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1. Uvod

Celosvétovym megatrendem je rUst lidské populace, coZ spolu se zvysujici se oblibou
konzumace ryb v dlsledku modernich navykl a informaci o pozitivnim vlivu rybiho masa na
lidské zdravi neustale zvySuje svétovou spotfebu ryb. Konkrétni odhady hovofi o narlstu
populace o 2 miliardy do roku 2050, coz znamena, Ze celkovy pocet lidi na planeté Zemi by tak
vzrostl na 9,6 miliard. Synergie vySe popsanych tendenci vyviji enormni tlak na lov ryb a dalSich
vodnich organism( v morich a ocednech. Nicméné svétovy rybolov dosahl v devadesatych
letech svého ekologického limitu a dalsi zvySovani vylovu z mofi je mozné jen za cenu
pravdépodobné nevratné devastace populaci ryb, které jsou pro potifeby humdnniho
konzumu loveny. Z tohoto divodu bude v budoucnu nutno poptavku po rybach zajistit
produkci z akvakultury.

Recirkulaéni akvakulturni systémy jsou ekologicky Setrné a vysoce produktivni systémy
intenzivni akvakultury, kde produkce ryb neni spojena s nepfiznivymi dopady na Zivotni
prostredi, jako je ni¢eni stanovist plvodnich druh( Zivocich( a rostlin, znecisténi a eutrofizace
okolniho recipientu. Pfi chovu ryb ¢i jinych vodnich organisma v téchto systémech jsou znacné
redukovany az eliminovany negativni ekologické vlivy na biodiverzitu v dlsledku uniku ryb
(¢asto neplvodnich druhd) ¢i rozsifovani nemoci a parazita.

Takzvané ,blue foods” neboli potraviny plvodem z vodnich organisml pochazejicich
z mofskych a sladkovodnich lovi nebo akvakultury (Naylor et al., 2021), hraji vyznamnou roli
v lidské vyzivé. Odhaduje se, Ze v roce 2018 bylo celkem 178 milionl tun (tj. priblizné 90 %)
téchto potravin vyuzito pro vyzivu svétové populace, zbyvajicich zhruba 10 % bylo zpracovano
pro nepotravinové vyuziti (FAO, 2020). V nadchdzejici dekddé je v souvislosti s neustdle
rostouci populaci v kombinaci se zvysSujici se oblibou konzumace produktl akvakultury
oCekavan vyrazny narlst celosvétové poptdvky po téchto potravinach (FAO, 2020).
Je odhadovano, Ze se poptdvka po produktech akvakultury ze strany hlavnich spotrebitelskych
zemi (napf. Cina, Indie) téméF zdvojnasobi z 80,7 milionG tun na 154,6 milion{ tun v obdobi
od 2015 do 2050 (Naylor et al., 2021b). Vzhledem k tomu, Ze vylov ve volnych vodach i pfi
uplatnéni veskerych technologickych a instituciondlnich inovaci mize do roku 2050 dosdhnout
maximalni produkce 57,4 milionl tun (16% narudst oproti sou¢asnému stavu) (Costello et al.,
2020), bude rostouci globalni poptavka po rybach a morskych plodech pokryta predevsim
produkci z akvakultury (Béné et al., 2015). Akvakultura se stala nejrychleji rostoucim
potravindrskym odvétvim s primérnym ro¢nim tempem ristu 5,3 %. V obdobi 2001-2018 toto
odvétvi prispélo pfiblizné 46 % do celosvétové potfeby ryb a morskych plodd pro humanni
konzum. Odhaduje se dalsi rlist s dalSim zvySenim podilu aZz na 50 % v obdobi 2018 az 2030
(FAO, 2020).

V ramci akvakultury predevsim chovné systémy, kde jsou aplikovana kompletni krmiva
s obsahem zpracovanych (tj. rybi moucky) nebo nezpracovanych krmnych ryb (napf. chovy
tundkl obecnych Thunnus thynnus v klecich), vyznamné prispély (69,5 %) k celkové rocni
produkci akvakultury. Produkce ztéchto akvakulturnich systémi predcila produkci z
podminek, kde nejsou aplikovana krmiva (napt. rybni¢ni systémy), ta v roce 2018 pfispéla 30,5
% k celkové roc¢ni produkci akvakultury (FAO, 2020). Kompletni krmiva pro intenzivni
akvakulturu byla tradi¢né zalozena hlavné na mofrskych zdrojich, nicméné v soucasnosti stéle
vice vyuziva suroviny ze suchozemskych plodin (Hua et al., 2019; Naylor et al., 2021a; Turchini
et al., 2019). Neustaly rast akvakultury, ktery bude podnécovan naristem poptavky po rybach
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a mofskych plodech, v budoucnosti povede ke zvyseni poptavky po kvalitnich krmivech pro
intenzivni akvakulturu véetné recirkulaénich akvakulturnich systému. Tacon (2020)
sumarizuje, Ze celkovd produkce krmiv pro intenzivni akvakulturu vyuzitd v roce 2017 byla 51,2
milionu tun a odhaduje, Ze v roce 2025 bude potfeba pfiblizné 73,2 milionu tun. To znamen3,
Ze v nasledujicich letech bude potfeba k pokryti celosvétového rlstu akvakultury
vyprodukovat o pfiblizné 22 miliond tun ro¢né vice. Soucasné jsou k dispozici progndzy, ze
ryby lovené pro produkci rybi moucky z morskych zdroji dosdhnou ekologické hranice
udrzitelnosti populace do roku 2037 (Cottrell et al., 2020) a dalsi vyuZivani tohoto omezeného
zdroje tedy neni dlouhodobé udrzitelné (Naylor et al., 2009). Soucasné dalsi intenzifikace
produkce suchozemskych plodin jako surovin pro krmiva v akvakultufe vyvolavad obavy z
ekologickych zatézi, jako je nadmérné vyuzivani orné pldy, vody a odlesfiovani (Foley et al.,
2011; Fry et al., 2016).

1.1. Historie a vyznam recirkulacnich akvakulturnich systému

PfestozZe zakladni technologie recirkulacnich akvakulturnich systému (RAS) existuje jiz
vice nez 65 let, nedoznala zatim vyraznéji kosmopolitniho rozsifeni tak, jako tomu je
u prutocénych, klecovych nebo rybnicnich systém( (Murray et al., 2014). V nékterych zemich
je stdle povaZovana za recentni inovaci. Relativné malému rozsifeni do urcité miry napomaha
fakt, Ze v akvakulture je chovano velké mnoZzstvi druh( Zivocichl (odhaduje se 360 druhd ryb,
100 druh mékkyst a 60 druhl korys(). Historicky bylo prikopnickou zemi v testovani RAS
Japonsko, kde prvni pokusy probéhly v 50. letech 20. stoleti (Saeki, 1958) (Obr. 1). Nicméné
vétsina technickych a technologickych zdokonaleni byla provedena zhruba v obdobi od roku
1970 do soucasnosti (Espinal a Matulic, 2019). V sedmdesatych letech probihalo ovéfovani
predeviim v Némecku pro ucely intenzivniho chovu kapra obecného (Cyprinus carpio).
V téchto letech myslenku chovu ryb v plné kontrolovanych (zastfeSenych) RAS velmi
intenzivné podporovalo Dansko, predevsim za uUcelem intenzivni produkce uhore fi¢niho
(Anguilla anguilla). Prvni komeréni RAS byl poté postaven v Dansku v roce 1980 (Warrer-
Hansen, 2015). Stejnd zemé byla pozdéji podnicena k dalSimu rozvoji venkovnich RAS pro chov
pstruha duhového (Oncorhynchus mykiss) v disledku vysoké frekvence vyskytu patogennich
organism0 (virového i bakterialniho ptivodu) v povrchovych vodach a s tim spojenymi ¢astymi
problémy na pritoénych farmach (Goldman, 2016). Rozvoj a prvotni Uspéchy s technologii RAS
v Némecku, a hlavné Dansku inspirovaly dalsi rozvoj RAS v jinych evropskych zemich
(Holandsko, Francie, Norsko) na konci 80. a 90. let (Martins et al., 2010). Vyvoj v Evropé byl
inspiraci i pro sladkovodni RAS v Severni Americe a motské RAS v Ciné (Goldman, 2016; Ying
et al.,, 2015).

Zhruba od roku 2000, Ize pozorovat akceleraci rozvoje RAS v Evropé, Severni Americe,
Australii a dalSich zemich kde akvakultura figuruje jako vyznamné odvétvi Zivocisné vyroby
(Espinal a Matuli¢, 2019; Martins et al., 2010; Summerfelt et al., 2004). V kazdé geografické
oblasti byla technologie RAS rozvijena z raznych davodl. V Norsku vyuZiti kontrolovaného
prostfedi RAS vede ke stabilni produkci smoltl lososa a nasledné vysazovani vétsich
a odolnéjsich ryb pro klecové chovy. Recirkulacni technologie rovnéz umoznuji lepsi kontrolu
procesu smoltifikace, protoze parametry jako teplota, salinita a délka dne mohou byt
jednodude fizeny. Ve Svycarsku jsou na vzestupu chovy okouna fi¢niho (Perca fluviatilis)
a candata obecného (Sander lucioperca) diky oblibenosti konzumace filet téchto ryb
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a nedostupnosti kvalitni lokalni produkce (zakaznici preferuji mistni produkty), pricemz se
odhaduje, Ze v soucasnosti RAS technologie zde vyuZiva 11-15 farem. Zatimco v Holandsku
stoji za vyuZitim RAS systémU neutuchajici poptavka po trinich Ghofich a ocekdva se mirny
narlst produkce, jakmile se podafi uzavfit cely produkéni cyklus (v soucasnosti je hlavni
prekazkou odchov ranych stadii uhota). V USA byla divodem rozvoje RAS sezénnost produkce
tlamouna nilského (Oreochromis niloticus) v jiznéji poloZzenych rybni¢nich systémech. Farmy
s RAS technologii se vSak buduji i v poustnich oblastech (napf. farma pro vyrobu kaviaru v Abu
Dhabi s odhadovanou produkci 35 tun/rok) nebo velmi odlehlych oblastech (farmy na smolty
lososa obecného v Chile). V soucasnosti je z pohledu produkce v RAS nerozvinutéjsi zemi
Dansko, kde technologii vyuziva cca 130-140 farem (Jokumsen a Svendsen, 2010; EUMOFA,
2020).
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Obr. 1. Historicky vyvoj chovu ryb v recirkulac¢nich akvakulturnich systémech (RAS).

1.2. Podstata a fungovani RAS

V nejzakladnéjsi podobé se recirkulacni systémy sestavaji z odchovnych nadrzi (rlizné
tvary a rozméry maji svoje specifika), mechanické filtrace (vétSinou automaticky mechanicky
filtr na bazi bubnového nebo diskového mikrosita) a biologické filtrace (zkrapény ¢i ponoreny
biofiltr s pevnym nebo pohyblivym loZzem). Produkt metabolismu ryb, toxicky amoniak, je v
téchto systémech odstrafiovan procesem nitrifikace v biologickych filtrech rizné konstrukce.
Obecnym trendem je vyuzivani ponofenych biofiltr(i s pohyblivym médiem namisto dfive
Siroce rozsirenych skrapénych filtr(i. Dalsi varianty jako ponofreny filtr s fixnim filtracnim lozem
a biokontaktory jsou vyzivany méné. Odchovné nadrze byvaji vétSinou plastové nebo
betonové opatfené natérem a maji pravouhly nebo kruhovy padorys. V nékterych pripadech
jsou zaclenény na vedlejSim okruhu také denitrifikacni véze (zdrojem uhliku je obvykle
metylalkohol) pro snizeni obsahu dusi¢nant, ¢imz je dosazeno snizeni spotfeby dopousténé
vody a energie na ohfev této vody. DalSi Upravy recirkulované vody zpravidla zahrnuji
odplynéni (zejména snizeni obsahu ve vodé rozpusténého oxidu uhli¢itého, pfipadné dusiku),
Upravu pH, zvySeni obsahu ve vodé rozpusténého kysliku (pomoci aerace ¢i oxygenace),
pripadné téz dezinfekci vody (pomoci ozonizace nebo UV zareni) a Upravu teploty vody



(ohrev). Nedilnou soucasti RAS jsou systémy méreni, regulace a fizeni provozu a signalizace
meznich hodnot a stavi (véetné vyuZiti dalkové kontroly a prfenosu dat). Stavajici technologie
RAS umoznuji chov ryb v optimalnich podminkach zajistujicich maximalini rist chovanych ryb.
UdrZovanim vhodné teploty, chemismu vody a vyvaZzenou kompletni krmnou smési lze zkratit
rastovy interval pro dosazeni trzni hmotnosti ryb, pfipadné pozadované kategorie ndsadovych
ryb (Obr. 2).

Pfedevsim investi¢ni naro¢nost spolu s nedostatkem informaci a zkuSenosti vSak brani
SirSimu vyuziti RAS pro produkci hospodarsky vyznamnych druht ryb. Pokud jde o provozni
naklady, Losordo et al. (1998) uvadi investi¢ni naklady pro rybnicni systémy ve vysi
0,41 USD/ kg/rok ve srovnani s naklady v RAS, které ¢ini 0,45-1,81 USD/kg/rok. Ze zminéného
vyplyva, Ze produkce ryb v RAS je tedy efektivni a rentabilni pouze pfi pouZiti vysokych hustot
obsadek a plném vyuZiti odchovné kapacity daného systému. Z provoznich sledovani RAS
a feSeni problém v praxi bylo zjisténo, Ze RAS musi poskytovat optimalni podminky nejen pro
chované ryby, ale i pro bakterie Zijici na biologickych filtrech a volné rozptylené v prostredi,
proto se nové sméry vyzkumu orientuji na poznani slozitych vztahl mezi aplikovanym
krmivem, mikrobiomem ryb a mikrobiomem v rliznych ¢astech RAS.
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Obr. 2. Zavislost mezi pomérem recirkulace, mnozstvim vyménované vody, technologickou naro¢nosti,
reakénim ¢asem a intenzitou produkce pro priitocné a recirkulacni systémy.

1.3. Soucasny stav a vyzvy spojené s fungovanim RAS

Prostredi existujicich RAS systém( Ize charakterizovat jako velmi rozmanité s nékolika
zavedenymi technologiemi a principy pro rGzné druhy ryb. Pravé tato diverzifikace
podporovana narodnimi evropskymi strategickymi plany z pohledu spektra chovanych druhd,
pouzivanych krmiv, odchovnych postupl a funkénich (technickych) nastaveni RAS systému
s sebou nese potrebu hlubsiho poznani vztahd, dynamiky a vlivli rGznych faktord. Systémy RAS
vétsinou vyuzivaji kontrolované prostredi z pohledu teploty (Matousek et al., 2017a), obsahu
kysliku (Matousek et al., 2017b; ProkeSova et al., 2020; Schéafer et al.,, 2021 — Priloha 3),
fotoperiody (Prokesova et al., 2017; Malinovskyi et al., 2022) a obsahu metabolit(. Ryby jsou
v RAS chovany v optimdlnich hustotach obsadek (Policar et al., 2013 — Pfiloha 1; Stejskal et al.,
2020 - Priloha 2), aby byl maximalné vyuzit technologicky potencial daného RAS a biologicky
potencial chovaného druhu. Produkce v RAS je tak jen minimalné ovlivnéna klimatickymi vlivy,
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jako je kolisani mnozstvi srazek, zaplavy, obdobi sucha, globalniho oteplovani, cyklony, kolisani
salinity, acidifikace ocedn( a vzestup hladiny more. VySe zminéné vlivy silné ovliviuji stabilitu
a celkovou vysi produkce v ostatnich produkénich systémech jako jsou klecové, pratocné
¢i rybnicéni systémy.

Z environmentdlniho hlediska jsou limitujicimi faktory pro RAS predevsim spotieba
energie a emise sklenikovych plynd. Navzdory potencialu a pozitivnim vlastnostem, které RAS
maji, nejsou dosud Siroce rozsifeny predevsim kvili investi¢énim naklad(im a vysokym narokiim
na kvalitni a spolehlivou obsluhu. Dal$i sméry vyzkumu, vyvoje a technologickych inovaci by
mély byt zaméreny na zavedeni nizkonakladovych (jak investi¢né, tak provozné) energeticky
ucinnych RAS pro zintenzivnéni produkce ryb a morskych plodd a sniZzeni emisi sklenikovych
plynd. Systémy RAS mohou v budoucnu hrat dllezitou roli jako jedna z adaptacnich strategii
na zménu klimatu.

Z pohledu spotrebitele vyvolava chov ryb v RAS otdzky predevsim s ohledem na
welfare chovanych organismi (Stejskal et al., 2011). Pojmy blahobyt, zdravi, welfare di
well-being jsou stdle vice v centru zajmu spotrebitelskych a obchodnich fetézcli a vyporadani
se s témito otdzkami bude nepochybné jednou z hlavnich vyzev soucasnych a budoucich
udrZitelnych politik EU v oblasti akvakultury. Na konferenci Evropské komise o dobrych
Zivotnich podminkach zvifat (EU Animal Welfare Today and Tomorrow, 2021) panovala shoda
na tom, Ze predpisy na toto téma jsou zastaralé a je tfeba je pfezkoumat. Za timto ucelem by
méla probéhnout kontrola soucasného stavu systému chovanych druh( ryb (Gebauer et al.,
2020 — Ptiloha 4). Vzhledem k tomu, Ze v tuto chvili neexistuji Zddna jasnd doporuceni v tomto
sméru, je pro producenty velmi obtizné vyhodnotit a monitorovat stav a pohodu chovanych
ryb, ptipadné najit zpUsoby, jak neuspokojivy stav zlepsit.

1.4. Recentni trendy ve vyzivé intenzivné chovanych ryb

V RAS stejné jako v ostatnich produkénich systémech, kde jsou vyuzivany kompletni
krmné smési, je snahou optimalizovat spotfebu krmiv a maximalizovat vyuziti jejich nutri¢niho
potencialu (Stejskal et al., 2020 — P¥iloha 2; Stejskal et al., 2021). Provozni pozorovani a bilance
z RAS prokazuji, ze krmné naklady mohou tvofit az 33—-50 % provoznich nakladud (Liu et al.,
2016; Ahmed a Turchini, 2021). Intenzifikaci akvakultury casto dochdazi k ekonomickym
ztratdm vlivem stresu a infekénich onemocnéni. Dosavadni lééebné metody zahrnuijici
schvdlend chemoterapeutika a antibiotika nejsou mnohdy ani efektivni, ani Setrné
ke spotiebiteli ¢i Zivotnimu prostfedi. Napfiklad antibiotika mohou podpofit zvySenou
odolnost a zmény struktury mikrobidlniho spole€enstvi v pfirodnim prostredi (Kiron, 2012)
(Obr. 3). Bioaktivni substance ¢i ingredience s preventivnim i kurativnim G¢inkem jsou Uspésné
testovany na experimentdlni Urovni v chovech ryb v celosvétovém méfitku (Stratev et al.,
2018). Déle s tim, jak je navySovani svétového vylovu trvale neudrzitelné (dochdzi k postupné
devastaci populaci krmnych ryb a ohrozZeni vyskytu nékterych druht), prichazi urgentni
potieba vyzkumu a vyvoje novych technologii a strategii, jak tento negativni trend redukovat.
Proto je soucasny vyzkum orientovdn na moznosti nahrady rybi moucky a rybiho oleje
alternativnimi surovinami a v soucasnosti jsou jiz dostupné nékteré informace o limitech
nahrady rybi moucky a oleje véetné efektl na rlst, preziti, fyziologicky, imunologicky stav ryb
a enviromentalni dopady zkrmovdani inovovanych krmiv (Tran et al., 2022 — Pfiloha 6).
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Obr. 3. Koncept nutricni modulace imunity ryb (upraveno podle Kiron, 2012).

1.4.1. Fytoaditiva jako strategie pro podporu rlistu a zdravi chovanych ryb

Zvyseni rychlosti rlstu a odolnosti chovanych ryb vici negativnimu plsobeni stresu
a patogenlim (Hashemi a Davoodi, 2011) predstavuji dalezité vyzvy v udrzitelném rlstu
akvakultury. Intenzifikace akvakultury jako odvétvi vedla ke zvySenému pouZivani antibiotik
a rlstovych stimulator( s cilem zajistit stabilné vysokou produkci zdravych ryb (Romero et al.,
2012). Lze konstatovat, Ze antibiotika jsou v akvakulture Siroce uzivand a v neddvné zpravé
stoji, Ze nejméné jedenact zemi pouzivalo v obdobi 2008 az 2018 celkem 67 rGznych antibiotik
(Lulijwa et al., 2020). Pouzivani antibiotik a dalSich chemickych latek v akvakultufe vzbuzuje
obavy o verejné zdravi, zivotni prostredi, bezpeénost a kvalitu potravin, welfare ryb a dobré
Zivotni podminky pro personal (Jennings et al., 2016). Nadmérné uZivani antibiotik a IéCiv navic
zpUsobuje zvySeni rezistence patogend vici témto latkdm. Recentni strategii k omezeni
uzivani farmaceutickych produktl predstavuji rostlinné moucky a extrakty (fytoaditiva), jejichz
bioaktivni slouceniny predstavuji levhou a bezpecnou alternativu (Stratev et al., 2018).
Fytoaditiva byly u ryb potvrzeny jako pfirozené stimulatory ristu a imunostimulanty (Akrami
et al., 2015; Kanani et al., 2014; Xu et al., 2020;). V posledni dekadé bylo provedeno nékolik
studii zamérenych na Ucinky rostlinnych aditiv v krmivech pro hospodarska zvirata véetné ryb.
Byly identifikovany  zajimavé produkty z pohledu alternativnich  surovin
s obsahem bioaktivnich latek (Zare et al., 2021 — Pt¥iloha 5), které jsou casto dostupné jako
vedlejsi produkty (Doan et al., 2020; ProkesSova et al., 2020; Doan et al.,, 2022), mohou
fungovat jako stimulanty imunity ¢i prevence stresu. Zaroven vsak bylo zjisténo, Ze navzdory
velkému potencialu bioaktivnich [atek zlepsit vyuZitelnost krmiva a zdravotni stav ryb je jejich
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majorita bud’ Spatné vstrebatelnd, nebo nemaji dlouhodobou uUcinnost v travicim traktu,
anebo jsou degradovany pfi vyrobé (vysoka teplota a tlak pfi extruzi, popf. nelze je aplikovat
kvlli nerozpustnosti v oleji pfi ndsledném nastfiku oleje po extruzi), skladovani krmiv, nebo
prichodem travicim traktem (kyselé pH, enzymy) (Shah a Mraz, 2020). V oblasti vyZivy ryb je
tedy nutny dalsi vyvoj krmiv se specificky ucinnymi latkami s efektivni metodou poddavani pro
podporu nejen rlstu ryb diky efektivnéjsi konverzi Zivin, ale také zdravotniho stavu a odolnosti
ryb vici nemocem a stresu.

