
pp.225-238. https://doi.org/10.2478/ao0as-2022-0070

Y.aczny wklad: 5%

Udzial w opracowywaniu i interpretacji wynikow. Udziat w korekcie prac naukowych
1 procesie recenzji przez czasopisma naukowe.




dr Agata Jézefiak

Katedra Nauk Przedklinicznych i Chor6b Zakaznych
Wydzial Medycyny Weterynaryjnej i Nauk o Zwierzgtach
Uniwersytet Przyrodniczy w Poznaniu

dla:

mgr Zuzanna Mikotajczak

Katedra Zywienia Zwierzat

Wydzial Medycyny Weterynaryjnej i Nauk o Zwierzgtach
Uniwersytet Przyrodniczy w Poznaniu

ul. Wolynska 33, 60-637 Poznan

OSWIADCZENIE DOTYCZACE WKEADU W PRZYGOTOWANIE
OPUBLIKOWANYCH PRAC NAUKOWYCH

Jako jeden ze wspolautoréw nizej wymienionych prac, deklaruje nastepujacy udzial w ich
powstaniu:

L.

Mikotajczak Z., Mazurkiewicz J., Rawski M., Kieroniczyk B., Jozefiak A., Swiatkiewicz
S., Jozefiak D. (2022) Black Soldier Fly Full-Fat Meal in Atlantic Salmon Nutrition — Part
A: Effects on Growth Performance, Feed Utilization, Selected Nutriphysiological Traits and
Production Sustainability in Fries, Annals of Animal Science, vol.23, no.1, 2023, pp.225-
238. https://doi.org/10.2478/a0as-2022-0070

Yaczny wklad: 5%

Mikotajczak Z., Mazurkiewicz J., Rawski M., Kieronczyk B., Jézefiak A., Swiatkiewicz
S., Jozefiak D. (2022) Black Soldier Fly Full-Fat Meal in Atlantic Salmon Nutrition — Part
B: Effects on Growth Performance, Feed Utilization, Selected Nutriphysiological Traits and
Production Sustainability in Pre-smolts, Annals of Animal Science, vol.23, no.1, 2023,
pp.225-238. https://doi.org/10.2478/a0as-2022-0070

Laczny wklad: 5%

Udzial w opracowywaniu i interpretacji wynikéw. Udzial w korekcie prac naukowych
i procesie recenzji przez czasopisma naukowe.




prof. dr hab. Sylwester Swiatkiewicz
Instytut Zootechniki Panstwowy Instytut Badawczy
ul. Krakowska 1, 32-083 Balice

dla:

mgr Zuzanna Mikotajczak

Katedra Zywienia Zwierzat

Wydzial Medycyny Weterynaryjnej i Nauk o Zwierzetach
Uniwersytet Przyrodniczy w Poznaniu

ul. Wolynska 33, 60-637 Poznan

OSWIADCZENIE DOTYCZACE WKEADU W PRZYGOTOWANIE
OPUBLIKOWANYCH PRAC NAUKOWYCH

Jako jeden ze wspdlautoréw nizej wymienionych prac, deklaruje nastepujgcy udziat w ich
powstaniu:

L.

Mikotajczak Z., Mazurkiewicz J., Rawski M., Kieroficzyk B., J6zefiak A., Swiatkiewicz
S., Jozefiak D. (2022) Black Soldier Fly Full-Fat Meal in Atlantic Salmon Nutrition — Part
A: Effects on Growth Performance, Feed Utilization, Selected Nutriphysiological Traits and
Production Sustainability in Fries, Annals of Animal Science, vol.23, no.1, 2023, pp.225-
238. https://doi.org/10.2478/aoas-2022-0070

Y.aczny wklad: 5%

Mikolajczak Z., Mazurkiewicz J., Rawski M., Kieronczyk B., Jozefiak A., Swiatkiewicz
S., Jozefiak D. (2022) Black Soldier Fly Full-Fat Meal in Atlantic Salmon Nutrition — Part
B: Effects on Growth Performance, Feed Utilization, Selected Nutriphysiological Traits and
Production Sustainability in Pre-smolts, Annals of Animal Science, vol.23, no.1, 2023,
pp-225-238. https://doi.org/10.2478/a0as-2022-0070

Y.aczny wklad: 5%

Udzial w opracowywaniu i interpretacji wynikow. Udzial w korekcie prac naukowych
1 procesie recenzji przez czasopisma naukowe.




dr inz. Ewa Pruszynska-Oszmatek

Katedra Fizjologii, Biochemii i Biostruktury Zwierzat
Wydzial Medycyny Weterynaryjnej i Nauk o Zwierzetach
Uniwersytet Przyrodniczy w Poznaniu

dla:

mgr Zuzanna Mikotajczak

Katedra Zywienia Zwierzat

Wydzial Medycyny Weterynaryjnej i Nauk o Zwierzetach
Uniwersytet Przyrodniczy w Poznaniu

Ul. Wotynska 33, 60-637 Poznan

OSWIADCZENIE DOTYCZACE WKEADU W PRZYGOTOWANIE
OPUBLIKOWANYCH PRAC NAUKOWYCH

Jako jeden ze wspotautorow nizej wymienionych prac, deklaruje nastepujgcy udziat w ich
powstaniu:

1. Mikotajczak Z., Rawski M., Mazurkiewicz J., Kieronczyk B., Kotodziejski P., Pruszynska-
Oszmalek E., Jozefiak D. (2022). The first insight into black soldier fly meal in brown trout
nutrition as an environmentally sustainable fish meal replacement. Animal, 16(5), 100516.
Laczny wklad: 3%

Udziat w interpretacji wynikow oraz w korekcie pracy naukowe;j.
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dr hab. Pawet Kotodziejski

Katedra Fizjologii, Biochemii i Biostruktury Zwierzat
Wydzial Medycyny Weterynaryjnej i Nauk o Zwierzetach
Uniwersytet Przyrodniczy w Poznaniu

dla:

mgr Zuzanna Mikotajczak

Katedra Zywienia Zwierzat

Wydziat Medycyny Weterynaryjnej i Nauk o Zwierzetach
Uniwersytet Przyrodniczy w Poznaniu

Ul. Wolynska 33, 60-637 Poznan

OSWIADCZENIE DOTYCZACE WKLADU W PRZYGOTOWANIE
OPUBLIKOWANYCH PRAC NAUKOWYCH

Jako jeden ze wspétautoréw nizej wymienionych prac, deklaruje nastepujacy udzial w ich
powstaniu:

1. Mikotajczak Z., Rawski M., Mazurkiewicz J., Kieronczyk B., Kolodziejski P., Pruszynska-

Oszmalek E., Jozefiak D. (2022). The first insight into black soldier fly meal in brown trout
nutrition as an environmentally sustainable fish meal replacement. Animal, 16(5), 100516.

Laczny wklad: 3%
awel Kotodziejski

Udziat w interpretacji wynikow oraz w korekcie pracy naukowe;.