Cesnek (Allium sativum) z €eledi Amaryllidaceae je jednou z nejstarsich lé¢ivych rostlin.
Je zndmo, Ze jiz pred vice neZ 4000 lety byl Siroce pouZivan jako potravina a Iék (Rivlin, 2001).
Byly prokazany antimikrobidlni, antitrombotické, hypolipidemické, antiartritické,
hypoglykemické a protinddorové vlastnosti ¢esneku (Thomson a Ali, 2003). U¢innd latka
aminokyselina alliin je komplexni sloucenina bez zapachu, ktery za pomoci enzymu alliinazy
tvofi diallyl-thiosulfinat —allicin. Teprve allicin je organosirova slouéenina, kterd vytvati typicky
zapach cerstvého cesneku (Lawson a Wang, 1993). Dalsi aktivni latkou je organosirova
sloucenina S-allylcystein, ktera snizuje rast nador( u rlznych druhd zvifat (Thomson a Ali,
2003). Dalsi bioaktivni slou¢eniny zahrnuji fenolické slouceniny (flavonoidy), vitaminy (A, B-
komplex, C, E), kyselinu linolovou, rdzné proteiny (lektiny jsou nejhojnéjsi bilkovinou),
esencialni aminokyseliny a mineraly (napf. selen) (Lawson a Wang, 1993; Rivlin, 2001;
Thomson a Ali, 2003).

1.4.2. Alternativni zdroje proteinu pro krmiva v intenzivni akvakultuie

Velkou prioritou je tedy hledani alternativnich sloZzek pro zajiSténi dalSiho ristu
akvakultury. V soucasnosti je testovana Sirokd $kdla novych ingredienci pro jednotlivé
v akvakultute chované druhy ryb, mezi kterymi hmyzi moucky vykazuji slibné vysledky pro
zajisténi zdroje proteind v nadchazejici dekadé (Gasco et al., 2020b; Hua et al., 2019; Hua,
2021). Mezi ptihodné vlastnosti hmyzich moucek pouzivanych jako alternativniho zdroje
bilkovin patfi pfiznivé nutri¢niho sloZeni, pfedevsim vysoky obsah bilkovin a vyvazeny profil
aminokyselin (Nogales-Mérida et al., 2019) a nadlepSeni zdravotniho stavu krmenych
organisml (Gasco et al., 2020a). Dale jsou zde environmentalni prinosy produkce krmiv
obsahujici hmyz spojené se snizenim ukazatele FIFO (parametr vyjadfujici mnozstvi ryb
vylovenych z more na produkci 1 kg ryb chovanych v akvakulture), vyuzivanim ptdy a produkci
fosforu ve srovnani s krmivy bez obsahu hmyzu (Tran et al., 2021) (Obr. 4).

Vyuziti hmyzich moucek pro vodni Zivocichy se v poslednich letech tési rostoucimu
zajmu ze strany vyzkumnych instituci, krmivarskych firem a producentt hmyzu. Z komeréniho
hlediska se napfiklad v Evropé ocekava, Zze produkce hmyzich proteinl pro krmiva dosahne do
roku 2025 pfiblizné 60 000 tun s dalSim rlstem az na 200 000 tun v roce 2030 (IPIFF, 2021a).
Podil slozek hmyzi moucky pouzivanych v akvakulture do roku 2030 dosdhne 40 %, ¢imz
prekroli podil v krmivech pro domdci zvifata na Urovni 30 % (IPIFF, 2021b).
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Obr. 4. Redukce ukazatele FIFO pti porovnani produkéni acinnosti krmnych receptur na bazi hmyzi
moucky s konvencnimi krmivy (kontrolni krmiva). Data extrahovana ze studii vyuZivajicich Tenebrio
molitor, Hermetia illucens a Musca domestica jako nahradu rybi moucky pro hlavni chované skupiny
ryb (nepublikovana data).

Soucasny vyzkum v oblasti vyzivy ryb naznacuje velky potencidl hmyzich moucek,
bakteriemi produkovaného proteinu a vedlejsSich produktl ze zpracovani ryb jako surovin pro
krmiva v akvakultufe v nadchazejicich desetiletich (Gasco et al., 2020b; Hua et al., 2019).
Nedavno bylo schvaleno sedm druh( hmyzu pro pouziti v akvakulturnich krmivech jmenovité
branénka Hermetia illucens, moucha domdci Musca domestica, potemnik domdci Tenebrio
molitor, potemnik stajovy Alphitobius diaperinus, cvréek domaci Acheta domesticus, cvréek
kratkoktidly Gryllodes sigillatus a cvréek stepni Gryllus assimilis (Obr. 5 a Obr. 6). Zminéné
druhy byly schvaleny Evropskou komisi (nafizeni 893/2017) a vyvolaly rostouci zajem o tyto
suroviny. V dusledku toho je produkce hmyzich moucek celosvétové na vzestupu.
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Obr. 5. Druhy hmyzu schvélenych Evropskou komisi (No. 2017/893 dne 1.7. 2017) pro vyuZziti
v krmivech pro hospodarska zvifata véetné ryb. Modra hvézdicka oznacuje vyvojové stadium vyuzivané
pro produkci hmyzich moucek.
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Obr. 6. Vizualizace obsahu aminokyselin v hmyzich mouckach sedmi druhG hmyzu schvélenych
soucasnou legislativou Evropské komise v porovnan s rybi a sdjovou mouckou. Data pro alanin (Ala),
izoleucin (lle), arginin (Arg), lysin (Lys), kyselina asparagova (Asp), kyselina glutamova (Glu), cystein
(Cys), tryptofan (Try), prolin (Pro), histidin (His), methionin (Met), glycin (Gly), valin (Val), serin (Ser),
tyrosin (Tyr), fenylalanin (Phe), threonin (Thr) jsou vyjadiena jako % ze susiny (vlastni nepublikovana
data).
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1.5. Cile prace

Prvnim cilem této prace bylo optimalizovat chov karnivornich ryb v intenzivnich RAS
z pohledu: i) hustoty obsadky a krmného rezimu, ii) posoudit, zda u v soucasnosti intenzivné
chovanych populaci okouna existuji rozdily v personalité, fitness a odolnosti proti stresu a dale
iii) ovéfit, jakym zplsobem mohou hypoxické podminky ovlivnit imunitni systém.

Druhym cilem prace pak bylo optimalizovat vyzivu v RAS predevsim zavedenim
alternativnich surovin a zjistit jejich vlivy na: i) rlst, stravitelnost a produkéni charakteristiky,
ii) energeticky metabolismus a fitness, iii) vystavbu tkani, iv) kompozici stfevni mikrofléry
a histomorfologii stfeva a v) stresovou odolnost.

2. Vysledky a diskuse

2.1. Optimalizace chovu ryb v RAS z pohledu abiotickych faktori

Aplikovany vyzkum v oblasti technickych a technologickych inovaci intenzivni
akvakultury je prioritnim zajmem reflektujicim aktualni a budouci potfeby produkce potravin.
Diverzifikace z pohledu spektra chovanych druh(, pouZivanych krmiv, odchovnych postupt
a funkcnich (technickych) nastaveni RAS systémi s sebou nese potiebu hlubsiho poznani
vztah(, dynamiky a vlivli v ramci RAS. V prvni fazi jsme se v ramci tymu doc. Policara zaméfili
na moznosti kombinace raného odchovu canddta obecného v rybnic¢nich podminkdach
s navazujici adaptaci rychleného plidku na prostfedi RAS. Pro tento druh v soucasnosti plati,
Ze obliba a poptavka po tomto druhu na trhu vyrazné prevysuje produkci v Evropé
(Muller-Belecke a Zienert, 2008). Candat obecny je proto povazovan za perspektivni druh
s potencidlem diverzifikovat evropskou intenzivni akvakulturu, a to predevSim v plné
kontrolovanych RAS (Policar et al., 2019). V nasi praci bylo zakladni otazkou, jak dlouho Ize
ryby odchovdvat v rybni¢nich podminkach, respektive jakad velikost ryb je vhodnd pro
bezproblémovy priibéh odchovu v rybni¢nich podminkach, vylov, transport do RAS, tfidéni,
a hlavné kritické obdobi potravni adaptace rychleného plidku na kompletni krmnou smés.
Proto jsme se na tento aspekt zaméfili v rozsahlé studii Policar et al. (2018), kterd navic
v metodické ¢asti popisuje postup reprodukce, odchov v rybnic¢nim prostredi, vylov, transport
a postup adaptace na kompletni krmnou smés (P¥iloha 1).

2.1.1. Vliv hustoty obsadky a krmnych reZzim(i na welfare a produkéni ukazatele

V prvni ¢asti studie jsme se zaméfili na vliv poc¢atecni velikosti ryb, pficemz testovany
byly tfi pocatecni velikosti rychleného plidku, kdy prvni skupina byla charakterizovana rybami
mensi velikosti o primérné celkové délce 40,3 + 2,3 mm a hmotnosti 0,42 + 0,15 g (skupina S).
Prostfedni velikostni skupina zahrnovala ryby o primérné celkové délce 56,2 + 2,7 mm
a hmotnosti 1,66 + 0,40 g (skupina M). V experimentu byla zafazena i tfeti velikostni skupina
s pramérnou celkovou délkou 71,0 £ 3,2 mm a pocatecni hmotnosti 2,95 + 0,65 g. Z vysledku
studie vyplyvd, Ze nasazovani velikostné mensich ryb (tj. skupina S) pfi adaptaci plidku na
intenzivni podminky je vyhodnéjsi a projevi se vysSim rldstem v porovnani se skupinou M
a skupinou L. Tento vysledek je pouze potvrzenim obecné zavislosti, kdy mensi ryby vykazuji
rychlejsi rGst. Z chovatelského hlediska je podstatné vyznamnéjsim vysledkem, Ze skupina S
(ryby nejmensi velikosti) vykazovala nejvysSi hodnoty preziti pti potravni a prostorové
adaptaci dosahujici az 81,7 % v experimentalni ¢asti a 78,7 % pfi masovém (poloprovoznim)
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ovéreni experimentalné ziskanych dat. DalSim pozitivnim aspektem adaptace plidku candata
o hmotnosti cca 0,5 g (skupina S) byl signifikantné nizsi kanibalismus. Nejmensi velikostni
nejvice heterogenni skupina z testovanych variant (variacni koeficient 35,7 %). Tyto vysledky
naznacuji, Ze rozvoj kanibalismu je u pliddku candata obecného vékové a velikostné zavisly.
V této souvislosti Ize dodat, Ze populace rychleného plidku odchovaného v rybnicich je
charakteristickd bimodalnim rozdélenim a ndachylnosti vzniku kanibalismu jiz v rybni¢nim
prostiedi. Pfi odchovu rychleného pladku v rybni¢nich podminkach je proto dllezité odchov
ukoncit v€as v obdobi, kdy se v rybnicich jeSté vyskytuje dostate¢né mnozstvi zooplanktonu
a podil kanibald k celkovému poctu odchovanych a vylovenych ryb je minimalni, coz ma
vyrazné dopady na dalsi odchov v intenzivnich podminkdach. Vliv pocatecni velikosti ryb je
v intenzivnim chovu okounovitych druht ryb velmi vyznamny aspekt, nebot jiz malé rozdily ve
velikosti mohou vyvolat agresivni chovani, projevy hierarchie a dominance (Magnhagen,
2015). Prevenci vyse popsanych negativnich vlivi a béZznou praxi je velikostni tfidéni ryb tak,
aby doslo ke snizeni heterogenity obsadky (Policar et al., 2015). Na RAS farmach se provadi
rutinné (¢asto jednou za 2-3 tydny) pfi odchovu juvenilnich ryb (Fontaine a Teletchea, 2019).
Casté velikostni tfidéni se osvéd¢ilo v ranych fazich odchovu u okounovitych a vedlo k vy$sim
pfirdstkm biomasy predevsim diky vy$sSimu preZiti (Krél et al., 2019). Nicméné v dalSich fazich
odchovu se vyhodnost velikostniho tfidéni ¢aste¢né kompenzuje vyskytem rychle rostoucich
ryb v kazdé tfidéné skupiné, coz mlze vést k dalSimu zvySeni hmotnostni heterogenity, ale
nezvysuje to celkovou produktivitu chovu (Mélard et al., 1996). V této souvislosti Ize dodat, Ze
tfidéni mdzZe plsobit jako dalsi stresor (Policar et al., 2015) a opakované stresové udalosti
mohou sniZovat pfijem krmiva a zvySovat vydej energie (Strand et al., 2007).

Postup, ktery je v prdci popsan raciondlné vyuziva rybni¢ni fond, jenz je k dispozici
a zaroven Setfi naklady v ranych fazich odchovu casto spojenymi predevsim s potfebou
kvalifikované lidské prace, nutnosti kultivovat krmné organismy (Artemia sp). V praxi tak tento
postup poskytuje ¢astecnou alternativu plné kontrolovanému procesu, kde jsou po vylihnuti
larvy odchovavany v plné kontrolovaném prostredi pomoci Zivé potravy a startérovych krmiv
(Kestemont et al., 2007; Lund a Steenfeldt, 2011). V této souvislosti je tfeba dodat, Ze v praxi
intenzivni chovy candata obecného v pIné kontrolovanych RAS tesi problémy spojené s nizsi
frekvenci zralych a ovulujicich jikernaéek, snizenou pohyblivosti a Zivotaschopnosti spermii,
problémy s oplozenosti jiker, poruchy lihnivosti larev, vys$si podil deformit a obecné nizsi
vitalitu larev (Wang et al., 2009; Kestemont et al., 2007).

Intenzivni chov candata obecného jakozto karnivorniho druhu ma svoje specifika.
V dalsi ¢asti studie Policar et al. (2018), jsme se zaméfili na vliv hustoty obsadky pfi adaptaci
plidku canddta obecného na podminky intenzivniho chovu (Pfiloha 1). Ze studii na jinych
druzich ryb a vjinych odchovnych systémech je znamo, Ze nepfimérené vysokd hustota
obsadky muaze byt pricinou stresu. Stresové efekty je tfeba v ramci intenzivniho odchovu
k tomu, Ze vlastni postup jiz zahrnuje stresové situace jako vylov, transport a tfidéni, a mohlo
by tak dojit ke kumulativnimu uéinku na stresovou odezvu ryb.

Organismus ryb, canddta obecného nevyjimaje, reaguje na nadmérnou hustotu
obsadky zvySenim hladiny kortizolu v plazmé, coz nasledné ovliviiuje (blokuje) produkci
tyroidniho hormonu (Herrera et al., 2016) a v kone¢ném dusledku redukuje rychlost rlstu
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(Zarski et al., 2008), ptipadné se mize v dlouhodobé&j$im horizontu projevit i snizenim preZiti
ryb (Molnar et al., 2004). U intenzivné chovanych druh( lososovitych ryb bylo prokazano, ze
nepfimérené vysokd hustota obsadky se muzZe projevit snizenim pohody chovanych ryb
a zvySenymi projevy kanibalismu (Ellis et al., 2002; Liao a Chang, 2002). V nasi studii bylo
zjisténo, Ze jako optimalni se jevi vyssi hustoty hustota obsadek na urovni 4-8 ryb/I.
Pti porovnani adaptace plidku candat obecny v jednotlivych testovanych hustotach obsadek
(1, 2, 4 a 8 ryb/l) nebyly zaznamenany Zadné rozdily v konec¢né hmotnosti a délce ryb.
Ve skupinach s nizsimi hustotami obsadek (1-2 ryby/l) bylo zaznamenano nizsi preZiti.
Prekvapivé nebyly zaznamendny Zadné rozdily v odhadu kanibalismu napfi¢ spektrem
testovanych hustot obsadek. Vzhledem ktomu, Ze jsme vtéto prdaci zaloZili poctem
nasazenych ryb velmi rozsahly experiment, nebylo logisticky mozné se detailné vénovat
monitorovani jednotlivych typ( kanibalismu.

Obr. 7. Klasifikace pozorovanych projevl kanibalismu u candata obecného. Situace (A) popisuje
poskozovani ocasni ploutve. PFi projevu typu (B) dochazi k poskozovani prsnich ploutvi. PFi situaci (C)
dojde k vzajemnému zaklesnuti Celisti ryb soupeficich o krmivo. Kompletni pozieni kofisti kanibalem
zndazorfuje situace (D). U typu (E) je kanibal udusen kofisti v tlamé. Redlné pfipady kanibalismu
u candata obecného (F).

Nami prezentovana data ohledné kanibalismu v podstaté predstavuji kanibalismus
v podobé pozreni kofisti kanibalujicim jedincem (Obr. 7). V literature je zndmo kategorizovani
na tfi typy kanibalismu, a to predevSim u karnivornich ryb. Domnivdme se, Ze u skupin
chovanych v nizsich hustotach obsadek jsme nasi metodikou nepostihli A-typ kanibalismu
(Obr. 7) podobné jako je tomu naptiklad ve studii na kanici oranzovoskvrnném Epinephelus
coioides (Takeshita a Soyano, 2009). MiZeme proto jen spekulovat, Ze velkd ¢ast mortality
pozorované ve skupinach s nizsi hustotou obsadky mohla byt zplsobena pravé C-typem
kanibalismu. Nicméné tuto domnénku podporuji i vysledky jiné prace na larvach a juvenilech
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okouna fi¢niho P. fluviatilis (Baras et al., 2003). Slabsi strankou studie je fakt, Ze nebyla
otestovana horni hranice hustoty obsadky, ktera by se projevila redukci rastu ¢i preziti ryb,
tato znalost tedy zatim chybi.

Na tuto studii jsme plynule navazali dalsi praci zamérenou na efekt hustoty obsadky,
kde jsme dle nasich znalosti poprvé aplikovali vysoce sofistikovany samokrmitkovy systém
IMETRONIC v ramci intenzivniho odchovu okounovitych ryb krmenych extrudovanym
krmivem (Stejskal et al., 2019 — P¥iloha 2). Toto zafizeni je sofistikovanym systémem pro
distribuci krmiv a hodnoceni poctu pozadavk(i na krmivo, které je poté v uZivatelem
nastavitelném mnoZstvi uvolfiovdno do nddrZe s rybami. Systém je tvoren fidici jednotkou,
sensorem a jednotlivymi krmitky. Krmitko umoZznuje ddvkovani malych a pfesnych mnoZstvi
krmiv. Software umoznuje vytvoreni prehledu o chovu (napf. pocet nadrzi, umisténi, pocet
samokrmitek na nddrz), krmny protokol (pocet pozadavkd ryb na krmivo, obdobi inhibice,
regulace, korekce) a kontrolu potravniho chovani ryb.

Ruéni krmeni -5 x denné
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Samokrmitkovy systém IMETRONIC - 24h denné
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Obr. 8. Schematické znazornéni experimentalnich skupin v praci Stejskal et al. (2019) — Priloha 2.

Prace byla opét rozdélena na dva experimenty, pficemzZ v prvni ¢asti jsme testovali
hustoty obsadek pfi ru¢nim krmeni a vdruhé vyuzZiti automatického samokrmitkového
systému. Design experimentl tak zahrnoval vnéjsi (Clovékem — obsluhou) a vnitni
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(organismem — rybou) fizeni rezimu krmeni (Obr. 8). Prace probihala v porovnani
s experimentem v Pfiloze 1 na vétSich juvenilnich rybach (pridmérna pocatecni hmotnost
19,1 a 25,4 g). V dfive publikovanych pracich bylo prokazano, Ze neadekvatni hustota obsadky
v intenzivnich systémech muUze vést ke snizeni vyuZiti krmiv rybami (Sharma a Chakrabarti,
1998), zménit rychlost metabolismu s ohledem na lipidy (Mommsen et al., 1999), sacharidy
(Sangiao-Alvarellos et al., 2005) a proteiny (Costas et al., 2008). V nejobecné;jsim pohledu
mlze vysoka hustota obsadky zhorsit kvalitu vody (Montero et al.,, 1999) snizenim
koncentrace kysliku a zvySenim koncentrace amoniaku. Na druhé strané pfilis nizka hustota
obsadky je spojena s vysokymi provoznimi ndklady intenzivnich chovu.

Z nasich vysledkl vyplyva, Ze priimérna kusova hmotnost se v prlibéhu experimentu,
kdy si ryby samy Zadaly o krmivo, zvysila nejvice u skupiny s hustotou obsadky 1,0 ks/I
(koneé¢nd hmotnost 47,7 + 2,8 g). Druhou nejrychleji rostouci skupinou byla skupina s hustotou
0,6 ks/l (39,2 + 3,7 g.). Nejmensi prirGstek byl zaznamenan u skupiny s nejvyssi hustotou
obsadky na urovni 1,4 ks/I (29,0 * 3,4 g). Hmotnost nejrychleji rostouci skupiny se v prabéhu
experimentu témér zdvojnasobila, naproti tomu nejpomaleji rostouci skupina zaznamenala
prirlistek pouze na Urovni 14 % plvodni hmotnosti. V ¢asti prace, kde bylo krmivo aplikovano
ru¢né, nebyla hustota na urovni 1 ks/l rybami preferovana, ale nejvyssiho prirtstku bylo
v ramci testovanych hustot obsadek dosazeno u ryb chovanych pfi 0,5 ks/I (48,5 + 0,8 g).
Vysvétleni Ize najit v socidlnim chovani a procesu uceni se Zadat si o krmivo. Data poctu
pozadavkll na krmivo (kvantifikace potravniho chovéani) velmi dobfe korespondovala
s dosazenou findlni hmotnosti ryb a specifickou rychlosti rastu (Pfiloha 2). Dale i celkové
nejvyssi mnozstvi pozadavku (0,41 + 0,13 poZzadavk(/rybu/den) na krmivo v hustoté obsadky
1 ks/l naznacuje, Ze pravé tato uUroven je blizko optimu. Adekvatni krmny rezim je nastrojem
pro optimalni rist ryb (Geay a Kestemont, 2015) a jeho prostfednictvim miZeme snizit
hmotnostni heterogenitu chovanych obsadek ryb (Sun et al., 2016). Bylo popsano, Ze restrikce
krmiva muze vést ke zvySeni objemu Zaludku (Ruohonen a Grove, 1996). Optimalni krmny
rezim tedy ovliviiuje welfare ryb a celkovou profitabilitu chovu (Alanard a Strand, 2015),
protoze krmiva obvykle pfedstavuji nejvétsi ndklady v produkci akvakultury (Liu et al., 2016;
Ahmed a Turchini, 2021). Krmné rezimy s ¢astéjSimi krmnymi akcemi pozitivné ovlivnily rlst
mnoha druhl ryb (Wang et al., 1998). Nedavna studie na juvenilnich okounech neprokazala
rozdily vrychlosti rlstu pfi krmeni tfikrdat denné nebo nepretrzité, i kdyZz v nadrzich
s nepretrzitou dodavkou krmiva byla pozorovdna mirna (nesignifikantni) tendence
k rychlejSimu rdstu (Wysujack a Drahotta, 2017). Samokrmitkové systémy umoZziuji rybam
skutecné fidit dobu, frekvenci a mnozstvi krmeni. Zda se, Ze mohou dokonce zvysit pohodu
chovanych ryb. Dale mohu byt vyuZity jako nastroj pro zkoumani vlivu rGznych faktor( na
krmné chovani ryb (Attia et al., 2012).

V obou castech této prace jsme se dale podrobné zaméfili na poskozovani ploutvi
jakozto ukazatele pohody zvirat (Pfiloha 2). Agresivni chovani mezi rybami jako konsekvence
neprimérené hustoty obsddky muzZe podporovat vyskyt poskozeni ploutvi (Latremouille,
2003). PIné porovnani mezi dvéma prezentovanymi pristupy k aplikaci krmiva v Ptiloze 2 neni
mozné, protoze se jednalo o dva ¢asové oddélené experimenty na rybach rizného plvodu.
Nicméné rozdil v ukazateli celkového poskozeni ploutvi (TFLR) u ryb chovanych v hustoté 1
ks/I pfinasi otazku, zda lze poskozeni ploutvi optimalizovat vhodnym managementem krmeni.
Zminény ukazatel TFLR dosahl hodnoty 1,00 + 0,14 u ryb krmenych ru¢né (5 x denné), zatimco
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vyssi hodnoty 1,16 £0,05 znamenajici nizsi poSkozeni ploutvi, byly zaznamenany
v experimentu, kde si ryby samy Zadaly o krmivo. Poskozeni ploutvi miZe zvysit
pravdépodobnost vzniku onemocnéni a snizit estetickou pfitaZlivost ryb pro spotrebitele
(Bosakowskia Wagner, 1994). Erodované ploutve mohou byt nikou pro uchyceni sekundarnich
patogenud a mUze dojit ke snizeni osmoregulacni schopnosti a naruseni homeostaze. Moznosti,
jak redukovat poskozeni ploutvi je nékolik a zahrnuji optimalizaci hydraulickych pomér(
v nadrzi, krmnych rezim( a designu nadrZe. PoSkozeni ploutvi a mortalitu Ize definovat jako
hlavni ukazatele welfare u intenzivné chovanych ryb (Ellis et al., 2002).

Obr. 9. Zhusténa obsadka okouna fi¢niho v RAS systému.

2.1.2. Charakterizace populaci okounovitych ryb v intenzivni akvakultufe z pohledu fitness
a chovani.

Intenzivni chovy okouna fi¢niho a candata obecného jsou stéle jesté pomérné mladym
odvétvim evropské akvakultury (Policar et al., 2019). Tyto druhy ryb se v soucasné Evropé také
vyuzivaji k diverzifikaci sladkovodni akvakultury s cilem zvysit konkurenceschopnost
a rentabilitu produkénich  podnik(. V porovnani s dalSimi faremné chovanymi druhy
(napf. losos atlantsky Salmo salar nebo pstruh duhovy O. mykiss) u okouna fi¢niho, ale
i candata obecného, chybi systematickd selekéni prace. Jiz v minulosti bylo i diky kolektivu
autora reportovano, ze rGzné evropské okouni populace z volnych vod se liSi v genetické
variabilité (Toomey et al., 2020; Vanina et al., 2019a). Ceské, slovenské, finské a polské
populace se dale lisi ve specifické rychlosti rlistu a rlistové heterogenité pfti intenzivnim chovu
v juvenilni periodé (Vanina et al., 2019a), i larvalni periodé (Vanina et al., 2019b). Je zndmo, Ze
populace chované a rozmnozZované dlouhodobé (domestikované) podléhaji pFfimym
a neptfimym evoluénim zméndm zplsobenym umélym vybérem (selekci), pro pozadované
vlastnosti. V takovych podminkach se uplatnuji vlivy pfibuzenské plemenitby a genetického
driftu, zejména kdyz je efektivni velikost populace nedostatecna. V nasi dalsi préaci (Gebauer
et al., 2021 — Priloha 3) jsme se zaméfili na zjiSténi sou¢asného stavu intenzivné chovanych
populaci okouna ficniho na C¢tyfech evropskych farmach z pohledu morfologickych
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charakteristik, stavu poskozeni ploutvi, somatickych indexd, fitness, kriticka rychlost plavani,
stresova odolnost, chovani a agresivita. Literatura uvadi, Ze mezi prvni rysy, které jsou
ovlivnény domestikaci, patfi rysy chovani (Kohane a Parsons, 1988).

Z nasdich vysledkd je patrné, Ze porovndvané populace se neliSily v agresivité
hodnocené pomoci projevd, jako je atakovani spole¢né chovanych jedinc(, pronasledovani Ci
okusovani dalsiho jedince v hejnu. Rozdily byly pozorovany v celkové aktivité ryb, pficemz
populace z Danska (DAN) vykazovaly vyrazné vyssi aktivitu v porovnani s rybami z Francie
(ptvodem dvé farmy FRA | a FRA IlI) a Madarska (MAD). Nicméné, tento vysledek nasledné
nekorespondoval s fitness ryb v testu kritické rychlosti plavani mérené v plavacim tunelu
Steffensenova typu, kde se ryby plivodem z Francie a Ddnska vzajemné nelisily. Signifikantné
nizsi kriticka rychlost plavani byla zaznamendna u ryb plivodem z madarského chovu. Vyzkum
provedeny Reinboldem et al. (2009) reportuje nizsi plavecky potencial u domestikovanych
pstruht duhovych v porovnani s polodivokymi pstruhy. Ve shodé stimto zjiSténim jsou
i vysledky dalSich autort na morcaku evropském Dicentrarchus labrax (Benhaim et al., 2012),
kranasu americkém Seriola dorsalis (Wegner et al., 2018). Pasquet (2018) se domniva, Ze
domestikace snizuje plavecké vykony ryb, coZ ddva do souvislosti s fyziologickymi zménami
v pribéhu tohoto dlouhodobého procesu. Dale jsme se zaméfili na hodnoceni explorativniho
chovéani po umisténi nového objektu (kostka LEGO), pficemz bylo zjisténo, Ze prevaina vétsina
testovanych jedincl odpovidd zarazeni do kategorie plachych. Pouze u danské populace bylo
zjisSténo vétsi zastoupeni stfedné aktivnich a smélych jedincl. U stejné populace byly zjistény
s ostatnimi testovanymi populacemi. Rozdily v nejblizsi vzdalenosti od kostky stavebnice LEGO
nebyly u testovanych populaci prokdzany. Literatura uvadi, Ze explorativni chovani koreluje
s vyssi aktivitou, agresivitou a nizkou reakci na podnéty prostredi (Dingemanse et al., 2007;
Moretz et al., 2007). V nasi studii jsme vSak takovou korelaci nemohli detekovat, protozZe testy
aktivity, agresivity a stresové reakce na zhusténé obsadky byly provedeny na riznych rybach.

Pokud jde o dalSi testované parametry, tak signifikantné vys$si hodnoty
hepato-somatického indexu vykazovaly ryby z madarské farmy (1,86 + 0,46) a z francouzské
farmy FRA | (1,44 + 0,23). Jesté vyraznéjsi rozdily byly zaznamenany u indexu perivisceralniho
tuku, kde nejvyssi hodnoty vykazovaly opét ryby z madarské populace (5,34 +1,02). U
kardio-somatického indexu se zjisténé hodnoty napfi¢ populacemi neliSily. Dilci rozdily byly
zaznamenany u poskozeni jednotlivych ploutvi.

Ve vzorcich plazmy odebranych od ryb reprezentujicich rizné intenzivni chovy byly
zjistény jen nepatrné vlivy na biochemické ukazatele po provedeni testu stresové zatéze
snizenim hladiny vody a zhusténim obsadky (simulace aktivit na intenzivni farmé). Byly zjistény
jen nepatrné vlivy na hladiny metabolickych enzymi ALT, AST, ALP a LDH po provedeni testu
stresové zatéze. Prliikazné rozdily byly zaznamenany u koncentraci kortizolu a glukdzy, pricemz
se zda, Ze nejvice reaktivnimi populacemi byla madarskd a francouzskda FRA Il (Obr. 10).
Fevoldena et al. (2002) zjistili, Ze hladina kortizolu po vystaveni stresu je vyznamné dédéna
u jedinct pstruha duhového, ktefi vykazovali nizkou citlivost na stres v podobé zvySenych
hladin kortizolu. | tento fakt (de facto tolerance ryb vici stresu) muze byt uzite¢ny pro zvySeni
produktivity akvakultury okounovitych ryb.
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Obr. 10. Koncentrace stresovych markerll pred a po provedeni testu stresové zatéZe ve zhusténé
obsadce. Data uvedena jako prdmér £ SEM. Indexy oznacuji vyznamny rozdil (mald pismena v rdmci
populace, velka pismena mezi populacemi).

2.1.3. Vliv hypoxickych podminek na stresovou a imunitni odpovéd

Dalsim abiotickym faktorem, ktery jsme u v ramci intenzivniho chovu okounovitych
testovali, byla hladina kysliku v odchovném systému, konkrétné vliv hypoxie na imunitni
systém canddata obecného (P¥iloha 4). Je znamo, Ze nedostatecna saturace kyslikem (hypoxie)
patfi k jednomu z kritickych faktord pfi provozovani téchto vysoce intenzivnich odchovnych
systém. Pfi technickych problémech mize v RAS i pres veskeré systémy zabezpeceni a zalozni
zdroj elektrické energie dojit k akutnim hypoxickym situacim. Navic za urcitych okolnosti mlze
dojit vystaveni ryb nizkym hladindam kysliku po delsi dobu. Zde je pak riziko ovlivnéni pohody,
zdravotniho stavu ryb a imunitniho systému, coZ ma za ndsledek zvySenou nachylnost
k onemocnéni av kone¢ném dusledku i k ekonomickym ztratdm. Z druhého pohledu
i dlouhodobéjsi vystaveni vysokym koncentracim kysliku v fddu 140-150 % (hyperoxie) mGze
zpUsobit stres u ryb a vést ke zvySené nachylnosti k nemocem, redukci ristu a mortalité ryb
(Fridell et al., 2007). Obecné se v intenzivnich akvakulturnich systémech doporucuje udrzovat
minimalni nasyceni kyslikem na drovni 60 %, méfeno v odtoku z odchovné nadrze (Timmons
a Vinci, 2007).

V nasi praci jsme jako kontrolni normoxickou skupinu povazovali ryby odchovavané
v prostredi s koncentraci 8,3 mg/l a jako hypoxickou skupinu odchovévanou v koncentraci
kysliku 3,2 mg/l (40% nasyceni). Frisk et al. (2012) nedavno definovali hypoxicky stres pro
candata obecného na Urovni nizsi nez 40% nasyceni kyslikem (pro teplotni optimum v rozmezi
10,4 az 26,9 °C). Tato studie a dle nasich informaci ani Zzadna dalsi nezkoumaly mechanismy,
které jsou zakladem hypoxické stresové reakce. Hlubsi hypoxie mize zpUsobit oxidativni stres,
snizeny pfijem potravy a vede ke zvySeni pravdépodobnosti onemocnéni chovanych ryb
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(Fridell et al., 2007; Ritola et al., 2002). U candata obecného jsme vyhodnotili fyziologickou
odpovéd reakce ryb vystavenych nizkym hladinam rozpusténého kysliku a prekvapivé jsme
nezjistili vyznamné rozdily v koncentraci glukdzy, laktatdehydrogendzy a kortizolu v plazmé,
stejné tak jako ve spleno-somatickém indexu. Hypotézou bylo i to, Ze nizkd (neadekvatni)
koncentrace kysliku bude indukovat zmény v proporci lymfoidnich a myeloidnich bunék v krvi
a hlavové ¢asti ledviny. Vysledky ukdazaly, Zze pomér téchto bunék v krvi se u ryb chovanych
v hypoxii a normoxii béhem experimentu vyznamné neménil a byl na drovni 95 % lymfocytl
a 5 % myeloidnich bunék. Jina situace byla pozorovana v kompozici bunék v hlavové ledviné.
Béhem 28 dni experimentu vtomto organu pomér mezi myeloidnimi burikami a lymfocyty
v kontrolni skupiné vykazoval pouze mirnou fluktuaci v rozmezi od 63 % do 79 % lymfocytU
a 21 % az 37 % myeloidnich bunék. Vyraznéjsi zmény ve sloZzeni bunék byly pozorovany ve
skupiné vystavené nizké koncentraci kysliku, a to predevsim v pocatecni fazi vystaveni ryb
hypoxii (prvni, sedmy a ¢trnacty den), kdy byl pozorovan narlst podilu myeloidnich bunék,
ktery dosahl az 46 %.

Dale jsme hodnotili expresi osmi vybranych gen(l zapojenych do imunitni a stresové
odpovédi organismu k hypoxii. Obecné bylo nékolik genl méné exprimovdno v jatrech
a hlavové ledviné pfi nizkych koncentracich kysliku nez v kontrolni skupiné. V jatrech dva
z analyzovanych genll (FTH1 a NR3C1) a v hlavové ledviné jeden gen (EPAS1) vykazovaly
podobné vzorce prepisu. Zde byla Uroven exprese zminénych genll podobnd u obou skupin
(normoxie vs. hypoxie) na zacatku a na konci experimentu. Sedmy a ¢trnacty den skupina ryb
v hypoxii vykazovala nizsi hladiny transkriptd téchto gen(. Dale ¢tyti geny (HSP90AA1, FTH1
v hlavové ledviné a NR3C1, HIF1A v jatrech) vykazovaly statisticky rozdilné pocty transkriptd
ve skupinach ryb chovanych v normoxii a hypoxii. Dale byl sledovan pribéh peritonedlniho
zanétu po predchozim vystaveni hypoxii v porovndni s kontrolou. Za timto ucelem jsme pouzili
jiz drive osvédéeny model popsany kolektivem autord Korytar et al. (2013). Dalsi detaily studie
jsou popsany v Priloze 4.

2.2. Optimalizace vyZivy ryb v RAS s vyuZitim novych zdroju proteinu a krmnych aditiv

NavysSovani svétového vylovu z volnych vod je jiz trvale neudrzitelné, nebot dochazi
k postupnému vyloveni populaci a ohroZeni vyskytu nékterych druhG. Na rozdil od produkce
ryb z akvakultury, kterd ma stale potencidl rlst. Pro dalsi navyseni produkce je ale nutny
vyzkum a vyvoj novych technologii a strategii. Naptiklad v oblasti vyZivy ryb je nezbytny vyvoj
krmiv se specificky ucinnymi latkami podporujicimi nejen rlst ryb diky efektivnéjsi konverzi
Zivin, ale i zdravotni stav a odolnost ryb vic¢i nemocem a stravitelnost alternativ rybi moucky,
které jsou v posledni dobé stale ¢astéji zarazovany do krmnych receptur.

2.2.1. Vyuziti ¢esneku kuchynského jako krmného aditiva

V praci (Zare et al., 2021 — Pfiloha 5) jsme se zaméfili na moZnost suplementace krmiv
mouckou z ¢esneku kuchynského (Allium sativum). Po provedeni krmného experimentu jsme
nezjistili pozitivni vliv pfidavku ¢esneku (testované hladiny 10, 20 a 30 g/kg) na preZiti, rychlost
rastu, prijem a konverzi krmiva u okouna fi¢niho. V obsahu susiny, tuku a popelovin v mase
ryb 87 dni krmenych pridavkem ¢esneku nebyly pozorovany zadné vyznamné rozdily.

U vSech skupin suplementovanych ¢esnekem byla zjisténa vyrazné vyssi stravitelnost
susiny ve srovnani s kontrolou. Ddle vyrazné vyssi stravitelnost tuku byla zjiSténa ve skupindach
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s obsahem cesneku 10 g/kg a 30 g/kg ve srovnani s kontrolni skupinou. Mezi skupinami nebyly
pozorovany zadné rozdily ve stravitelnosti bilkovin. Tyto vysledky jsou ve shodé se studii na
motcaku evropském (Dicentrarchus labrax) a labeu avanském (Labeo rohita) (irkin a Yigit,
2015; Sahu et al., 2007). Naopak pozitivni vlivy na rist byly pozorovany u druhl Lateolabrax
japonicus a Salmo caspius a jsou davany do souvislosti s plisobenim bioaktivni slouceniny
¢esneku, véetné alliinu, allicinu a organickych sloucenin siry, zejména thiosulfinaty, které
zvysSuji traveni, pfijem Zivin a rlst (Lawson et al., 1998). V nasem experimentu nebyly
pozorovany vyznamné rozdily v aktivité alaninaminotransferazy a aspartataminotransferazy,
koncentraci triglyceridli a celkového proteinu v krevnim séru na konci krmného testu.
Na vSech testovanych drovnich byl pfidavek cesneku do krmiva spojen s vyznamné nizSimi
hladinami cholesterolu v krevnim séru. Dale vyrazné vyssi hladiny albuminu byly detekovany
ve skupinach G10 a G20 ve srovnani s ostatnimi skupinami.

Soucasti této prace bylo i provedeni stresové zkousky, kterou byly manipulace s rybami
a také snizeni hladiny vody v odchovné nadrzi. Po stresové situaci jsme se zaméfili na
vyhodnoceni koncentrace glukézy a kortizolu v krevnim séru, jakoZzto primarnich
a sekundarnich indikatort stresu, pred aplikaci stresové zkousky, bezprostfedné po stresové
situaci a vintervale 1, 6 a 24 h po stresové situaci. Kortizol je klicovy glukokortikoid u ryb
a bézny indikdator stresu, ktery zvysuje hladinu glukdzy v krvi v reakci na stres (Barton, 2002).
Bylo pozorovano, Ze prlibéh koncentrace kortizolu v krevnim séru byl v kontrolni skupiné bez
pfidavku ¢esneku vyrazné odliSny v porovnani se skupinami krmenymi pfidavkem cesneku
(podrobnosti v Pfiloze 5). Rovnéz prabéh koncentrace glukdzy v krevnim séru byl v kontrolni
skupiné odlisny od pribéhu ve skupindch krmenych pridavkem cesneku. Z vysledd vyplyva, Ze
pridavkem cesneku lze mirnit priibéh stresové reakce v zavislosti na manipula¢nim stresu
a stresu z vysoké obsdadky. Kortizol a katecholaminy indukuji glykolyzu a glukoneogenezi
v hepatocytech, a tim zvysuji koncentraci glukézy v krvi ryb. Tato zvySend hladina glukdzy
v krevnim séru tedy rovnéz indikuje vysSi Uroven stresu a zvySuje energeticky vydej ryb
(Barton, 2002).

2.2.2. Moznosti nahrady rybi moucky hmyzi mouckou v intenzivnich chovech ryb

Soubor praci zamérenych na vyzivu ryb z pohledu nahrad rybi moucky hmyzi mouckou
uvozuje prehledovy ¢lanek zaméreny na dopady pouZzivani téchto surovin na Zivotni prostredi
a zdroje protein plivodem z morskych ryb (Tran et al., 2022 — PFiloha 6). Hmyzi moucka
pUvodem z rlznych druh(l hmyzu se stala v poslednich letech slibnou alternativou tradi¢nich
zdroju proteinu v krmivech pro ZivocisSnou produkci véetné akvakultury. Existuje dostatek
studii, které potvrzuji vhodnost hmyzi moucky jako ¢aste¢né nahrady rybi moucky. Dalsi prace
naznacuji, Ze hmyzi moucka muaze kompletné nahradit séjovou moucku bez negativniho vlivu
na rust ryb, konverzi krmiva, stravitelnost a kvalitu filet (Bruni et al., 2018; Magalhaes et al.,
2017; Renna et al., 2017). Dosud publikované prehledové ¢lanky shrnuly a analyzovaly vlivy
hmyzich moucek jako nahrad za rybi moucku na produkéni parametry rliznych druhd ryb
v ramci akvakultury (Gasco et al., 2019; Hua et al., 2021). Cilem nasi prehledové prace bylo
charakterizovat dlsledky vyuzivani hmyzich moucek jako zdroje krmiv pro vodni Zivocichy na
Zivotni prostredi. Recenzované publikace hodnotici hmyzi moucku jako nahradu rybi moucky
v krmivech vodnich ZivocichG byly analyzovdny a po wvytfidéni pouZity pro vypocet
ekonomického pomeéru FIFO (potifeba morskych ryb jako zdroje proteinu pro produkci 1 kg
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akvakulturné odchovanych ryb), produkce pevného odpadu a dalSich dopadd na Zivotni
prostredi.

Nas prehled zdlraznil a kvantifikoval znacny dopad alternativnich zdroja proteinu
(hmyzich moucek, mikroras, bakteridlniho proteinu) zejména pro potencidl globalniho
oteplovani, spotiebu energie a vody. Soucasny stav pripisujeme nedokonalosti vyrobnich
technologii a nedostatecnym kapacitam pro Skdlovatelnost produkce. Odhadujeme, Ze
produkce hmyzu ve vétSich objemech by mohla sniZit dopad na Zivotni prostfedi a zaroven
konkurovat tradi¢nim ingrediencim. Zaroven z prehledové prace nepfimo vyplyva, ze hmyzi
moucka ma z alternativnich surovin nejvyssi potenciadl a prostor na zlepSeni chovatelskych
a zpracovatelskych technik, redukci naklad( a Skalovatelnost. Predevsim krmivo (schvdlené
substraty) pro chované druhy hmyzu bylo identifikovdno jako kategorie s nejvyssim podilem
na kalkulovanych environmentdlnich parametrech a zde spatfujeme nejvétsi prostor pro
zlepSeni atestovani vhodnych substratd, které v koneéném dusledku pfrispéji ke zlepSeni
environmentalniho pfinosu hmyzich moucek. Nejvétsi ¢ast energie spotfebované na vyrobu
hmyzi moucky je spojena s nutnosti vyhfivani chovid, susenim hmyzu azpracovanim na
moucku (De Boer et al., 2014). Jako strategické a energeticky uc¢inné reseni se jevi instalovat
zafizeni na produkci hmyzu v rovnikovém klimatu (Salomone et al., 2017). Rovnéz vyuziti
obnovitelné energie mize tento negativni vliv redukovat pfiblizné o 25 % (Smetana et al.,
2019).

Podle soucasného scénare vyvoje produkce ryb z akvakultury bude rybi moucka jako
omezeny zdroj proteinu blizko svym ekologickym limitidm do roku 2037, coz v kombinaci
s neustalym rlstem trZni ceny predstavuje velkou vyzvu pro odvétvi akvakultury (Shah et al.,
2018). Redukce spotieby ryb pro produkci rybi moucky a rybiho tuku je stézejni dlouhodobou
strategii udrzitelnosti populaci ryb vyuZivanych pro rybolov ijako zdroji pro akvakulturu
(Naylor et al., 2000). Podstatnd nebo uUplna ndhrada rybi moucky za hmyzi moucku ma
potencial sniZit ukazatel eFIFO na <1,0 u vétSiny intenzivné chovanych taxon( ryb, z odvétvi
akvakultury (tj. spotfebitele) by se tak mohl stat Cisty producent ryb (Kok et al., 2020). Dalsi
podrobnosti a detailni informace pfindsi Priloha 6.

2.2.2.1. VyuZiti hmyzich moucek druhu Hermetia illucens v krmivech pro karnivorni ryby
Produkce hmyzi moucky vyrazné snizuje tlak na Zivotni prostfedi a zdroje vody
v porovnani se séjovou mouckou (Salomone et al., 2017, Smetana et al., 2019) a vyznamné
snizuje dopad na vodni ekosystémy trpici nadmérnym lovem pelagickych ryb za Géelem vyroby
rybi moucky a rybiho oleje (Pfiloha 6). Nicméné mozZnosti nahrady rybi moucky hmyzi
mouckou jsou druhové specifické, a to jak z pohledu chovanych ryb, tak z pohledu pouzitého
druhu hmyzu (PFiloha 7). V soucasnosti je Evropskou reguli 2017/893 ze dne 24.5. 2017
povoleno sedm druhl hmyzu. V dalsi praci jsme v experimentalnich krmivech pro okouna
ficniho testovali ¢astecné odtuc¢nénou moucku z branénky Hermetia illucens. Tento druh
hmyzu je perspektivnim druhem organismu pro cirkuldrni systémy nejen v akvakulture. Larvy
a pupy se zZivi v podstaté jakymkoliv organickym substratem, jako je odpad ze zeleniny, odpad
z restauraci, krmivo pro kurata, digestat z bioplynovych stanic a dalsi organické substraty
rostlinného i Zivoc¢isného plvodu (Spranghers et al., 2017). Larvy jsou schopny pfeménit tento
odpad na hodnotnou biomasu bohatou na bilkoviny a tuky (van Huis et al., 2013). Nespornou
vyhodou chovu branénky v porovnani s dalSimi druhy hmyzu je, Ze v dospélosti nepfijima
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potravu kvlli absenci Ustniho otvoru, tudiZ neni potencidlnim prenasec¢em chorob (Smetana
et al., 2019). Ve vlastnim krmném experimentu jsme nenasli Zadné vyznamné rozdily v preZiti
ryb, hmotnostni heterogenité chovanych obsadek ryb, ani hematologickych indexech.
U odchovanych ryb rovnéz nebyly pozorovany rozdily v chemickém sloZzeni masa, predevsim
v susiné, obsahu bilkovin a tukd. Zaclenéni odtu¢néné hmyzi moucky z H. illucens na Grovni
60 % snizilo kone¢nou hmotnost téla ryb, specifickou rychlost ristu, prijem krmiva, retenci
proteinu, koeficient kondice a hepato-somaticky index. Podle Ringg et al. (2012) pfitomnost
vyssich koncentraci chitinu ve stravé zapficinuje redukci rastu ryb z dlvodu snizeni
energetické dostupnosti a stravitelnosti Zivin. Kpodobnym zavéridm dospél také
Weththasinghe et al. (2021), ktery tvrdi, Ze nizkd schopnost ryb vyuzivat chitin jako zdroj
energie redukuje rlst ryb pfi vy$sim obsahu hmyzi moucky v krmivech. NasSe studie tedy
ukdazala, Ze obsah moucky z H. illucens do 400 g/kg v dieté okouna nema vyznamny vliv na
tempo ristu. K podobnym vysledkiim dosli Renna et al. (2017) na dalsSim karnivornim druhu,
pstruhu duhovém, kde zastoupeni 40 % hmyzi moucky v krmivech bylo Uspésné pouzito bez
negativnich vlivi na preziti ryb, rychlost rlstu, kondici, somatické indexy a histomorfologii
stfeva. V nasi praci jsme zjistili, Ze se zvySujicim se zastoupenim hmyzi moucky v krmivech ryb
se ukazatel FIFO Uumérné snizuje. Fish-in-fish-out ratio (FIFO) je praktickym indikatorem
udrZitelnosti Zivotniho prostfedi a definuje, jaké mnoZstvi odlovenych ryb z volnych vod
zpracovanych na rybi moucku a olej je zapotrebi k vyprodukovani jednoho kilogramu ryb
na rybich farmach (Priloha 6).

Nové zavadéné suroviny pro vyrobu krmiv, které maji slouzit pro vyzivu ryb pro
humanni konzum, je nutno Siroce prostudovat a odhalit moZné pozitivni i negativni dlsledky
na organismus chovanych ryb. Proto jsme v dalsi praci (Pfiloha 8) testovali moucku
z H. illucens v krmivech pro intenzivni chov canddta obecného a pfinasime poznatky o vlivech
na histomorfologii a aktivitu oxidativnich enzym( ve stfevé a jatrech. V designu tohoto
experimentu jsme na rozdil od predchozi prace (Pfiloha 7) zaclenili do receptury vyznamny
podil rostlinnych zdroji proteinu. V pfedchozi studii na okounu fi¢nim &inil procentni podil
rostlinnych surovin 11-20 %, zatimco v praci na candatu obecném to bylo 42-48 %. Pouziti
hmyzi moucky v krmivech nezménilo aktivitu superoxid dismutazy v jatrech a strevé, aktivitu
katalazy v jatrech, aktivitu glutathion peroxidazy ve strevé Ci aktivitu glutathion S-transferazy
v jatrech candata. Vyznamné zvyseni aktivity glutathion S-transferazy bylo pozorovano ve
stfevé candata obecného krmeného stravou obsahujici hmyzi moucku (u vSech testovanych
skupin). Je zndmo, Ze tyto antioxidacni enzymy vykazuji rliznou aktivitu v rlznych orgdnech
a jatra jsou nejcitlivéjSim organem pfi zméné diety v RAS (Policar et al., 2016). Pokud jde
o detoxikaci ve stfevé enzym superoxid dismutdza hraje zasadni roli (Tang et al., 2013).

V ramci morfometrie a histopatologie byly pozorovany jen marginalni rozdily mezi
kontrolni skupinou a skupinami s odstupfiovanym zastoupenim hmyzi moucky. Na hranici
vyznamnosti (P = 0,065) bylo moZné pozorovat trend zaznamendvajici SirSi klky u skupiny
s 36% zastoupenim hmyzi moucky. Zarazeni hmyzi moucky do krmiv pro candata obecného
tedy nevyvolalo Zadné vyznamné morfologické zmény, coz nenaznacuje negativni pouziti této
suroviny pro fyziologii stfev. Mirna az tézka a multifokdlni az difuzni jaterni vakuolarni
degenerace byla zaznamendna u vsech skupin. Nicméné v kontrolni skupiné a skupiné s 9 %
hmyzi moucky byla jaterni degenerace vyssi nez v ostatnich testovanych skupinach. Dosazené
vysledky jsou v souladu s predchozimi studiemi na rdznych druzich ryb krmenych krmivy
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s obsahem hmyzich moucek (Elia et al., 2018; Zarantoniello et al., 2019). Nepfitomnost
kyseliny laurové (C12:0) a chitinu, které se v hmyzi moucce vyskytuji.

Vysledek analyzy OTU (operational taxonomic units — taxonomické jednotky)
neprokazal vyznamné rozdily v Shannonoveé indexu (ukazatel rozmanitosti spole¢enstva) mezi
testovanymi skupinami. Naproti tomu diverzita stfevnich bakterii porovnana Chaol indexem
mezi zjiSténymi druhy vykazovala trend vyssi rozmanitosti a druhové pestrosti ve skupinach
krmenych hmyzi mouckou. Pomoci PCA analyzy vytvorené na urovni rodl bylo také mozné
pozorovat urcity stupen oddéleni testovanych skupin. Dominantnimi OTU na drovni kmen(
byly Firmicutes bez ohledu pouZitou dietu. Candati obecni v kontrolni skupiné bez hmyzi
moucky vykazovali vyssi poCetnost Proteobakterii (26 %), zatimco Bacteroidetes (7-13 %) byl
prevladajicim kmenem u ryb krmenych krmivem s obsahem hmyzi moucky. Vysledky rovnéz
ukazuji po€etnost rodu Clostridium u ryb krmenych krmivy s 8 a 18 % hmyzi moucky. Zastupci
rodu Clostridium jsou povaZzovany za ucinné mikroorganismy pouZivané jako probiotika
v akvakultufe (Nayak, 2010). Bylo prokdzano, Ze Clostridium butyricum maji schopnost
patogenni inhibice u chovanych ryb (Gao et al., 2013). Bylo prokdzano, ze moucka H. illucens
moduluje bakteriadlni diverzitu a bohatost, které hraji zasadni roli ve vyZivé, imunologii
a zdravotnim stavu ryb, napf. pstruha duhového (Bruni et al., 2018; Rimoldi et al., 2021). Bylo
potvrzeno, Ze krmené druhy hmyzu jsou vhodné pro druhy ryb, které se ptirozené Zivi hmyzem
(Gasco et al., 2020a).

2.2.2.2. Vyuziti hmyzich moucek druhu Tenebrio molitor v krmivech pro karnivorni ryby

V ptedposledni praci zafazené v této habilitacni praci (Pfiloha 9) jsme pro vyuziti
v krmivech testovali moucku z larev potemnika moucného (T. molitor). Dospélci tohoto druhu
brouka nemohou byt v krmivech pouZiti, protoZe obsahuji chinony, které mohou reagovat
s bilkovinami, a sniZit tak jejich stravitelnost a nutri¢ni hodnotu (Rohn et al., 2006). Larvy
potemnikd moucnych jsou vSeZzravé a mohou byt krmeny rostlinami, ale i masem ¢i pefim.
NejcastéjSim substratem jsou vsak obilné otruby, mouka horsi kvality, séjova mouka, susené
odstfedéné mléko nebo kvasnice (Ramos-Elorduy et al., 2002). S cilem hlubsiho poznani jsme
vyznamnost této hmyzi moucky v krmivech zkoumali pomoci techniky stabilnich izotop(. Tato
analyza je cennym ndstrojem pro vyzkum vyznamnosti jednotlivych sloZek potravy predevsim
v ekologickych studiich (Post, 2002). Konkrétné jsme v nasi praci vyuzili pomér stabilni izotopu
dusiku a uhliku (6%°N, resp. §'3C) a Bayesovské modely (Parnell et al., 2013).

Poméry stabilnich izotopU hlavnich proteinovych slozek krmiva (rybi moucka, moucka
z T. molitor, kukufi¢na mouka), které jsme pouzili v experimentalnich krmivech, byly vyznamné
odlisné slogickou vyjimkou u séjového proteinového koncentratu a soéjové moucky
(tabulka 2). Pomér izotopu uhliku §'3C se mezi pfipravenymi experimentdlnimi krmivy nelisil,
av3ak zvysujici se zastoupeni hmyzi moucky vyznamné sniZilo hodnotu izotopu dusiku 6°N.
Déle jsme se zaméfili na diskriminaéni faktory A'3C mezi dietou a jednotlivymi tkanémi (krev,
jatra a svalovina). Diskriminaéni faktory A'3C v krvi (0,54-0,65 %) a jatrech (2,65-3,35 %o)
nebyly vyznamné ovlivnény pouZitou dietou. Nicméné A3C ve svaloviné byl vyznamné nizsi
u diet obsahujicich hmyzi moucku v porovnani s kontrolou. Pouziti hmyzi moucky vyznamné
zvysilo diskriminaci AN ve v3ech tkanich, pfi¢emz svalovina okouna vykazovala nejvyssi A°N
v porovnani s jatry a krvi. Prokdzali jsme negativni korelaci mezi diskriminacnim faktorem
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krmivo-svalovina AN a rastem ryb. Hmyzi moucka neni preferovanym zdrojem pro vystavbu
svaloviny a krve a podil hmyzi moucky byl disproporciondlni se zvySujicim se zastoupenim
hmyzi moucky v krmivu. lzotopové hodnoty testovanych tkani silné reflektovaly hodnoty
pFisludnych krmiv, zejména pro 8'°N, zatimco 6*3C byl mirné modifikovan.

V praxi je T. molitor primarnim konzumentem rlznych rostlinnych substratd (Cortes
Ortiz et al., 2016) a je tedy vice obohacen o izotopy *°N a 13C. To by mohlo vysvétlit vy3si 1°N
izotopovy ,,podpis“ hmyzi moucky v porovnani se séjovou a kukuficnou mouckou, které jsou
klasifikovany jako producenti. Na druhou stranu rybi moucka ziskand z morskych druhd ryb
pFindsi podstatné obohaceni o N (Kusche et al., 2018). Dalsi podrobnosti véetné grafu
z Bayesovského modelovani pro proporcionalni prispévek jednotlivych sloZek krmiva pro
vystavbu svalové tkané jsou uvedeny v Priloze 9. Toto byla prvni studie zkoumajici izotopové
,podpisy” a proporciondlni prispévek slozek krmiva pro vystavbu tkani ryb krmenych
experimentalnimi krmivy, kde byla rybi moucka ¢aste¢né nahrazena hmyzi mouckou.

Vzhledem ktomu, Ze ndhrada rybi moucky hmyzi mouckou je nové testovana
v krmivech pro akvakulturu, tak zaroven je kladen i diraz na welfare ryb, jejich fyziologické
ukazatele plavecké vykonnosti a metabolické funkce (Pfiloha 10). Plavani a metabolickd
aktivita jsou povazovany za dllezité proménné fyziologické aktivity ryb (Allen et al., 2021).
Kriticka rychlost plavani (Ucit) a spotfeba kysliku (MOz) a energie nutnd na premisténi (COT)
jsou meéfitelné parametry pro kvantifikaci vySe uvedeného. Tyto parametry spolu
s biochemickymi markery mohou odrazZet fyziologicky stres (Brett, 1964) ¢i vyZivny stav ryb
(McKenzie et al., 1998). Poznatky nasi prace se tykaji vlivu experimentalnich diet s obsahem
hmyzi moucky z druhu T. molitor na metabolismus, plavecky vykon a vydej energie. Pfedchozi
studie uvadéji, Zze zdroj bilkovin v krmivu ryb nema vliv na plavecky vykon (Chai et al., 2013),
vydej energie (Wilson et al., 2007) a spotiebu kysliku ryb (Gerile a Pirhonen, 2017). V nasi préci
byla u okount zjisténa kriticka rychlost plavani na drovni 97,42-117,23 cm/s nebo 5,43-6,49
BL/s (BL/s = délek téla za sekundu). Nicméné vlivy pouZiti krmiv s obsahem hmyzich moucek
na kritickou rychlost plavani, spotrebu kysliku a vydanou energii nebyly prokazany. Jiné prace
reportuji, ze predevsim zmény v profilu mastnych kyselin ve svaloviné mohou ovlivnit plavecky
vykon lososa obecného (McKenzie et al., 1998), morc¢dka evropského (Chatelier et al., 2006) a
sivena arktického Salvelinus alpinus (Pettersson et al., 2010). V nasi praci jsme zjistili, Ze vyssi
mnozstvi kyseliny olejové negativné korelovalo s plaveckym vykonem okouna Fiéniho, coz je
ve shodé s vysledky Wagnera et al. (2004), ktefi uvadéji, Zze tato mastna kyselina mlze narusit
¢innost enzymu palmitoyltransferazy, jenZ je odpovédny za zvySeni metabolismu éerveného
svalstva.

Dale jsme ryby testované na kritickou rychlost plavani podrobili hodnoceni
biochemickych parametrd v plazmé pred a po plavacim zatéZzovém testu. Nase vysledky
odhalily, Ze okouni, ktefi prosli zatéZzovymi testy plavani, méli dvojnasobnou hladinu glukézy
a desetinasobnou hladinu kortizolu v krvi v porovnani s netestovanymi rybami, coz je ve shodé
s vysledky Jentoft et al. (2005). Mira kortizolu v krvi u netestovanych okount (46,9-116,0) je
srovnatelna s Acarete et al. (2004). Nebyly zaznamenany signifikantni rozdily v koncentraci
Na+, K+, triglycerid(i a celkového proteinu v plazmé ryb pred a po zatézi, rozdily nebyly
shledany ani pfi porovnani mezi experimentalnimi skupinami. Pozorovali jsme signifikantni
zvySeni aktivity aspartataminotransferazy u okoun( fticnich, kteri prosli zatéZzovymi testy
v porovnani s netestovanymi jedinci. Aspartataminotransferdza je enzym, vyuzivany rybami
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pfi poskozeni jaternich bunék (Gharaei et al., 2011), ktery zprostfedkovava syntézu bilkovin
a glukoneogenezi (Masola et al., 2008). Dalsi podrobnosti o vlivu pouZité diety na biochemické
ukazatele pred a po zatéZovych testech jsou uvedeny v Priloze 10.

3. Zavéry

3.1. Vyznam vysledki pro védni obor a moZnosti sméfovani dalSiho vyzkumu

Priloha 1 je studie zaméfenda na optimalizaci kombinace rybni¢niho odchovu
rychleného plidku canddta obecného nasledného chovu v RAS. Prace se detailné zabyva
vlivem pocatecni velikosti pllidku, hustoty obsadky a protokolu pro prevod ryb z pfirozené
potravy na kompletni krmivo. Doporucenim je pro tento kombinovany zplsob produkce
pfevadét rychleny plidek o hmotnosti 0,42—-0,55 g (celkova délka téla 40—-42 mm) pfi
pocatecni hustoté nasazeni 8 ks/l. To odpovida délce odchovu v rybnicich na urovni 4,6 tydnu
(dle potravni nabidky).

Priloha 2 je druhou zatazenou studii optimalizujici hustoty obsadek v ramci
intenzivniho chovu v RAS. Prace popisuje vliv hustoty obsadky na produkéni parametry
a poskozeni ploutvi pfi rué¢nim krmeni a aplikaci krmiva specidlnimi samokrmitky v rdmci dvou
rdznych experimentl. Vysledky prokazuji, Ze hustota obsadky a management krmeni ma
vyznamny vliv na rlst a stav ploutvi. Zaroven se potvrdila hypotéza, Ze pouzivani samokrmitek
umoznuje efektivni vyuZiti hustoty obsadek, pravdépodobné v dusledku sniZzené uUrovné
stresu. Vysledky studie Ize vyuZit k dalsi optimalizaci intenzivni akvakultury okouna fi¢niho.

V Ptiloze 3 jsou prezentovany poznatky o chovani (personalité, agresivité), morfologii,
poskozeni ploutvi, odolnosti vici stresu a fitness okoun( fi¢nich pochazejicich z rdznych RAS
systémU( v Evropé. Jedna se o vysledky prvniho sledovani tohoto typu u nové zavedeného
druhu. SvyuzZitim ziskanych poznatki je Sance na vylepSeni metod intenzivniho chovu
a zaroven by tyto informace mély pomoci pfi domestikaci a selekénim programu pro potireby
moderni intenzivni akvakultury.

Interdisciplindrni vyzkum v Ptiloze 4 poskytuje hlubsi pochopeni vlivu chronicky nizké
saturace kyslikem na candata obecného chovaného v RAS. Prace nabizi bezprecedentni
pohled na zmény v imunokompetenci studovanych ryb a naznacuji robustnost tohoto druhu
akvakultury vzhledem k stresovym faktoriim intenzivni akvakultury v RAS.

Priloha 5 obsahuje informace o moznostech suplementace krmiv mouckou z ¢esneku
kuchynského v krmivech s ohledem na rlst, stravitelnost hematologii a odolnost ryb vici
stresu. Pridavek ¢esneku pozitivné ovlivnil stravitelnost tukd, hladinu cholesterolu a pribéh
stresové reakce v zavislosti na manipulaci s rybami. Testovand moucka z ¢esneku ma potencial
stat se funkénim dopliikem pro krmiva, protoze v davce 10 g/kg vykazuje pfiznivé Ucinky.
Zarazeni této ingredience do krmiv Ize doporudit jako alternativni strategii pro posileni
rezistence ryb vUci stresu.

Publikace v Prilohach 6, 7, 8, 9 a 10 predstavuji blok studii zabyvajicich se moznostmi
vyuziti hmyzi moucky. V prehledové praci (Pfiloha 6) jsme extrahovali data z rliznych
publikovanych studii (144 recenzovanych publikacich), abychom vyhodnotili dopady produkce
a pouziti hmyzi moucky v krmivech na Zivotni prostfedi, véetné potencidlu globalniho
oteplovani, vyuziti energie, vyuziti pidy, spotfebu vody, acidifikaci, eutrofizaci, ekonomicky
FIFO ukazatel (miru vyuZivani morskych zdroji) a produkci pevného odpadu. Publikace tak
poskytuje uceleny pohled na trendy, které jsou v soucasnosti povazovany za vhodnou strategii
minimalizace dopadu akvakultury na omezené zdroje proteinu v mofich.
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V Ptiloze 7 byl zhodnocen vliv inkorporace ¢astecné odtuc¢néné moucky z H. illucens na
produkéni parametry, chemické sloZeni a profil mastnych kyselin produkovanych ryb, sloZzeni
téla, hematologické parametry a environmentalni dopady pouZiti krmiva s riznym obsahem
hmyzi moucky. Rast byl redukovan pfi zaclenéni vice nez 60 % moucky z H. illucens, ale 40 %
zacleni Ize doporugit. Casteéné nahrazeni rybi mouéky hmyzi mou¢kou bude v budoucnu stale
vyznamnéjsi strategii, jak kryt proteinové naroky akvakultury jako odvétvi Zivocisné vyroby.

Dalsi prace (Pfiloha 8) ze série studii zamérenych na vyzivu ryby popisuje efekty diet
s obsahem odtu¢néné hmyzi moucky H. illucens v chovu candata obecného. Aplikace krmiv
obsahujicich moucku z H. illucens pozitivné modulovala rozmanitost stfevni mikroflory,
zejména pfi zafazeni této moucky az na uroven 18 %, coz odpovida 50% ndhradé rybi moucky.
Tato Uroven nahrady rovnéz zvysila abundanci bakterii rodt Clostridium, Oceanobacillus,
Bacteroides a Faecalibacterium. Inkorporace moucky z H. illucens ma vliv na aktivitu
oxidativnich enzymU v jatrech a ve stfevé, ale histologickd struktura stfeva zUstava
neovlivnéna.

V dalsi praci zarazené do habilitace (Pfiloha 9) je prezentovana dle nasich informaci
prvni studie zamérend na odhaleni vyznamu inkorporace hmyzi moucky jako zdroje proteinu
do krmiv pro karnivorni druh ryby, v tomto pfipadé okouna fi¢niho, pomoci analyzy stabilnich
izotopU uhliku a dusiku. Prace odhaluje i vyznamnost rybi moucky a rostlinnych ingredienci,
predevsim séji. Na zakladé studie doporucujeme 25% nahrazeni rybi moucky hmyzi mouckou
pro zajisténi optimalniho rlstu ryb a zdravi jater. Vyssi podil hmyzi moucky nevyvolal vyssi
relativni pFispévek k vyvoji tfi tkani (svalovina, jatra a krev). Prace pfinasi originalni data,
kompletné novy uhel pohledu na vyuzivani hmyzich moucek a naznacila dal$i smér vyzkumu,
ktery by mél byt vice zaméfen na moznosti kombinace hmyzich slozek krmiv s pridavkem
chitindzy za ucelem zvyseni vyuZitelnosti krmiv.

V posledni préci zafazené do habilitace (PFfiloha 10) poodhalujeme vlivy pouZziti hmyzi
moucky z potemnika domaciho na schopnost a kapacitu plavani, spotifebu kysliku, vyuZiti
energie a fyziologickou odezvu organismu v testech na kritickou rychlost plavani. Nase studie
ukazuje, Ze wvyuZiti hmyzi moucky v krmivech pro okouna fiéniho nikterak negativné
neovliviuje fyziologii plavani, spotfebu kysliku a nachylnost ke stresu.

3.2. Vyuziti dosazenych vysledk p¥i vyuce

Teoretické i praktické poznatky, které jsou soucasti této habilitaéni prace, byly vyuzity
pfi vyuce studijniho predmétu s nazvem , Recirkulaéni akvakulturni systémy“ v magisterském
studijnim programu Fakulty rybafstvi a ochrany vod Jihogeské univerzity v Ceskych
Budéjovicich. Na ziskavani nékterych vysledkd prezentovanych v této praci se vyznamné
podilela dfivéjsi studentka doktorského studia Ing. Markéta ProkesSova, Ph.D. a aktudlni
(v dobé pripravy habilitacni prace) studenti doktorského studia Ing. Jan Matousek, MSc. Hung
Quang Tran a MSc. Mahyar Zare. Dale byli zapojeni tfi studenti magisterského studia, a sice
Bc. Ondiej Tomasek, Bc. Jan Volsky a Bc. Jakub Cejka. V rdmci bakalafské prace dil¢i téma
zpracoval Marek Kodras. VysSe jmenovani studenti pracovali pod vedenim autora habilitacni
prace s vyjimkou bakalarské prace Marka Kodrase, kde autor figuroval v pozici konzultanta.
Dale byli zapojeni studenti doktorského programu, kde autor habilitacni prace nebyl v pozici
Skolitele, a sice MSc. Tatyana Gebauer, Ph.D., Ing. Jifi Kfistan, Ph.D., MSc. Nadine Schéfer
a MSc. Oleksandr Movchan.
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3.3. Vyuiiti dosazenych vysledki pro praxi

Soucasnym trendem je stdle ¢astéjsi vyuzivani RAS k produkci ndsadovych a trznich ryb
v produkénim rybarstvi. Technologie RAS vyZaduje efektivni péci, udriovani optimalnich
parametrd prostredi a druhové specificky management chovu a pro tyto aspekty lze vyuzit
poznatk(l prezentovanych v Pfilohach 1-4. Z druhového hlediska jsem se v habilitacni praci
vénoval predevsim okounu ficnimu a candatu obecnému. Tyto druhy ryb se v sou¢asné Evropé
také vyuzivaji k diverzifikaci sladkovodni akvakultury s cilem zvysit konkurenceschopnost
produkénich podnikl a podnitit zajem spotrebitell o kvalitni rybi maso, které pravé tyto druhy
nabizi.

Znalost vlivu alternativnich krmnych ingredienci pro posileni imunitniho systému
a stresové odolnosti ryb muzZe vyustit v zafazeni téchto ingredienci do krmiv a muze
predstavovat alternativni strategii pro posileni rezistence ryb vici stresovym situacim a s tim
spojenymi sekundarnimi problémy. Pouzité alternativni suroviny jsou béiné k dispozici,
a proto jsou potenciondlnimi uzivateli pfedevsim krmivarské a zpracovatelské firmy, které
intenzivné hledaji suplementy krmiv posilujici odolnost chovanych ryb. Vysledky ze studii
s ndhradami rybi moucky predstavuji rozsifeni znalosti o Ucinku pouzitych surovin v krmivech
a efekty na kvalitu masa ryb, produkéni charakteristiky, stravitelnost Zivin, kompozici
mikroorganismu ve stfevé a dopady vyuZivani téchto krmiv na Zivotni prostredi. Zarfazeni
hmyzich moucek do krmiv mUZe byt v praxi alternativni strategii pro ekologickou intenzifikaci
chovl ryb a snizeni zavislosti na mofrskych zdrojich proteinu. Potencionalnimi uZivateli
vysledk(l jsou predevsim krmivarské a chovatelské firmy, které vyuZiji tyto intenzivné
environmentalné pfijatelné nahrady rybi moucky jako zdroje proteinu pro krmiva
v akvakultute s potencidlem modulovat stfevni mikrofléru véetné dalSich benefitd.
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6. Cesky abstrakt

Stejskal, V., 2021. Optimalizace intenzivniho chovu a vyZivy ryb v recirkulaénich akvakulturnich
systémech. Habilitaéni prace, Jihoceska univerzita v Ceskych Budéjovicich, Fakulta rybéfstvi
a ochrany vod, Vodriany: 192 s.

Habilitacni prace je tvorena souborem 10 publikaci v ¢asopisech s impakt faktorem. V prvni
Casti je prace zamérena na optimalizaci abiotickych faktor( v recirkulacnich akvakulturnich
systémech, predevsim velikosti nasazovanych ryb, husté obsadky a zplsobu krmeni. Dale jsou
prezentovana data o rozdilech v chovani, kondici ploutvi, fitness, agresivité a stresové
odolnosti u okount ficnich (Perca fluviatilis) plvodem zintenzivnich podminek rdznych
evropskych chovl vyuZivajicich recirkulaéni technologii. Druhd ¢&ast prace se vénuje
optimalizaci vyZivy ryb z pohledu pouziti moucek rostlinného plvodu, a predevsim hmyzich
moucek jako vyznamné alternativy k rybi moucce. Jsou popsany pozitivni G€inky pFi zaclenéni
moucky cesneku setého Allium sativa do krmiv pro zmirnéni nasledk( stresovych situaci. Blok
studii zamérenych na vyuZivani hmyzich moucek je uvozen prehledovou praci sumarizujici
vlivy trendu inkorporace hmyzich moucek na environmentdlni parametry, jako je produkce
sklenikovych plyn(, spotfeba vody, spotfeba energie, acidifikace, eutrofizace, potfeba pldy,
produkce pevného odpadu, emise fosforu, emise dusiku a potfeba krmnych ryb pro produkci
jednotky faremné chovanych ryb. Ddle je moznost ndhrady rybi moucky hmyzi mouckou,
jakozto jedna z neslibnéjsich alternativ pro soucasné zdroje proteinu, studovdna z mnoha
raznych pohledl. Pozornost je vénovadna predevsim mouckam druhl Hermetia illucens
a Tenebrio molitor a jejich Ucinnost v krmivech pro okouna fi¢niho a candadta obecného
(Sander lucioperca). Prace se v této ¢dasti zabyva vlivy téchto alternativnich krmiv na produkéni
charakteristiky, fyziologii chovanych ryb véetné spotifeby kysliku a fitness, hematologické
parametry, odolnost vici stresu, histomorfologii jater a stfeva, antioxidacni odezvu a modulaci
spolecenstva stfevni mikrofléry. Analyza stabilnich izotopl je pouZita pro objasnéni
vyznamnosti jednotlivych komponent krmiv véetné hmyzi moucky pro vystavbu tkani jater,
krve a svaloviny.

Klicova slova: Intenzivni chov, pohoda zvifat, stres, mikrobiom, vyziva, stravitelnost, hmyzi
moucka, krmna aditiva
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7. Anglicky abstrakt

Stejskal, V., 2021. Optimization of intensive fish culture and nutrition in recirculating
aquaculture systems. Habilitation thesis, University of South Bohemia in Ceské Budéjovice,
Faculty of Fisheries and Protection of Waters, Vodriany: 192 p.

The habilitation thesis is composed of a group of ten papers published in high-impact journals.
The work in the first section focuses on optimizing abiotic parameters in recirculating
aquaculture systems, particularly the initial body size of stocked fish, stocking density, and
feeding strategy. Furthermore, data on behavior differences, fin condition, fitness,
aggressiveness, and stress resistance of European perch (Perca fluviatilis) originating from
intensive conditions of various European farms using recirculation technology are presented.
The second part of the work is devoted to the optimization of fish nutrition in terms of the use
of meals of plant origin, and especially insect meals as important alternatives to fish meals.
The benefits of using garlic Allium sativa meal in feeds to help alleviate the impact of stressful
situations are addressed. A review of the effects of insect meal incorporation on
environmental parameters such as greenhouse gas production, water consumption, energy
consumption, acidification, eutrophication, land demand, solid waste production, phosphorus
emissions, nitrogen emissions, and forage fish required for the production of a unit of farmed
fish introduces the block of studies focused on the use of insect meal. In addition, the
possibility of replacing fishmeal with insect meal, which is one of the most promising
alternatives to existing protein sources, is being researched from a range of viewpoints.
Particular attention is paid to Hermetia illucens and Tenebrio molitor meals and their
effectiveness in feed for perch and pikeperch (Sander lucioperca). The effects of these
alternative feeds on production characteristics, farmed fish physiology, including oxygen
consumption and fitness, hematological parameters, stress resistance, histomorphology of
the liver and intestine, antioxidant response, and modulation of the intestinal microflora
community are discussed in this section. Individual feed components, such as insect meal, are
studied using stable isotope analysis to determine their importance in the development of
liver tissue, blood, and muscle.

Key words: Intensive culture, animal welfare, stress, microbiome, nutrition, digestibility,
insect meal, feed additives
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The effect of fish size and stocking density on the weaning
success of pond-cultured pikeperch Sander lucioperca L.
juveniles
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Abstract The effect of initial fish size (small with TL = 40.3 £+ 2.3 mm and
W =042 £ 0.15 g, medium with TL = 56.2 & 2.7 mm and W = 1.66 + 0.4 g, and big
with TL = 71.0 & 3.2 mm and W = 2.95 £ 0.65 g) and stocking density of identical fish
with TL = 40.3 & 2.3 mm and W = 0.42 + 0.15 g (1; 2; 4; 8 fish 1’1) on weaning suc-
cess was evaluated in pond-cultured pikeperch. The trial was divided into weaning
(12 days) and post-weaning (16 days) periods. Small juveniles reached significantly higher
specific growth rate (SGR = 1.6 + 0.2 % day’l) and survival rate (S = 81.7 &= 2.7 %)
and lower cannibalism (C = 3.0 & 0.75 %) compared to medium and large juveniles
(SGR = 0.3-0.5 % day ™', S = 65.3-76.5 %, C = 6.5-7.5 %) during the weaning period.
The higher survival rate was found at the two higher densities (S = 72.0-79.1 %) during
the weaning period. The lowest survival rate (S = 38.9 £ 2.7) was observed at the lowest
fish density. Fish stocking density did not affect growth, condition, or cannibalism rate
during the weaning period. Similar trends of growth, survival, and cannibalism of weaned
juveniles were observed during the post-weaning period. A mass weaning trial verified
experimental results showing small pikeperch juveniles to reach satisfactory growth rate
(SGR=144+01 and 72+02% day_l), survival (S =787 £3.0% and
97.6 £ 1.0 %), and cannibalism (C = 4.0 £ 1.5 % and 2.5 £ 1.0 %) rates during the
weaning and post-weaning periods. No body or fin deformities of weaned juveniles were
observed.
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Recirculation aquaculture system - Survival
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Introduction

The European pikeperch Sander lucioperca L. with delicate flesh and attractiveness as a
game fish is among the most valuable freshwater fish in Europe (Kestemont and Melard
2000; Schulz et al. 2007) and highly sought by the European market (Dil 2008; Setil4 et al.
2008). The major supply of market-size pikeperch is provided by natural fisheries.
Unfortunately, pikeperch catches are drastically decreasing in Europe due to overfishing
and the decline of wild stock (Dil 2008; Miiller-Belecke and Zienert 2008). Currently, the
pikeperch market is fluctuating and undersupplied in most European countries (Dil 2008).
Intensive pikeperch farming in recirculation aquaculture systems (RAS) has been devel-
oped during the past 15 years, mainly in the Netherlands, Finland, Denmark, and France
(Philipsen 2008; Van Mechelen 2008; Fontaine 2009). A list of currently operating
pikeperch farms is presented in Table 1.

European intensive pikeperch farming has mainly utilized a controlled culture cycle
including broodstock nutrition (Wang et al. 2009a), the induction of normal (Demska-
Zakes and Zakes 2002) or out-of-season spawning (Zakes and Szczepkowski 2004; Ronyai
2007; Zakes 2007; Miiller-Belecke and Zienert 2008), egg stripping and artificial fertil-
ization (Ronyai 2007) or natural egg production and fertilization (Demska-Zakes and
Zakes 2002), controlled egg incubation, hatching (Ronyai 2007), larvae (Ostaszewska et al.
2005; Kestemont et al. 2007; Lund et al. 2011) and juvenile nursery (Zakes et al. 2004;
Schulz et al. 2005, 2007, 2008; Luchiari et al. 2006, 2009; Wang et al. 2009b), and
ongrowing culture with rapid growth rate (Molnar et al. 2004; Ronyai and Csengeri 2008).
This production cycle has been associated with a lower per cent of spawning fish, reduced
fertilization, and hatching rates, and high larval deformity and mortality compared to wild
or pond-cultured pikeperch (Schlumberger and Proteau 1996; Demska-Zakes and Zakes
2002; Kestemont et al. 2007; Wang et al. 2009a). Currently, intensive pikeperch farms
provide insufficient numbers of high-quality larvae and juveniles for ongrowing (Philipsen,
personal communication), limiting production and profit (Schram 2008). The combination
of pond and RAS culture of pikeperch for juvenile production intended for ongrowing can
address this situation (Malison and Held 1992; Ruuhijarvi and Hyvarinen 1996; Zakes and
Demska-Zakes 1996; Zakes 1997a, b). Pond culture of pikeperch larvae and juveniles
provides high-quality and more or less stable production (Hilge and Steffens 1996; Zakes
1999; Peterka et al. 2003; Adamek and Opacak 2005; Musil and Kouril 2006). The
weaning of pond-cultured juveniles to ensure adaptation of fish to artificial food, and high
survival rate during weaning has been improved with the innovative feeding techniques

Table 1 Current operating
intensive pikeperch farms in
Europe

Countries Pikeperch farms

The Netherlands Excellence fish farm
Lont en s van baaren
Van Slooten Aquaculture
Viskweekcentrum

Finland Kidus
Savon Taimen
Hanka-Tainen

Denmark Aquapri

Lyksvad Fish farm
Czech Republic Fish Farm Bohemia
France SARL Asialor
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(Zakes and Demska-Zakes 1998; Ljunggren et al. 2003; Altun et al. 2008) and optimization
of water temperature (Zakes 1997b, 1999). Zakes (1997a, b, 1999), Zakes and Demska-
Zakes (1996), Szkudlarek and Zakes (2002), and Molnar et al. (2004) have studied the
effect of fish size and stocking density of pond-cultured pikeperch on the survival and
growth rate during weaning. However, all mentioned studies were experimental works
without the effect on the pikeperch farms. The aim of this study was to evaluate the effect
of differing fish size and stocking density on weaning success in pond-cultured pikeperch
juveniles and to investigate an optimal protocol for weaning of pond-cultured pikeperch
juveniles for practical application.

Materials and methods
Broodstock reproduction

Twenty-four pond-cultured pikeperch broodstock (12 females TL = 563.4 £ 52.0 mm,
W = 1902.5 + 405 g and 12 males TL = 545.0 & 45 mm, W = 1702.0 £ 301 g) were
used for production of larvae. Fish, at a sex ratio 1:1, were kept in 1 x 1 x 0.8 m cages
within flow-through tanks. All broodstock were injected intramuscularly with a single dose
of human chorionic gonadotropin (hCG) at 500 IU per kg of fish body weight before the
spawning period, when oocyte maturity reached stage III. Other details of spawning
protocol were according to Demska-Zakes and Zakes (2002), and Kristan et al. (2012).
After natural spawning and fertilization, cages with artificial nests containing fertilized
eggs were moved into 12 tanks within the RAS of the University of South Bohemia,
Faculty of Fisheries and Protection of Waters (USB FFPW). Each nest was incubated
separately under controlled conditions (7' = 15.5 £ 0.75 °C, oxygen level = 97 + 1.8 %,
pH = 7.5 £ 0.1, NH; < 0.02 mg 1!, NO,” < 0.01 mg17").

Pond culture of larvae and juveniles

Swimming larvae were harvested and counted from cages 2 days after hatching on May 5,
2009. Larvae (n = 798,000) were transported in twelve 50-1 polyethylene bags
(66,500 larvae in each bag) with oxygen environment (20 1 water and 30 | oxygen) for
stocking into two fish production ponds at Fisheries Nove Hrady Ltd. Hadac pond
(48°48'6.243"N, 14°49'1.696"E), with an area of 2.66 ha, and Bejkovna pond
(48°48'12.188"N, 14°48'53.242"E), with an area of 1.33 ha, were prepared prior to
stocking according to studies by Musil and Kouril (2006) and Stejskal et al. (2009). Initial
larval density in both ponds was 200,000 larvae per ha. In total, 532,000 and 266,000
larvae were stocked into Hadac and Bejkovna ponds, respectively.

Pikeperch larvae and juveniles were reared under natural pond conditions for 42 days,
with inspections conducted at 14-day intervals. Size and condition of pikeperch,
zooplankton levels, and water quality (water temperature = 17.3 + 1.0 °C, oxygen
level = 64.0 +45%, pH=699+035mgl!, NH, =024 +£0.1mgl"' and
NO;~ = 0.54 + 0.2 mg 1™') were evaluated according to the method of Peterka et al.
(2003). Juvenile culture was completed in both ponds on the same date, when the
decreased natural food supply, cannibalism, and bi-modal fish size were observed (Hilge
and Steffens 1996; Peterka et al. 2003).

Pikeperch juveniles were harvested in outlet channel with special net cage according to
experience gained from the studies Stejskal et al. (2009) and Policar et al. (2011). Care was
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taken in manipulation, and juveniles were transported in a solution of 1 g NaCI1~' to RAS
of USB FFPW.

Grading and transfer of juveniles to RAS

Juveniles were categorized into three size groups (small: TL = 40.3 4+ 2.3 mm, W = 0.42 +
0.15 g; medium: TL = 56.2 + 2.7 mm, W = 1.66 £ 0.4 g; and large: TL = 71.0 &+
3.2 mm, W = 2.95 £ 0.65 g) and stocked into 21 cylindrical tanks (volume 185 1) in the
RAS. Water temperature was maintained at the ambient temperature in ponds (19.5 °C) for
the duration of the trial.

Experiment 1. The effect of initial fish size on weaning success

Three initial fish size groups, small (S), medium (M), and large (L), were assessed during the
weaning and post-weaning periods. Each size group was tested in triplicate. Nine tanks with
identical fish density (8 juveniles 17") were stocked with 13,320 juveniles. The size groups
represented initial biomass densities of S = 3.36 g 17, M = 1328 g I''; L =23.6 17",

Experiment 2. The effect of initial fish density on weaning success

Four fish initial densities (D1 = 1fish1™'; D2 = 2fish1™'; D3 = 4fish1~';and D4 = 8 fish
17") were evaluated during weaning and post-weaning periods. Each density level was tested
in triplicate. In total, twelve tanks were stocked with 8,325 small juveniles
(TL =40.3 £ 2.3 mm; W = 0.42 £ 0.15 g) at the four densities, which resulted four initial
biomass densities: D1 = 042 g17; D2 =084 ¢g17; D3 =168 g 17, D4 =336 g1,

At the end of the experiments, the effect of initial fish size and initial fish density on
growth, survival, cannibalism, and fish condition was assessed.

Verification of experimental results by mass weaning

Mass weaning was conducted 1 year after the initial experiments under conditions of fish
farm USB FFPW. Size (TL = 42.4 + 2.4 mm, W = 0.55 + 0.23 g) and initial fish den-
sity (8 fish 17") found in the original trial to produce optimal results were used for the mass
weaning verification of experimental results. Identical reproduction, pond culture, and
weaning protocols as in the original trial were followed. Six 800-1 tanks within the RAS of
USB FFWP were used. The same parameters (growth, survival, cannibalism, and fish
condition) were assessed at the end of weaning and post-weaning periods.

Weaning and post-weaning period in juveniles

A weaning schedule comprised of weaning (12 days) and post-weaning period (16 days)
was employed in all parts of the study. Weaning, the point at which all surviving juveniles
fully accepted artificial food under the controlled conditions of the RAS, was conducted by
the following procedure.

Optimal environmental conditions for pikeperch culture (water tempera-
ture = 22.0 + 1.5 °C, oxygen level = 85 £ 15 %, light regime = 16L:8D, light inten-
sity = 100 1x at water surface) (Hilge and Steffens 1996) were initiated during the second
day after stocking into RAS. Fish were not fed during the two first days after stocking.
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Frozen chironomid larvae—red worms (Chironomus plumosus)—were fed on days three
and four. A combination of frozen chironomid larvae (75 %) and commercial starter Inicio
Plus from BioMar Ltd. (25 %) was fed on days 5 and 6. Subsequently, an increasing
proportion of commercial starter in the daily ration was applied every 2 days of the
weaning period (50 % chironomid larvae: 50 % starter on days 7 and 8, and 25 % chi-
ronomid larvae: 75 % starter on days 9 and 10). Juveniles were fed 100 % commercial
starter on days 11 and 12. All foods were offered by hand every 30 min during the light
phase ad libitum according to the feeding behaviour of fish.

All surviving juveniles accepted artificial starter after day 12, completing the weaning
period. A post-weaning period of 16 days was used as verification of completed weaning.

Dead fish were removed and counted during every day of the weaning and post-weaning
periods. At the end of each period, surviving fish were harvested and counted, and a
representative sample of 33 juveniles was collected from each tank. Cannibal specimens
were separated by a fish sorter and removed from each group during the manipulation with
fish at the end of each period. Survival rate (S in %) was calculated as S = (J,/J;) x 100,
where J, is number of surviving juveniles, and J; is number of stocked juveniles. Can-
nibalism rate (C in %) was calculated as C = [(J; — SDJ — J,)/J;] x 100, where SDJ is
the sum of dead juveniles removed from the tank during each period. Individual body
weight (W) was measured by a Mettler electronic balance (model AE 200) to the nearest
0.1 g, and TL was measured by a calliper to the nearest 0.1 mm. Specific growth rate
[SGR = 100 t~' In (WZVIF]I), where W, and W, are initial and final body weights in g, and
t is growing period in days] and condition level [Fulton’s condition coefficient FC = (W/
TL?) x 100, where W is final body weight and TL is final total length of fish] were
calculated after biometric analysis of fish from representative samples.

Protein, fat, and energy analysis of feeds was conducted by the Food Research Institute of
Prague according to CSN 467092 standard. Fatty acid composition was analysed according to
Mraz and Pickova (2009) with a Varian CP3800 gas chromatograph (Stockholm, Sweden).
Fatty acids were identified by comparison with the standard mixture GLC-68A (Nu-check
Prep, Elysian, MN) and using retention times. Peak areas were integrated with the Star
chromatography Workstation software version 5.5 (Varian AB, Stockholm, Sweden). An
internal standard 15-methylheptadecanoate (Larodan Fine Chemicals AB, Malmo, Sweden)
was used for calculation of the absolute amount of individual fatty acids (Table 2).

Statistical analysis

All data of growth (TL, W, SGR), condition (FC), and survival (S and C) are presented as
mean (£ SE), and statistical assessment was performed by Statistica software 6.1 (StatSoft,
Inc. Czech Republic). One-way analysis of variance ANOVA (P < 0.05) followed by Tu-
key’s multiple comparison test (TL, W, and FC) or nonparametric Kruskal-Wallis test (SGR,

S, and C) was used for comparison of growth, condition, and survival among the three size and
four density groups at the end of the weaning and post-weaning periods and mass weaning.

Results
The effect of initial fish size on weaning success

During the weaning period, small juveniles reached significantly higher SGR (1.6 £ 0.2 %
dayfl) and survival rate (S = 81.7 £ 2.7 %) compared to growth (SGR = 0.3-0.5 %
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Table 2 Composition of feeds
used for all experiments

 Per cent dry matter
® Per cent total fatty acid fraction
¢ MJ kg~! in dry matter

Parameter

Chironomid larvae

Starter Inico Plus

Diameter (mm)
Protein®
Fat®

Fatty acids®
12:0

14:0

15:0

16:0

17:0

18:0

20:0

22:0

14:1

16:1 (n — 7)
17:1

18:1 (n — 9)
18:1 (n — 7)
20:1 (n — 9)
22:1

24:1

18:2 (n — 6)
18:3 (n — 6)
20:4 (n — 6)
18:3 (n — 3)
18:4 (n — 3)
20:5 (n — 3)
22:5 (n — 3)
22:6 (n — 3)
> SFA
>"MUFA
>"PUFA
n—3

n—=6
n—=6h-3
Net energy®

9-13
65
1

0.1
32
22
20.3
1.6
6.6
0.7
0
L5
13.9
2.1
15.1
4.6
0

0

0
13.6
0.6
2.4
3.4
0.4
7.7
0

0
34.7
37.2
28.1
11.5
16.6
1.4
15.1

1.1-1.5 (1:1)
55
20

0.2
52
0.4
16.4
0.2
2.5
0.2
0
0.1
7.8
0
12.9
1.7
3.8
6.2
0.4
22.6

0.3
2.4
2.4
73
0.6
6.6
25.0
33.0
42.1
19.3
22.8
12
20.0

dayfl) and survival rate (S = 65.3-76.5 %) of medium and large juveniles. A higher
cannibalism rate was found in large and medium juveniles (C = 7.5 &+ 2.5 % and
6.5 + 2.5 %) compared to small ones (C = 3.0 & 0.75 %) during weaning (Table 3). No
difference in growth, survival, and cannibalism rate was observed between small and
medium juveniles or between medium and large groups during the post-weaning period. A
difference in growth, survival, and cannibalism rate was found only between small and
large juveniles (Table 4). Fulton’s condition coefficient was similar in all groups during
both weaning and post-weaning periods. A higher SGR of pikeperch juveniles was found in
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the post-weaning period compared to the weaning period. No body or fin deformity of
weaned juveniles was found in any group during both experiments.

The effect of initial fish density on the weaning success

No differences in growth, fish condition, and cannibalism rate were found among the initial
fish density groups. However, significant differences in survival rate were observed. The
lowest survival rate (S = 38.9 £ 2.7 %) was seen at the lowest stocking density (D1), and
the highest survival rates were evident at higher densities (D3 = 72.0 £ 2.2 % and
D4 =79.1 £ 2.1 %) after the weaning period (Table 3). Statistically similar fish condi-
tion, growth, and cannibalism rates were recorded for all fish densities after the post-
weaning period. Higher survival rate (91.4-96.5 %) was found in the two higher fish
densities (D3 and D4) compared to densities D1 and D2 (82.1 and 84.7 %, respectively)
(Table 4). No body or fin deformities of weaned juveniles were found.

Verification of experimental results by mass weaning

A high survival rate was found after the weaning and post-weaning periods (78.7 £ 3.0 %
and 97.6 £ 1.0 %, respectively) of the mass juvenile weaning under fish farm conditions.
Cannibalism rate was 4.0 & 1.5 % and 2.5 £ 1.0 % after the weaning and post-weaning
periods, respectively. Lower SGR (1.4 & 0.1 % day™ ') was found during the weaning
period and higher SGR (7.2 + 0.2 % day’l) during the post-weaning period. Fulton’s
condition coefficient after weaning was lower (FC = 0.6 & 0.15) compared to FC
0.8 £ 0.2 after the post-weaning period. No body or fin deformities of weaned juveniles
were observed during this part of our study. These results verified experimental results
indicating that small pikeperch juveniles under higher fish density show acceptable growth
and survival during and after weaning (Table 5).

Discussion

The transition of pond-cultured pikeperch juveniles to controlled conditions and artificial
food is a critical aspect for increasing efficiency of pikeperch culture (Zakes 1999;
Ljunggren et al. 2003). Pond culture of pikeperch juveniles provides high-quality fish
without deformities at low production cost (Policar et al. 2011). However, this system has
limitations regarding fish survival and growth rate, which are dependent on factors
including weather conditions, water quality and temperature, natural food supply, canni-
balism, and predators (Hilge and Steffens 1996; Zakes 1999; Bodis and Bercsenyi 2009).
Zakes and Demska-Zakes (1998) reported higher growth rate of intensively reared juve-
niles fed artificial food compared to those fed zooplankton. Weaning of pond-cultured
juveniles to commercial feed has been developed in Europe over the past 15 years as an
effective tool for increasing fish supply and diversification of European intensive aqua-
culture. Most studies have shown low survival rates of 42.2-47.5 % in weaned pikeperch
juveniles after transition (Skudlarek and Zakes 2002; Molnar et al. 2004), while Zakes
(1999) obtained survival rates of 62.5-82.0 % in juveniles with initial TL = 39.4 mm and
W = 0.53 g. These results are similar to those of the present study, which were verified by
mass weaning.

A successful weaning protocol for pond-cultured percids requires acceptable first food.
In general, first food for optimal transition of percids from natural to artificial food should
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be non-moving, flavourful, and attractive to weaned fish (Policar et al. 2009). Ljunggren
et al. (2003) successfully used agglomerated marine larvae feed for weaning of pond-
cultured juvenile pikeperch without any supplemental feed. Previous studies of pikeperch
weaning have employed Tubifex (Molnar et al. 2004), Neomysis integer, Daphnia sp.,
chironomid larvae and yolk (Ljunggren et al. 2003), and Daphnia magna or Moina
branchiata (Zakes 1999). Wedekind (2008) suggested the use of frozen chironomid larvae
as the most effective transition food for weaning of pond-cultured pikeperch juveniles.

The success of weaning in percids is also dependent on factors such as water temper-
ature (Zakes 1997b, 1999) in addition to initial quality, size, and stocking density of the
pond-cultured juveniles (Zakes1997a; Policar et al. 2009). The present study as well as
Zakes (1997b, 1999) showed optimal water temperature for weaning pikeperch juveniles to
be 22 °C. Only high-quality, healthy, and undamaged pond-cultured juveniles should be
used for weaning. Fish should be harvested with care in outlet channel below the pond
during favourable weather conditions such as cloudy or rainy with maximum air tem-
perature 18-20 °C (Policar et al. 2011).

Prior to the present study, trials of weaning success in pikeperch used low initial fish
density (1.37-3.5 pikeperch juveniles ™! or 0.60-2.65 g 17') and limited initial fish size
(body weight = 0.25 &£ 0.06; 0.53 £ 0.06; 0.65 = 0.11 and 0.91 & 0.04 g) (Zakes and
Demska-Zakes 1996; Zakes 1997a, 1997b, 1999; Szkudlarek and Zakes 2002; Molnar et al.
2004). This is the first investigation of impact of initial size and stocking density.

The highest survival rate during the weaning period was observed in small juveniles
(81.7 %) at the highest stocking density (79.1 %). These results were verified by the mass
weaning trial, which resulted in a survival rate (78.7 %) similar to the previous experi-
ments. We recommend the use of small pond-cultured pikeperch juveniles
(TL = 40-42 mm and W = 0.42-0.55 g) reared in ponds for 4-6 weeks for the weaning
procedure. For weaning and intensive aquaculture older and bigger pikeperch juveniles
(TL = 110-130 mm and W = 6.5-16 g) harvested from ponds during autumn may not be
suitable. Low survival rate (25-30 %) was observed during weaning of these older pike-
perch juveniles in our unpublished study.

Generally, lower survival rate was found during the weaning (38.9-81.7 %) compared
to the post-weaning period (82.1-96.5 %) in all tested groups. Lower mortality of juveniles
during post-weaning period confirmed adaptation of weaned fish to artificial feed and
controlled rearing conditions.

An acceptable rate of cannibalism was observed during the weaning (3.0-7.5 %) and
post-weaning (1.5-6.0 %) periods for all parts of the study. Zakes (1999), Szkudlarek and
Zakes (2002), and Molnar et al. (2004) reported higher cannibalism during and after
weaning of pond-cultured pikeperch juveniles (6.25-41.7 %) compared to our study.
Precise size grading of juveniles at the beginning of the study and the removing of cannibal
specimens from each group after weaning reduced cannibalism. Size grading of perch
juveniles has been used to control cannibalism during intensive culture (Melard et al. 1996;
Wallat et al. 2005). Grading of perch has not been shown to increase production efficiency
of intensively reared perch (Melard et al. 1996). During the weaning and post-weaning
periods, small juveniles were associated with lower cannibalism than were medium and
large juveniles. Zakes (1999) did not find differences of cannibalism rate in small and large
fish fed artificial food and reared at 22 and 24 °C, respectively. However, the cannibalism
rate in that study was significantly higher (15.5-16.6 %) than in the present experiment.
Initial stocking density was not shown to affect the cannibalism rate during the weaning
and post-weaning period of the present study. Szkudlarek and Zakes (2002) and Molnar
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et al. (2004) also did not find an effect of initial fish density on cannibalism during and
after weaning.

An effect of initial fish size on growth rate was confirmed during the weaning and the
post-weaning periods in the present study. Small fish demonstrated higher SGR compared
to medium and large fish. This confirmed higher growth and better adaptation of smaller
fish to new conditions. Generally, our results showed lower SGR during the weaning
period compared to SGR in the post-weaning period. Slower growth rate during weaning
can be caused by the adaptation of fish to new food and rearing conditions.

No differences in condition (FC) and no body or fin deformities were observed in any
group during the study. Kestemont et al. (2007) reported deformities in intensively reared
pikeperch larvae after weaning. Fin deformity and damage in perch juvenile culture under
RAS was described by Stejskal et al. (2011). The condition of weaned pikeperch juveniles
was consistently good without any morphological abnormalities during the present study.

Conclusion

The weaning of small pond-cultured pikeperch juveniles (TL = 40-42 mm and
W = 0.42-0.55 g) at a density of 8 fish per litre can ensure effective production of
pikeperch juveniles for ongrowing in European intensive pikeperch farms.
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Abstract

We evaluated the relationship of stocking density to survival, growth performance
and fin condition of European perch Perca fluviatilis with hand feeding and self-feed-
ers. Hand-fed perch (body weight 19.1 + 5.1 g and total length 107 £ 9 mm) were
reared at 0.5, 1.0, 1.5 and 2.0 fish/L. Self-feeding perch (body weight 25.4 + 3.9 g and
total length 128 + 7 mm) were reared at stocking densities of 0.6, 1.0 and 1.4 fish/L.
Pond-reared perch served as a comparison group for fin damage assessment. We
found no differences in survival rate among stocking densities with either feeding
method. Hand-fed fish displayed the highest weight gain and SGR at stocking density
of 0.5 fish/L. The self-feeding fish showed a non-linear association of weight gain
with stocking density with the highest growth at 1.0 fish/L. Fin length was notice-
ably greater in pond-reared fish compared with RAS-reared fish regardless of feeding
method. In both experiments, fin length relative to standard length showed a nega-
tive relationship with stocking density, with pectoral fins showing the greatest effect.
Fin condition deteriorated with increasing stocking density, and growth was highest
at 0.5 and 1.0 fish/L in hand-fed and self-feeding fish, respectively.

KEYWORDS

fin erosion, intensive culture, Perca fluviatilis, self-feeders, stocking density, welfare

Based on meta-analysis of 43 studies focusing on the welfare

of farmed rainbow trout Oncorhynchus mykiss, Ellis et al. (2002)

Intensive culture of fish requires high production and stocking
density in order to recover capital investment and operational
costs (Schneider, Blancheton, Varadi, Eding, & Verreth, 2006).
The issue of fish welfare in intensive commercial production sys-
tems has gained increasing attention by government authorities
and fish farmers as well as consumers in recent decades (Ashley,
2007; Ellingsen et al., 2015; Huntingford et al., 2006; Martins et
al., 2012). High stocking density may trigger issues of fish welfare
(Martins et al., 2005; Stejskal et al., 2018), yet no limits or criteria
regarding crowding in farmed fish have been established (North
et al,, 2006).

reported a wide range of proxies used to document fish welfare
(growth, survival, condition factor, feed conversion ratio, coefficient
of weight variation, haematocrit, fin condition) and concluded that
inappropriate stocking density has a negative impact on fish welfare.
High-density culture of rainbow trout showed adverse effects on
growth, nutritional condition, feed conversion ratio and fin condi-
tion (Bosakowski & Wagner, 1994a, 1994b; Wagner, Intelmann, &
Routledge, 1996).

Fin damage at high culture density has been reported for Atlantic
salmon Salmon salar (Noble, Mizusawa, Suzuki, & Tabata, 2007; Pelis

& McCormick, 2003), walleye Sander vitreum (Clayton, Stevenson,
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& Summerfelt, 1998) and pikeperch Sander lucioperca (Policar et al.,
2016). Fin damage/erosion is considered an indicator of decreased
fish welfare (Ellis et al., 2009; North et al., 2006) and has implications
for the economics of fish farming (Hoyle et al., 2007). Fin damage or
absence of fins could negatively impact acceptance by consumers
when fish are sold whole, gutted or live, and fish with damaged fins
are confirmed to have lower economic value than those with intact
fins (Hoyle et al., 2007).

The major sources of fin erosion include abrasion by rough sur-
faces, nutritional deficiencies (Lellis & Barrows, 2000), bacterial in-
fection and aggressive interactions among fish (Hoyle et al., 2007;
Latremouille, 2003). While the first mentioned sources can be mit-
igated with good husbandry practices, the aggressive behaviour of
a fish species is a complex phenomenon dependent on multiple fac-
torsincluding stocking density (Ellis et al., 2002) and feeding strategy
(Adams, Turnbull, Bell, Bron, & Huntingford, 2007; Azzaydi, Madrid,
Zamora, Sanchez-Vazquez, & Martinez, 1998; Kaushik, 2000).

As fish feed represents 30%-50% of operational cost (Kaushik,
1990), the feed used and method of providing it are crucial to sus-
taining economic viability of intensive farming. Currently, three
major strategies are available for feed distribution: hand feeding,
automatic feeders and self-feeders. The main advantage of the
self-feeder is the dispensing of a precise quantity of feed accord-
ing to fish demands, which reduces losses through uneaten feed
and costs of filtration (Stewart et al., 2012). Self-feeders have been
demonstrated to improve growth performance and fish feed con-
version ratio (Noble et al., 2007) as well as to decrease stress (Endo,
Kumahara, Yoshida, & Tabata, 2002) and level of fin damage (Stewart
et al., 2012). This suggests that intensive culture with self-feeders
can employ higher stocking density without compromising fish wel-
fare. However, no information on fin condition relative to stocking
density and feeding method is currently available.

European perch Perca fluviatilis is currently considered a can-
didate for diversification of European aquaculture due to high mar-
ket demand (Kestemont & Meélard, 2000; Stejskal, Kouril, Musil,
Hamackova, & Policar, 2009; Watson, 2008) and their successful pro-
duction in intensive recirculating aquaculture systems (Toner, 2015)
with stocking densities to 60 kg/m® (Kestemont et al., 2003; Mélard,
Kestemont, & Grignard, 1996). The European perch is in demand by
consumers throughout Europe and can be supplied as fillets or whole
fish (Tamazouzt, Dubois, & Fontaine, 1993). Therefore, research into
fin erosion in intensively cultured European perch is crucial. Stejskal,
Policar, Kristan, Koufil, and Hamackova (2011) described higher fin
erosion in fish reared in RAS compared with pond-cultured, but fin
damage of European perch relative to stocking density and feeding
methods has not been adequately explored (Stejskal et al., 2011).

The goal of the present study was to determine the effect of
stocking density and feeding method on growth, survival and level of
fin erosion in European perch cultured in RAS, as well as to compare
fin damage in RAS with that of pond-cultured European perch. We
hypothesized that fish reared with self-feeding systems can tolerate
higher stocking density with acceptable growth parameters and less

fin damage.

2 | MATERIALS AND METHODS

2.1 | Experiment I: Effect of stocking density with
hand feeding

Newly hatched European perch larvae were stocked into experi-
mental fish ponds and harvested after 150 days as autumn fry.
Harvested juveniles (body weight 7.9 + 4.1 g) were transferred into
two 1000-L fibreglass tanks with a recirculation system for a 1-day
adaptation phase, according to Policar et al. (2013), after which they
were reared for 6 weeks under the same conditions before initiating
the trial.

Experiment | was conducted in aquaria
(350 x 400 x 500 mm, water volume 50 L) in an RAS of total vol-
ume 2,970 L. A total of 600 specimens, weight 19.1 + 5.1 g and total
length 107 = 9 mm, were separated into four groups of stocking den-
sities 0.5 fish/L (H0.5), 1.0 fish/L (H1.0), 1.5 fish/L (H1.5) and 2.0
fish/L (H2.0) in triplicate with initial biomass of 9.5 kg/m?, 19 kg/m®,
28.5 kg/m3 and 38 kg/m3, respectively.

12 glass

Commercial feed of pellet size 2.0 mm (Ecolife 60, BioMar) con-
taining crude protein 47%, crude fat 14%, crude fibre 3% and total
phosphorus 1.01% (manufacturer's data) was provided manually at
2-hr intervals (five feedings/day) from 08.00 to 16.00 hr with the ra-
tion according to Fioghé & Kestemont (2003). Feed was preweighed,
and fish were fed to satiation. Uneaten food was siphoned daily and
counted to calculate feed intake. Duration of the trial was 112 days.

Twenty pond-reared European perch (body weight 52.1 + 6.2 g,
total length 161 + 6 mm) obtained from the fish farm Rybarstvi Nové
Hrady s.r.o., Czech Republic, served as a comparison group for fin
damage assessment (Stejskal et al., 2011). The pond perch were
reared extensively in polyculture with common carp Cyprinus carpio
with no commercial feed provided.

2.2 | Experiment ll: Effect of stocking density under
self-feeding feeding regime

Newly hatched larvae were stocked into experimental fish ponds
as in Experiment |, and autumn fry was harvested after 170 days.
Harvested juveniles (body weight 9.4 + 4.0 g) were placed in four
700-L fibreglass tanks in a recirculation system for a 1-day habitua-
tion period according to Policar et al. (2013), after which they were
reared for 6 weeks under the same conditions before initiating the
trial. The trial (duration 63 days) was conducted in 12 plastic tanks
(250 x 350 x 900 mm, water volume 60 L) in an RAS of 3,960 L
total volume. A total of 720 perch (initial body weight 254 + 39 g
and total length 128 + 7 mm) were divided into three groups with
stocking densities of 0.6 L' (50.6), 1.0 L'? (51.0) and 1.4 fish/L (S1.4)
in four replicates with initial biomass of 14.5 kg/m°®, 25 kg/m® and
35.4 kg/m?®, respectively.

Fish were provided commercial feed of pellet size 1.9 mm (INICIO
Plus, BioMar) containing crude protein 51%, crude fat 15%, crude

fibre 2.4% and total phosphorus 1.1% (manufacturer's data) using a
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24-hr self-feeding system with a string sensor for fish feed demand
(IMETRONIC). Prior to the trial, fish were trained to operate the sen-
sor over a 1-week period in which they were fed near the sensor by
an automatic feeder. The self-feeders were adjusted to release 1 g
of feed per demand, with the number of demands limited to one per
min to avoid hedonic behaviour. Number of demands for feed was
automatically recorded using POLY Files software (IMETRONIC).
Mean daily food demand per fish was calculated using number of
fish per tank. Feed demand (FD) was calculated as mean number of
daily demands throughout the experiment (63 days). Uneaten food
was siphoned daily and counted to calculate feed intake.

Thirty pond-reared European perch (body weight 47.5 + 7.2 g
and total length 158 + 6 mm) obtained from the fish farm Skolni ry-
barstvi Protivin s.r.o. were used for comparison of fin damage. The
pond perch were reared extensively in polyculture with common

carp Cyprinus carpio with no commercial feed provided.

2.3 | Culture conditions

In both experiments, water temperature, pH and dissolved oxy-
gen were monitored at 08.00 and 15.00 hr daily with a multimeter
HQ40d (Hach Lange) (Table 1). Ammonia, nitrate and nitrite concen-
trations were analysed at 3-day intervals with kits (HACH, LCK 304,
LCK 339, LCK 341) using a HACH DR 2,800 portable spectropho-
tometer (Hach Lange). Light intensity ranged from 100 to 140 lux at

the water surface with a consistent 12L:12D photoperiod.

2.4 | Assessment of fin condition

At the conclusion of Experiments | (day 112) and Il (day 63), 20
(12 tanks, n = 240) and 30 specimens per tank (12 tanks, n = 360),
along with 20 and 30 pond-reared fish, were sampled, respec-
tively. Fish were mildly anaesthetized using clove oil (0.3 ml/L) and
weighed (OHAUS Explorer EX224M, NJ, USA) to the nearest 0.1 mg.
Anaesthetized fish were photographed in the left and right lateral
and ventral views using a Canon DR 5,300 camera fixed to a tripod
(Figure 1). Images were processed with in Microlmage v.4.0. (NIH) to
measure total length, standard length, fin length, body height and
body width.

TABLE 1 Water parameters

Parameter Experiment 1 Experiment 2
Temperature °C 227+14 23.3+1.1
Oxygen mg/L 67+16 61+1.2
pH 6.8+0.5 71+0.6
Nitrite-N mg/L 0.72+0.41 0.62 +0.32
Nitrate-N mg/L 58.8+27.3 38.8+174
Ammonia-N mg/L 1.47 +0.92 1.07 £ 0.83

Note: Data are expressed as mean + standard deviation.
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2.5 | Calculations and statistical analysis

Data were used to calculate the following variables:

Survival,$(%) = (N.—N, /Ng) x 100
Specificgrowthrate (%), SGR = [(InBF—InBl) xd’l] x 100
Weight gain, WG =W -W,

Coefficient of weight variation, CV = (SD/Wy) x 100

Fulton’s condition factor,K = (W/TL3) x 100

Feed conversionratio, FCR=F /(W -W,)
Body heightindex, BHI = TLxH ™

Body widthindex BWI=TLxWD™*

where N, is the initial number of fish; N is the number of fish at the
end of the experiment; B, is the initial fish biomass; B is the fish
biomass at the end of the experiment; InB is natural logarithm for
final body weight; InB, is natural logarithm for initial body weight; SD
is standard deviation of fish subsample; W\, is the mean body weight
of fish in a given tank; TL is total length; H is body height; WD is
body width; d is duration of the experiment in days; F is the weight
of consumed feed; and WG is weight gain. Initial relative lengths of
fins for both experiments are presented in Table 2.

Relative length (RL) of the first dorsal, second dorsal, caudal, anal,
pectoral and pelvic fins was calculated using the following formula:

Finrelative length, RL=TLg x st

where FL is the total fin length (mm) and SL is the standard length of
the specimen (mm).
The sum of the total length of all fins to standard body length ratio

(TRFL) was calculated as an indicator of fin damage using the formula.
TRFL = (FLgpg + FLypp + FLgyp + FLyye + Flopg + Flene + FLep +FLag) xSL™

where FLg, is length of the right pectoral fin, FL, o is length of the left
pectoral fin, FLg is length of the right ventral fin, FL, . is length of the
left ventral fin, FLgp is length of the second dorsal fin, FL ¢ is length
of the first dorsal fin, FL is length of the caudal fin, and FL ¢ is length
of the anal fin.
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TABLE 2
dorsal fin (RLgp), first dorsal fin (RL.pg), caudal fin (RL;) and anal fin (RL,¢) expressed as relative fin length

FIGURE 1 Findamage in European
perch: pectoral (a), caudal (b), ventral (c),
anal (d) and second dorsal fins (e). Scale
bar represents 10 mm

Initial relative length of right pectoral fin (RLgp), left pectoral fin (RL ), right ventral fin (RLp, ), left ventral fin (RL,;), second

RI'RPF RI'LPF RI‘RVF RI'LVF RI'FDF RI'SDF RLCF RLAF
Exp. | 016+0.02  016+002  021+0.03 021003 019004  014%002  015+002  0.12%0.03
Exp.l  017£0.02  015:003  020£002  020:003  0.18%004  012%002 014002  0.10%0.03

Data were analysed using STATISTICA v.10.1 for Windows
(StatSoft). Prior to analyses, all measured variables were checked
for normality and homoscedasticity of variance (Cochran, Hartley,
Bartlett test). One-way ANOVA was used to analyse differences
in measured variables among experimental groups. When a differ-
ence was detected (p < .05), Tukey's multiple range test was ap-
plied. Arcsine transformation was used for relative fin lengths and
TRLF.

3 | RESULTS
3.1 | Experimentl

In Experiment |, survival rates were >86% in all groups with no signif-
icant (p = .148) differences among stocking densities (Table 3). Final
mean body weight was significantly (p < .001) higher in HO.5 than in
other tested groups, reflecting higher SGR (Table 3), with no differ-
ences among other groups (Figure 2). The highest TRFL was found in
pond-reared fish. Total relative fin length decreased (p < .001) with
increased stocking density, with significantly higher TRFL in HO.5
compared with H1.5 and H2.0 (Figure 2).

No significant differences in CV, BHI or BWI were found among
test groups (Table 3). The highest FCR was observed in groups HO.5
and H1.0. The K was highest in HO.5 and significantly differed from
H1.5 and H2.0.

No obvious fin damage was observed in the pond-reared fish.
The relative length of pectoral, ventral, second dorsal, caudal and
anal fins was found to be lower in RAS-reared fish compared with
pond-reared, regardless of stocking density (Figures 2 and 3) means
that those fins were most damaged in intensive conditions.

Comparisons of relative fin length revealed no significant dif-
ferences among RAS groups in right (p = .330) and left ventral
(p = .507), first dorsal (p = .232) or caudal fins (Figure 3). However,
a clear trend (p < .001) of decreasing relative length of pectoral fins
with increased stocking density was observed. The relative length
of the anal fin showed the highest (p < .001) values in H 1.5 and
H 2.0 and lowest in H 0.5 and H 1.0 (Figure 3). Moreover, relative
length of the anal fin showed the highest (p < .002) values in H 0.5
and H 1.5.

3.2 | Experimentll

Survival rate ranged from 89.7% to 93.2% and did not differ among
groups (Table 4). Mean final body weight was significantly (p < .001)
higher in $1.0 than in the other two groups, and highest TRFL
(p = .002) was seen in S0.6 (Figure 4). Significantly lower mean final
body weight and TRFL were found at the highest stocking density,
S1.4.

The significantly higher SGR and FD were observed in S1.0
compared with S0.6 and S1.4. Significantly lower WG and CV were



STEJSKAL ET AL.

[ Journal of ‘“”’_Wl L EYJE

|Fish Diseases & ¥

TABLE 3 Effect of stocking density on production parameters of hand-fed European perch 1

Stocking density (fish/L)

Parameter 0.5 1.0 1.5 2.0 F p

S (%) 91.7+24 94.2+4.2 90.0 3.6 86.3+1.0 2.35 149
CV (%) 30.7 +8.2 249+2.8 26.0+0.3 257 +3.1 0.96 458
SGR (%) 0.85 +0.02° 0.56 +0.03" 0.47 +0.03" 0.46 +0.03° 124.99 <001
WG (g) 29.4 +1.0° 16.2+1.2° 13.0+ 1.1 12.7 + 1.0° 158.65 <.001
FCR 0.9+0.1° 1.1+0.1° 1.5+0.1° 1.7+0.2° 23.91 <001
K 1.18 +0.03? 1.11 +0.03% 1.10 + 0.03° 1.09 +0.02° 7.41 011
BHI 415+0.19 4.27 +0.15 4.36+0.18 4.39+0.20 1.04 427
BWI 7.53 +0.61 7.67 +0.32 7.90 +0.25 7.83+0.34 0.51 684

Note: Data are expressed as mean + standard deviation (n = 3). Different superscripts within a row indicate significant differences (p > .05, ANOVA).

Abbreviations: BHI, body height index; BWI, body width index; CV, coefficient of weight variation; FCR, feed conversion ratio; K, Fulton's condition
factor; S, final survival; SGR, specific growth rate; WG, weigh gain.

FIGURE 2 Effect of stocking density
on final body weight and total fin length/
standard length (TRFL) of European perch
with hand feeding. Fish were reared at
0.5 (H0.5), 1.0 (H1.0), 1.5 (H1.5) and

2.0 fish/L (H2.0). Data are expressed as
mean * standard deviation (n = 60; n = 20
for pond-reared). Columns with different
superscripts differ significantly (p > .05,
ANOQVA)
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FIGURE 3 Effect of stocking density on relative fin length. Right pectoral fin (RPF), left pectoral fin (LPF), right ventral fin (RVF), left
ventral fin (LVF), second dorsal fin (SDF), first dorsal fin (FDF), caudal fin (CF) and anal fin (AF) with hand-feeding and pond-reared controls.
Data are expressed as mean + standard deviation (n = 60). Bars with the same superscript do not differ significantly (p > .05, ANOVA)

observed in S1.4. No significant difference in K was found among

test groups (Table 4).

In Experiment 2, relative fin length was generally lower in

RAS-reared perch than in pond-reared fish (Figure 5). Significant

differences (p < .001) were found only in right and left pectoral fins,

with a clear trend of decreased relative length with increased stock-

ing density. Similarly to Experiment 1, pectoral, ventral and caudal

fins were most damaged in intensive conditions.
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Parameter
S (%)

CV (%)
SGR (%)
WG (g)
FCR

K

FD

Fish Diseases # *
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Stocking density (fish/L)

0.6 1.0 1.4
92.4+27 93.3+3.0 89.3+2.2
26.7 +2.2° 28.6 + 7.1 19.1+2.9°
0.91+0.21° 1.36 £ 0.06° 0.47 +0.12°
20.3+6.1° 341+19° 8.6 +2.4°
0.98 +0.10° 0.96 +0.07° 1.22 +0.16
1.15 +0.05" 1.24 +0.02° 1.06 + 0.03¢
0.20 + 0.04° 0.41+0.13° 0.22 +0.08°

F

2.54
6.42
39.74
44.66
6.37
63.12
8.80

p
NS
.018
<.001
<.001
.019
<.001
.008

TABLE 4 Effect of stocking density
on production parameters of self-feeding
European perch. Data are expressed as
mean + standard deviation (n = 3)

Note: Different superscripts within a row indicate significant differences (p > .05., ANOVA). FD is

mean number of demands for feed per fish, per day.

Abbreviations: CV, coefficient of weight variation; FCR, feed conversion ratio; K, Fulton's condition

factor; S, final survival; SGR, specific growth rate; WG, weight gain.
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FIGURE 4 Effect of stocking density
on final body weight and total fin length/
standard length ratio (TRFL) of European
c perch in a self-feeding system and pond-
reared. Fish reared at 0.6 (S0.6), 1.0 (51.0)
and 1.4 fish/L (51.4). Data are expressed
as mean * standard deviation (n = 120 for
S0.6, 51.0, S1.4, n = 30 for pond-reared).
Bars with the same superscript do not
differ significantly (p > .05, ANOVA)
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FIGURE 5 Effect of stocking density on relative fin length of the right pectoral fin (RPF), left pectoral fin (LPF), right ventral fin
(RVF), left ventral fin (LVF), second dorsal fin (SDF), first dorsal fin (FDF) and anal fin (AF) in a self-feeding system. Data are expressed as
mean * standard deviation (n = 120). Bars with the same superscript do not differ significantly (p > .05, ANOVA)

4 | DISCUSSION
Fish welfare is an important issue in intensive aquaculture (Stubbe
Solgaard & Yang, 2011). Rearing fish at high stocking densities may

compromise fish welfare and decrease survival and growth rates

(Ellis et al., 2002; Sirakov & lvancheva, 2008; Stejskal et al., 2018;
Stejskal, Policar, Kristan, Koufil, & Hamackova, 2016; Yarahmadi,
Miandare, Hoseinifar, Gheysvandi, & Akbarzadeh, 2015) and exacer-
bate fin erosion due to aggressive encounters, competition for food
(Calabrese et al., 2017; Huntingford & Adams, 2005; Latremouille,
2003), water quality deterioration (Ellis et al., 2002) and bacterial
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infections (Ellis et al., 2008; Turnbull, Richards, & Robertson, 1996).
Fin erosion also has an impact on consumer perception of farmed
products at the fish market (Cooke, 2001; Wall, 2001). Previous
studies have documented that rearing fish with appropriate stock-
ing density and feeding method can significantly improve survival
and growth rates and decrease the level of fin erosion (Alandrd &
Brannds, 1997; Noble et al., 2007; Rubio et al., 2004).

Research has documented stocking density and survival rate to
be inversely related (Baskerville-Bridges & Kling, 2000; Sirakov &
Ivancheva, 2008). In contrast, we did not find differences in survival
among our test groups with either feeding method. This is in agree-
ment with studies of rainbow trout (Wallat, Tiu, Rapp, & Moore,
2004), sea bass Dicentrarchus labrax (Sammouth et al., 2009) and
tiger grouper Epinephelus fuscoguttatus (Salari, Saad, Kamarudin, &
Zokaeifar, 2012) and suggests that the densities used in our study
did not trigger water quality deterioration or lethal bacterial in-
fections. However, we observed significant differences in weight
gain and SGR of European perch associated with stocking density
(Tables 2 and 3). Hand-fed fish displayed the highest growth and
highest SGR at 0.5 fish/L, the lowest tested density. The highest
growth at lower stocking density was also found in hand-fed Nile
tilapia Oreochromis niloticus (El-Sayed, 2002), Japanese flounder
Paralichthys olivaceus (Bolasina, Tagawa, Yamashita, & Tanaka, 2006)
and turbot Scophthalmus maximus (Irwin, O’'Halloran, & FitzGerald,
1999), with the primary source of low growth at higher densities
attributed to social/behavioural factors causing chronic stress with
increasing plasma cortisol concentration in fish.

The self-feeding fish showed a non-linear relationship between
stocking density and weight gain with the highest growth at 1.0
fish/L. This supports our hypothesis that self-feeding fish show tol-
erance to higher stocking densities. The lowest WG was observed
at 1.4 fish/L. Lower weight gain at higher stocking densities was
also reported in rainbow trout by Alanara (1996) and Alanara and
Brannids (1996) who identified reduced feeding activity at high
stocking densities and suggested stress as a chief cause. This may
also be the case in our study, as we documented lower numbers
of feed demands (0.22 demand fish™ day™) in S1.4 compared with
other groups, suggesting that fish were not limited by the number of
self-feeders nor by feed dose, but most likely suffered from stress
due to crowding, triggering loss of appetite. It has been reported
that broad dispersion of feed pellets may encourage feed intake and,
consequently, increase growth rate with reduced size heterogeneity
(Alandra & Brannas, 1996; Jgrgensen, Baardvik, Eliassen, & Jobling,
1996). Reduction in feeding activity may be due to the establish-
ment of dominance hierarchies, with dominant fish monopolizing
available food sources and suppressing feeding in non-dominant
fish (Boujard, Labbé, & Aupérin, 2002; McCarthy, Gair, & Houlihan,
1999). However, dominance hierarchies are frequently formed at
lower stocking densities due to greater available territory (Alanara
& Bréannas, 1996; Jgrgensen et al., 2007; Wallace, Kolbeinshavn, &
Reinsnes, 1988). This is corroborated by our finding of lowest CV at
1.4 fish/L and the highest at 0.6 fish/L in self-feeders, as studies have

suggested high CV as indicative of the establishment of hierarchies
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(Brett, 1979; Park, Renukdas, Luna, & Roy, 2015; Rowland, Mifsud,
Nixon, & Boyd, 2006). This makes it unlikely that low growth rate
at high density is the result of dominance hierarchy (Jgrgensen et
al., 2007). In the present study, CV of groups S0.6, S1.0 and S1.4

differed significantly. Hence, dominance hierarchies may not be

the chief cause of lower growth at lowest and highest densities in
self-feeding fish.

Intensive fish farming practice frequently exposes fish to a
range of stressors such as sorting, transport, handling, vaccinations,
crowding and starving (or inappropriate feeding), which do not exist
for wild fish (Adams et al., 2007; Martins et al., 2012; North et al.,
2006; Stewart et al., 2012; Wall, 2001; Yarahmadi et al., 2015).
Currently, the range of cultured fish as well as culture systems is
widely increased meaning that optimizing of feeding technique is
difficult to precise for appropriate species, size category and cul-
ture conditions (Zhou, Xu, Lin, Sun, & Yang, 2018). However, the
self-feeding systems served good option for farming practice in line
with lower levels of some welfare indicators (Attia et al., 2012). Main
advantage of such systems is that they allow fish to choose their
feeding time and frequency, which is not ensured in other feeding
systems (automatic feeders, hand feeding) and fed according to their
biological rhythms (Benhaim, Ferrari, Colchen, Chatain, & Bégout,
2017; Lopez-Olmeda, Noble, & Sanchez-Vazquez, 2012).

Rearing fish in intensive aquaculture at high densities can con-
tribute to fin erosion and, consequently, to fin length (Ellis et al.,
2002; North et al., 2006). In our study, fin length was noticeably
greater in the pond-reared group compared with RAS-reared fish
regardless of feeding method. This conforms to results of Stejskal et
al. (2011) who documented no fin damage or reduction in fin length
in pond-reared European perch versus RAS-reared. Bosakowski
and Wagner (1994a) reported 10%-50% shorter ray fins in hatch-
ery-reared rainbow trout, cutthroat trout Oncorhynchus clarkii and
brown trout Salmo trutta compared with captured wild fish.

In both experiments, we found reduction of TRFL with increased
density (Figures 1 and 4), confirming a correlation between TRFL and
stocking density regardless of feeding regime. According to Ellis et
al. (2008), bacterial and fungal disease could be a cause of fin ero-
sion and length reduction; however, we observed no visible signs on
European perch fins in either experiment, and a high survival rate
was recorded in all tested groups (Tables 2 and 3). Moreover, bacte-
rial and fungal disease, as well as nutritional deficiency and abrasion
by rough surfaces, would affect fin condition similarly in all tested
groups, as all fish were reared in the same RAS. Therefore, it is likely
that the fin damage was the result of more frequent fin nipping at
high stocking density. Social/behavioural interactions due to stress
(Baker & Ayles, 1990) when rearing at high stocking density have
been reported as major sources of fin damage (Hoyle et al., 2007,
Latremouille, 2003).

In both experiments, we observed a trend of decrease in relative
length of pectoral fins with increasing stocking density. This agrees
with results of Stejskal et al. (2011) who found intensively cultured
European perch to exhibit up to 52% reduction in pectoral fin length.

Therefore, reduction of pectoral fin length in both experiments
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was attributed to high stocking density and consequent increased
interaction among fish. In contrast, Bosakowski & Wagner, 1994a,
1994b documented that up to 46% of intensively cultured salmonids
showed no damage to pectoral fins, but a damaged dorsal fin was
present in 40%-74%, suggesting that fin erosion is species-specific.
We observed difference in relative length of the dorsal fins only in
the second dorsal fin of group H2.0. This result corroborates the
study of Stejskal et al. (2011).

Our results showed that the rearing density and feeding method
exert a significant impact on European perch growth and fin con-
dition and confirmed our hypothesis that self-feeding systems can
accommodate higher stocking density, possibly due to decreased
stress. The level of fin erosion was considerably higher in RAS-
reared groups versus pond-reared, with both pectoral fins affected.
Results of the study can be used for further improvement of inten-

sive European perch aquaculture.
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1. Introduction

Globally, aquaculture is the fastest-growing food production sector,
and further growth is expected (Bostock et al., 2010). In contrast, the
European (EU) sector has been stagnating for the last few decades (FAO,
2019) due to several bottlenecks, such as a shortage of suitable sites, the
ecological carrying capacity of existing ones (Simard et al., 2008), the
limited availability of fresh water, and strict regulations (Badiola et al.,
2012; Nielsen et al., 2016). To cope with this, recirculating aquaculture
systems (RASs) have been established as a viable sustainable option.
However, RASs are characterized by high capital and operating costs (De
Ionno et al., 2006; Martins et al., 2010; Dalsgaard et al., 2013) that
significantly reduce the profits from farming low-value species in RASs.
Since 75% of EU aquaculture production relies on low/medium value
species, such as common carp, Cyprinus carpio, and rainbow trout,
Oncorhynchus mykiss (Chiu et al., 2013; Dalsgaard et al., 2013; Zarski
et al., 2017), the diversification of EU aquaculture with high-value/
high-demand species such as European perch, Perca fluviatilis, pike-
perch, Sander lucioperca, the African catfish, Clarias gariepinus, and
burbot, Lota lota, is inevitable (Watson, 2008; Wang et al., 2009;
Kucharczyk et al., 2018; Kucharczyk et al., 2019).

Key advantages of intensive RAS include the efficient use of water,
energy, and land (Badiola et al., 2012); high productivity facilitated by
fully controlled environments for fish; optimal feeding strategies (Hel-
frich and Libey, 1991); and full disease control (Summerfelt et al.,
2009). On the other hand, high stocking densities and the artificial na-
ture of rearing tanks can impair water quality and compromise fish
health, including increased stress (Davidson et al., 2014), impaired
swimming (Davidson et al., 2011), and fin damage/erosion (Ellis et al.,
2008; Stejskal et al., 2011; Stejskal et al., 2020), which may negatively
affect the consumer’s acceptance (Hoyle et al., 2007). In recent decades,
interest in fish health has gained increasing attention from government
authorities and fish farmers and led to raised consumer awareness
(Huntingford et al., 2006; Ashley, 2007).

European perch is often indicated as a suitable candidate for diver-
sification of European intensive aquaculture (Watson, 2008; Toner,
2015). In the EU, European perch domestication was initiated 27 years
ago (Fontaine and Teletchea, 2019). Today, the fourth level of domes-
tication has been achieved, where the entire life cycle is closed in
captivity. However, some bottlenecks in the farming of European perch
still remain (Kestemont et al., 2003; Mandiki et al., 2007; Krol et al.,
2015) since no selective breeding programmes have been put in place
(Teletchea and Fontaine, 2014), which could significantly expand the
European perch aquaculture, as is the case for many other aquaculture
fish species (Gjedrem, 2012; Gjedrem et al., 2012). The successful se-
lective breeding process requires the identification of desirable aqua-
culture traits which positively correlate with fish health and
profitability. Previous studies showed that breeding fish with higher
growth, later sexual maturity, disease resistance, and elevated meat
quality were successful for Atlantic salmon (Salmo salar), rainbow trout,
and common carp (Gjedrem, 2012; Teletchea and Fontaine, 2014).
However, these results were achieved through single-trait approaches.
According to Toomey et al. (2020c¢), the multi-trait approach considers
many desirable production traits for future selective breeding pro-
grammes and, thereby, reveals the best alternative. It has been identified
for European perch that population(s) presenting optimal larvae
development (e.g. swim bladder inflation, deformity rate), higher
growth rate and survival, lower heterogeneity, lower levels of aggres-
sion and cannibalism, and higher stress tolerance and disease resistance
have higher domestication potential. It is noteworthy that some traits
are interlinked. For example, European perch individuals with insuffi-
ciently inflated swim bladders grow slowly and trigger different levels of
heterogeneity (Baras et al., 2003). On the other hand, higher size het-
erogeneity can facilitate cannibalism and increase the level of mortality
(Krol and Zielinski, 2015). Consequently, some traits are less crucial for
the selective breeding assessment framework. These mechanistic
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relationships may be overlooked since many traits are not simply re-
flected by a specific biological function. Therefore, the identification
and assessment of potential traits for the incipient selective breeding
process is a complex task and should be addressed through repeated
appropriate methodological approaches to capture multiple traits.
Additionally, most of the above-mentioned key traits are population-
specific and influenced by geographic origin and genetic background
(Mandiki et al., 2004; Toomey et al., 2019; Vanina et al., 2019a; Vanina
et al., 2019b; Toomey et al., 2020b). The impact of geographic origin
and genetic background on particular morphological traits of European
perch have been analysed previously (Mandiki et al., 2004; Pimakhin
and Zak, 2014; Vanina et al., 2019a; Vanina et al., 2019b). Nonetheless,
behavioural and physiological population-specific differentiation and its
potential for selective breeding goals have been poorly investigated to
date (Mandiki et al., 2004; Toomey et al., 2019).

Indeed, behavioural patterns and physiological biomarkers are the
most used criteria to assess the condition of fish in farming systems
(Gjedrem and Baranski, 2010). Physiological parameters indicate the
health status of fish in response to stimuli in RAS environments (e.g.
density, nutrition, water quality) (Fazio, 2019), and behaviour patterns
affect these values (e.g. lower cortisol is associated with higher
aggression) (Castanheira et al., 2013). Furthermore, a recent study
compared the inter-populational structure and aggressive interactions
across different European perch groups (Toomey et al., 2019) and rec-
ommended that the population with lower aggressiveness and/or higher
stress tolerance to RAS conditions is well suited for domestication and
subsequent selective breeding (Toomey et al., 2020a; Toomey et al.,
2020c).

In the present study, parameters indicating the health condition of
European perch from different aquaculture facilities with different
rearing management in France, Denmark, and Hungary were defined.
These parameters included morphometric traits, fin condition, behav-
ioural patterns including (a) critical swimming speed, (b) activity, (c)
aggressiveness, and (d) fish boldness, and physiological parameters
including (a) cortisol, (b) glucose, (c) ion content, and (d) enzyme ac-
tivities were evaluated to set baselines for the most promising candi-
dates for future selective breeding programmes.

2. Material and methods
2.1. Fish acquisition and husbandry

Four stocks of European perch juveniles (300 ind. Per stock) were
obtained from Danish (D, 41.4 + 6.7 g), Hungarian (H, 36.0 + 7.4 g),
and two French commercial RAS farms (FI and FII, 43.0 + 7.3 g and 85.9
+ 20.4 g, respectively). The fish were transported in late November
2019 in oxygenated polyethylene bags (filled with 1/3 of water, 2/3
oxygen) placed in thermo-boxes and delivered to the RAS of the Faculty
of Fisheries and Protection of Waters, University of South Bohemia
(Czech Republic).

After gradual water temperature acclimatization (1 °C per hour),
each stock was kept in a separate grey tank (net water volume 800 L)
with a water exchange rate of 1.5 tanks per hour at a density of two
individuals per L' set within the same RAS. The concentration of ox-
ygen (above 90% of saturation), pH (7.0 & 0.3), and temperature (23.0
=+ 1.0 °C) were monitored twice daily throughout the whole experiment
with a multimeter (Hach Lange HQ40d, Germany). Concentrations of
ammonium and nitrites (lower than 0.05 mg/L’l) were measured every
second day with a portable spectrophotometer (DR 2800, Hach Com-
pany, USA). The light intensity was set at 400 Ix at the water surface
(DT-8809, Cem, China) and the photoperiod was constant at 12 L:12D.
To minimize stress, each stock was fed with commercial pellets obtained
together with the fish from their respective farms. The fish were fed by
automatic fish feeders (Eheim Twinfeeder, model 2582, Germany) three
times a day, at 7:30 a.m., 2:00 p.m., and 7:15 p.m., with a daily ration of
1.5% of the biomass. The fish were adapted for two weeks before
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initiating the experiment. They were not fed for 24 h before each test
conducted in this study. There was a seven-day interval between each
test.

2.2. Morphometry, fin condition, somatic indexes

After two weeks of adaptation, 100 individuals from each stock (400
ind. in total) were randomly sampled. Fish were mildly anaesthetsized
using clove oil (200 pL in 10 L of water) and weighed using a precision
balance (OHAUS Explorer EX224M, NJ, USA) with an accuracy of up to
0.1 mg. Anaesthetized fish were photographed (Canon DR 5300) from
both lateral sides and the ventral side. The images were processed using
ImageJ software (Rueden et al., 2017).

Relative lengths (RLs) of the second dorsal, caudal, anal, both pec-
toral, and both pelvic fins were calculated using the following formula
(Stejskal et al., 2020):

e RLparticular fin = Lparticular fin x SL™*

where L is the length of the particular fin (mm) and SL is the standard
length of the respective specimen (mm).

The sum of the total lengths of all fins to standard body length ratio
(FLR) was calculated as a complex indicator of fin damage using the
formula below:

e FLR = (LRPF + LLPF + LRVF + LLVF + LSDF + LCF + LAF) x SL™*

where LRPF is the length of the right pectoral fin, LLPF is the length of
the left pectoral fin, LRVF is the length of the right ventral fin, LLVF is
the length of the left ventral fin, LSDF is the length of the second dorsal
fin, LFDF is the length of the first dorsal fin, LCF is the length of the
caudal fin, and LAF is the total length of the anal fin (See Fig. 1).

Somatic indices were evaluated on 20 randomly selected individuals
per stock (80 ind. in total), which were anaesthetized with an overdose
of clove oil (Hamackova et al., 2006). Somatic indexes were calculated
using the following formulas:

e HSI, % = 100 x liver weight/BW
e GSI, % = 100 x gonad weight/BW
e PVSL, % = 100 x fat weight/BW

e SSI, % = 100 x spleen weight/BW
e CSI, % = 100 x heart weight/BW

2.3. The critical swimming speed test (Ucri)

A Steffensen-type swimming tunnel with a respirometer (volume of
10 L, Loligo System Inc., Viborg, Denmark) with a testing chamber size
of 10 x 10 x 38 cm was used for measurement of the critical swimming
speed. In total, 50 randomly selected individuals per stock (200 fish in
total) were tested. Fish were gently netted from the rearing tanks and
measured with a digital calliper (L: total length, H: body height, W: body

SD

PDD
SDF

Hmax
5
Hmin

PRDIED AF

Fig. 1. Morphometric indices of fins investigated in this study.
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width, + 0.01 mm) before running the test. The fish were then placed
into the chamber for 20 min acclimatization with a constant water ve-
locity of 5 cm/s 1. After acclimatization, water velocity was increased
every minute in a constant stepwise progression of 2 cm/s-1 until the
fish was exhausted. The tested fish was considered exhausted in the
event that it floated back to the back grid of the swimming chamber and
stayed in this position for at least 10 s.

Then, critical swimming speed was calculated according to Brett
(1965). The water in the swimming tunnel was replaced with dech-
lorinated aged tap water (O > 90%, pH 7 & 0.5, T 23 + 1 °C) between
every single fish testing. All individuals were used only once to avoid
bias caused by experience.

2.4. Crowding challenge test

In order to induce a stress response in the fish, we decreased the
water level of each 800 L tank (one by one) to 5 cm above the dorsal fins
of the fish for 30 min. Thereafter, the water volume was increased again
to the original water level. Blood samples were collected using hepa-
rinized Omnifix-F Solo 1 mL syringes (Braun, Melsungen, Germany)
from the caudal blood vessels of anaesthetized fish (MS-222; 200 pg in
10 L water). Seven randomly selected individuals per stock were
sampled at four different time points: before the water level decreased
(control), and at 30 min, 12 h, and 24 h after the water level returned to
the original level (n = 112 fish). The blood samples were kept in
Eppendorf tubes on ice for less than 20 min before centrifugation
(10,000 xg/10 min at 5 °C). Afterwards, plasma was collected and
stored at —80 °C until further analyses (Stafila laboratory, Czech Re-
public). Blood physiological parameters such as the activity of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), lactate dehydrogenase (LDH), and the concentra-
tions of glucose and monovalent potassium ions (K") were assessed
using an Abbott Architect c8000 clinical chemistry analyser and assay
kits (Abbot Diagnostics, Illinois, USA). Cortisol concentration was ana-
lysed using a reagent kit and automated immune analyser Immulite
2000 XPi (Siemens Healthineers, Siemens Healthcare GmbH, Erlangen,
Germany).

2.5. Novel object test

The novel object test was performed according to the method
described in Jones and Godin (2010). In total, 360 individuals were used
in the test (90 ind. Per stock). The fish were gently netted from the
rearing tanks and transferred into white rectangular tanks (one fish per
tank; H x W x L=37 cm x 57.5 cm x 73.5 cm) filled with dechlorinated
aged tap water and left for 15 min acclimatization. Afterwards, a small
yellow Lego block (LEGO 6176 DUPLO Basic Brick) representing a novel
object was placed in the centre of the tank, and the behaviour of a fish
was recorded (DS-2CD2043GO0-I camera type, Hikvision, Hangzhou,
China) for 30 min. The water in the experimental tanks was replaced
with dechlorinated, aged tap water (O2 > 90%, pH7 + 0.5, T23 + 1 °C)
between every single fish testing. All individuals were used only once to
avoid bias caused by experience.

Three parameters were determined from the video records: the
number of fish approaches to the Lego block (closer than 5 cm), the
closest distance of the fish from the Lego block (within 5 cm), and the
latency of the closest approach to the Lego block. These parameters were
determined per each individual of 90 individuals of each stock. The
videos were processed semiautomatically using an in-house image pro-
cessing script implemented in Matlab. In each video, the region of the
image that is out of the water was manually labelled by the image mask.
The fish was detected as the largest object after edge detection in the
mask. The Lego block was detected as a yellow object by thresholding
the image by colour. The distance between the fish and the Lego block
was calculated by finding the smallest distance between objects’ edges
in pixels. Then, the pixel distance value was converted into centimetres.
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Pixel size was previously calculated from the known box size. The time
of the closest approach was calculated from the camera frame rate.

2.6. Open field test

The open field test was performed according to the method described
in Zavorka et al. (2017). In total, 360 individuals were used in the test
(90 ind. per stock). Fish were gently netted from the rearing tanks and
placed into round white experimental tanks (one fish per tank; Hx D =
53 ¢cm x 68 cm) and left for 15 min acclimatization. The individual
activity was video recorded (DS-2CD2043GO-I camera type, Hikvision,
Hangzhou, China) for 10 min after acclimatization. The distance moved
during the 10-min test was measured as the activity of each individual.
The water in the experimental tanks was replaced with dechlorinated,
aged tap water (O > 90%, pH7 £+ 0.5, T 23 + 1 °C) between every single
fish testing. No individual fish was repeatedly used in testing.

Video recordings were semiautomatically processed by the same
method as for the processing of the novel object test videos. The script
detects the centroid of the fish. The distance swam was calculated based
on the fish centroids and the frame rate of the camera.

2.7. Group aggressiveness test

For the group aggressiveness test, we used 20 individuals per stock in
triplicates. The fish were gently netted from the house tanks and placed
in round white testing tanks (20 fish per tank; H x D = 53 x 68 cm) for
one day of acclimatization in water (O > 90%, pH 7 + 0.5, T 23 °C +
1 °C). After acclimatization, aggressive interactions between 20 fish
were video (DS-2CD2043GO-I camera type, Hikvision, Hangzhou,
China) recorded for 30 min. In order to standardize the individual
hunger level, the fish were not fed for the duration of the test. After each
replication, the water in the experimental tanks was replaced with
dechlorinated aged tap water (O2 > 90%, pH 7 + 0.5, T 23 °C £ 1 °C),
and the experimental tanks were thoroughly rinsed with tap water.
Aggressive behaviours were assessed according to Toomey et al. (2019):
(a) chase movement towards the conspecific, resulting in the conspe-
cific’s flight from the aggressor; (b) attack movement towards the
conspecific, without actually biting the conspecific; and (c) the number
of bites directed at the conspecific’'s body. Each type of aggressive
behaviour was calculated relative to the initial number of individuals in
the tank.

2.8. Statistical analysis

Morphometric indices did not meet the assumption of PCA,
discriminant analysis, and parametric ANOVA and, therefore, single
indices were compared using the Kruskal-Wallis H test with multiple
comparisons of means as a post-hoc test. Somatic indices and weight
showed non-normal data distributions and, therefore, were also
compared using the Kruskal-Wallis H test. In the novel object test, the
number of approaches was classified as shy (0 approaches), intermediate
(1-5 approaches), and bold (> 6 approaches). The novel object test
parameters, activity levels, aggression parameters, and blood plasma
indices did not meet the assumption of the parametric test (MANOVA,
ANOVA) and were analysed using the Kruskal-Wallis H test as above.
The data on the critical swimming speed (U.;t) met the assumptions of
an ANCOVA and, therefore, the ANCOVA was run to determine the ef-
fect of different European perch stocks on relative U, with SL as the co-
variable. The data are presented as mean =+ standard deviation. Signif-
icance values have been adjusted with the Bonferroni correction for
multiple tests.

The data were analysed in SPSS ver. 25 (SPSS Inc., Chicago, IL, USA).
Radar charts were plotted in OriginPro (OriginPro 8, OriginLab Corpo-
ration, USA).
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3. Results
3.1. Body weight, somatic, and morphometric indices

Body weight (BW) differed significantly among the European perch
stocks. The FII stock revealed the highest BW, followed by the FI and D
stocks, while the H stock showed the lowest BW (Table 1). The highest
HSI was observed in the H and FI stocks and the lowest in the FII and D
stocks, while the FI was not statistically differentiated from FII. The
opposite trend was observed for GSI, where the D and FII stocks dis-
played significantly higher values compared with the H stock, while the
FI stock did not significantly differ from other stocks. The PVSI was
significantly higher in the H stock compared to the three other stocks. A
significantly higher SSI was found in D and H as compared with FII. The
CSI did not differ among the investigated stocks of European perch. (See
Table 1)

All morphometric indices were significantly different across at least
two of the four stocks, except for the distance between the pectoral and
ventral fins (Fig. 2; Appendix S1).

3.2. Relative fin lengths

A comparison of relative fin lengths revealed significant differences
among the different European perch stocks (Fig. 3; Appendix S2). The
right pectoral fin was statistically longer in European perch from the FII
and D stocks, while the left pectoral fin differed only between the FI and
H stocks. In general, right pectoral fins showed lower values (greater
erosion) as compared with left pectoral fins within a particular stock.
The right and left vertical fins showed the same statistical difference,
where the FI and D stocks were statistically differentiated only from the
H stock. The second dorsal fin was longest in the FI stock, while the
lowest anal and caudal fins were found in the FII and D stocks, respec-
tively. The relative total fin length showed a statistical difference only
between the FI and H stocks.

3.3. Critical swimming speed

After adjustment for SL, there was a statistically significant differ-
ence in the relative U between the European perch stocks; F (3, 195)
= 2.717, p = 0.046, partial n2 = 0.04. Post hoc analysis showed that the
Uyrit was significantly greater in the D stock versus the H stock (mean
difference of 0.516 BL/s_l,p =0.041;95% CI 0.012 to 1.02). The FI and
FII stocks did not statistically differ from the other groups (Fig. 4).

3.4. Novel object test

The D stock showed a higher presence of intermediate and bold in-
dividuals and, consequently, a lower proportion of shy individuals.
Moreover, the shy individuals from the D stock showed lower values of
latency and closest distance compared with shy individuals from the
other stocks in the study. Intermediate and bold individuals did not

Table 1
Body weight (in grams; 200 individuals per stock) and somatic indices (in %; 20
individuals per stock) of four European perch stocks.

FI FII D H
w 43.0 + 7.3° 85.9 + 20.4° 41.4+6.7° 36.0 + 7.4
HSI 1.44 + 0.23%° 1.15 + 0.22° 0.98 + 0.27¢ 1.86 + 0.46%
GSI 0.54 +0.26 X*®  0.87+0607Z% 1.00+£0.61 Y  0.41+021Y>
PVSI 251 +1.04° 2.92 +1.03" 2.96 + 1.07° 5.34 + 1.02°
SsI 0.09 + 0.02%° 0.08 + 0.01° 0.10 + 0.03* 0.10 + 0.03%
csI 0.16 + 0.04 0.15 + 0.03 0.15 + 0.03 0.14 + 0.03

HSI—hepatosomatic index; GSI—gonadosomatic index; PVSI—perivisceral fat
index; SSI—splenosomatic index; CSI—cardiosomatic index. X-5, Y-2, Y-3 in-
dividuals with indeterminate gonads. Different letters within a row indicate a
significant difference (p < 0.05).
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Fig. 2. Visualization of morphometric indices among four European
perch stocks.
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Fig. 3. Visualization of relative fin lengths among four European perch stocks.

show any significant differences in latency and closest distance among
the tested stocks. The number of approaches towards the Lego block was
not significantly different (Table 2).

3.5. Open field test and aggressiveness challenge

Distributions of activity scores were similar for European perch from
the FI, FII, and H stocks but not for the D stock (Table 3). Median activity
scores were statistically significantly different between the groups (H
(3) = 25.543, p < 0.001).

Distributions of attack scores were not similar for all groups, as
assessed by visual inspection bar plots. The mean ranks of attack scores
were 6.00, 6.83, and 9.67 for the H, FI, and D stocks, respectively, but
the differences were not statistically significant (x> = 5.310, p = 0.15).
Zero aggressive interactions were observed in the FII stock (Table 4).

3.6. Crowding challenge

The crowding challenge (induced by lowering the water level for 30
min) had only a minor impact on the plasma parameters investigated in
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Fig. 4. Unadjusted (Raw) and adjusted (Adj) relative critical swimming speeds
(Ugrie; coloured dot plots, left ordinate) of the four European perch stocks, as
indicated below the scheme. Standard length (grey columns, right ordinate)
served as a covariate to adjust the relative Uy, values. Superscript letters
indicate significantly different adjusted values (p < 0.05; n = 50 individuals
per stock).

Table 2

Differences among European perch stocks in measured variables of exploratory
behaviour (shy, inter, bold) evaluated with novel object test (p < 0.05; n = 90
per stock).

% Latency (sec) Closest distance (cm) Approaches

D Shy 75.6 158.8 + 53.8¢ 15.2 + 1.0° 1.99 + 0.67
Inter 15.5 0.9 +£0.22 2.9+ 0.5
Bold 8.9 10.7 + 8.5 0.5+ 0.1

FI Shy 90 568.8 + 81.6" 25.3 +1.2°2 210+ 1.12
Inter 5.6 12.9 +12.6 1.8+ 0.7
Bold 4.4 52.5 + 34.2 1.7 £ 1.0

FII Shy 91.1 937.3 +90.0? 26.5 + 0.8% 0.40 £ 1.73
Inter 5.6 0.1 +£0.0 1.1+0.7
Bold 3.3 190.4 + 187.0 1.7 £ 0.8

H Shy 86.7 645.1 + 90.5" 28.0 +£1.1° 2.04 +1.15
Inter 8.9 73.5+71.1 0.6 £ 0.2
Bold 4.4 33.6 +11.8 1.9+ 0.9

Table 3

Open field test scoring of activity among European perch stocks (n = 90 in-
dividuals per stock).

Parameters FI FII D H

n 90 90 90 90
Activity (cm) ~ 1.24 +1.80°  1.35+2.13®  231+251* 072+ 0.81°

Table 4
Quantification of aggressive interactions among European perch stocks (n = 60
individuals per stock).

Parameters FI FII D H
Chase 0 0 0 0
Attack 0.67 +£ 1.15 0 2.33 £2.31 0.67 + 0.58
Bite 0 0 0 0

the four perch stocks (Appendix S3). Thirty minutes after the challenge,
plasma cortisol levels showed a significant (p < 0.05) 2.3-fold increase
in individuals of stock FI, while K™ contents were significantly (p < 0.05)
~ 3-fold elevated in individuals of stock FII. Concomitantly, no changes
(p > 0.05) were detected in individuals from stocks D and H. Remark-
ably, the cortisol levels in all control and treatment groups reached high
values (above 80 ng per millilitre plasma) and, thus, exceeded the
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physiological range. The same applies to glucose values, which were
above a concentration of 6 mmol per litre plasma across all groups. The
activities of the metabolic enzymes ALT, AST, ALP, and LDH remained
almost unchanged, except for the reduced levels of ALT, AST, and LDH
in individuals from stock D 12 h after the crowding challenge (compared
to controls).

4. Discussion

The domestication process usually considers species as a unity,
neglecting geographic backgrounds and population-specific adaptation
histories, which could be important for domestication and selective
breeding programmes (Lecocq et al., 2018). Previous life history chal-
lenges (e.g. gene flow disruption, local adaptation) may have lasting
effects on behaviour and physiology and subsequently the economic
attractiveness of wild population(s) (Lecocq et al., 2016; Polverino et al.,
2018). A variety of proxies should be applied to assess the suitability of
European perch cohorts for aquaculture, including behavioural patterns
(e.g. critical swimming speed, activity, aggressiveness, fish boldness)
together with physiological parameters (e.g. levels of cortisol, glucose,
and enzyme activity) (Huntingford et al., 2006; Ellis et al., 2012; Martins
etal., 2012; Molnar et al., 2018). Based on the criteria, the population(s)
that display(s) desired behavioural patterns and an elevated tolerance to
intensive aquaculture conditions are considered attractive for the se-
lective breeding process (Castanheira et al., 2017; Toomey et al., 2020a;
Toomey et al., 2020b).

In our study, four European perch stocks differed in their stress
tolerance and behaviour under challenging conditions. Previous studies
showed a negative linear relationship between body length and relative
Ugrit for many fish species (Brett, 1965; Hammer, 1995; Mateus et al.,
2008; Xiong et al., 2014; Hou et al., 2018; Hachim et al., 2020). How-
ever, this is not in line with our results. Despite body size differences, the
relative Uit was not statistically different between FI and FII in-
dividuals, but it differed significantly among perch in the D and H stocks
(Table 5). It was expected that the H stock with the lowest SL would
reveal the highest U.;. Conversely, the H stock showed the lowest Uy.
This low Ut value could result from the high fat (PVSI) content in the
peritoneal cavity (Table 5) (Grigorakis et al., 2002). Although all our
stocks were kept under the same rearing conditions, it was possibly
caused by suboptimal feed (fish were fed with feeds obtained from their
original facilities). The high peritoneal fat content in the H group could
indicate that the feeds or feeding regimes being used in their place of
origin might not be optimal. Suboptimal feeding conditions promote
metabolic disorders. In cultured gilthead sea bream, Sparus aurata, for
instance, high HSI co-occurred with PVSI indices under suboptimal
feeding conditions (Grigorakis et al., 2002). Although we do not have
sufficient information on the original fish husbandry to make any
assessment, we cannot exclude suboptimal rearing conditions on the
farm, which could have affected not only behavioural but also physio-
logical characteristics (Lopez-Olmeda et al., 2012).

The relative U is most likely associated with multifold behavioural

Table 5
Table summarizing the main results on the traits of four European perch stocks.
FI FII D H
W () 43.0 +7.3° 85.9 +20.4°  41.4+6.7° 36.0 + 7.4°
SL (cm) 15.3 +1.04°  18.89+1.14* 14.14+1.1° 13.3+0.72°
PVSI 251 +1.04° 292+1.03® 296+1.07° 5.34+1.02°
Uerit (BL-s™1) 419+0.13%®  448+0.26"> 4.24+015° 3.72+0.19"
Bold ind. (%) 4.4 3.3 8.9 4.4
Approaches 210 + 1.12 0.40 + 1.73 1.99+0.67  2.04+1.15
Activity (cm) 1.24+1.80°  1.35+213°  231+251* 0.72+0.81°
Attack 0.67 + 1.15 0 2.33 +2.31 0.67 + 0.58
number
Cortisol (ng/ 251.89 + 458.87 + 191.29 + 470.52 +
ml) 24.97% 51.84%° 21.91° 35.542
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and physiological responses (Koolhaas et al., 1999; Carbonara et al.,
2012). For instance, the relative U of the D stock could be explained
by the exhibition of a generally higher exploratory behaviour and lower
latency time of shy individuals as compared with other stock (Table 2).
Moreover, the D stock exhibited a higher proportion of bold individuals
who, according to the literature, show higher levels of activity and
swimming locomotion (Table 5) (Pottinger and Carrick, 2001). Some
authors regard boldness as a genetically manifested personality trait
(Overli et al., 2005), which drives divergent behaviour and, conse-
quently, determines the degree of fitness (@Jverli et al., 2005; Thomson
et al., 2011). For instance, first-generation laboratory-reared tropical
poecilid (Brachyraphis episcopi) showed similar bold behaviour to their
wild parents, suggesting its heritable component (Brown et al., 2007). In
contrast, hatched brown trout (Salmo trutta) showed a higher bold
response to the novel object than wild ones, indicating that boldness was
not related to genetics but promoted with hatchery selection (Sundstrom
et al., 2004). Additionally, Sundstrom et al. (2004) documented that
neither fish size nor growth rate allow conclusions on bold behaviour.
This matches with our study, where FII stock with the highest weight
showed the lowest percentage of bold individuals (Table 5). Johnsson
et al. (1996) supposed that the husbandry in the predator-free hatchery
environment relaxes antipredator behaviour and makes fish more
willing to explore their environments. Unfortunately, we have no in-
formation on the previous husbandry conditions of the European perch
stocks analysed, including their genetic selection level and parental
broodstocks, to rule out their potential impacts on bold behaviour.
Therefore, it remains unclear if boldness is genetic- or selection-specific
or a combination. Nonetheless, many studies share the consensus that
bold individuals are more likely to become dominant than their shy
conspecifics (Sundstrom et al., 2004; Chapman et al., 2011; Colléter and
Brown, 2011). These dominant individuals have higher feeding moti-
vation (Wilson et al., 1993), higher willingness to explore and take a risk
(Armstrong et al., 1997; Brick and Jakobsson, 2002), and higher toler-
ance to stressful environments (Brown et al., 2005), suggesting that
dominant individuals may have higher potential for selection during the
domestication process.

Bold behaviour has been reported to correlate with higher activity,
higher aggression, and a low response to environmental stimuli (Pot-
tinger and Carrick, 2001; Sih et al., 2004; Dingemanse et al., 2007;
Moretz et al., 2007). In our study, we could not detect such a correlation,
since the open field test, aggressiveness, and crowding challenges were
performed on different individuals. The activity levels of three different
European perch populations were already investigated by Toomey et al.
(2019). Since the activity did not differ among populations, Toomey
et al. considered this trait as less suitable for selection. On the contrary,
our open field test revealed the highest activity level of individuals from
stock D (Table 5). The different results on activity could reflect the
techniques and methods employed, although the open field test is a
common measure of activity in fish (Adriaenssens and Johnsson, 2013;
Zavorka et al., 2017) and other animals (Hall and Ballachey, 1932;
Boyer et al., 2010). Fish activity could be measured more effectively in
husbandry tanks than in a novel experimental arena or together with a
novel object test (in the case of bold personality investigation). There is a
perception that individuals are forced into the open field test with no
opportunity to escape or, on the contrary, are free to explore the open
field (Walsh and Cummins, 1976). Therefore, it seems that this test alone
is less informative, and methods of using the open field test as a
component of fish fitness evaluation for any future European perch
domestication process should be reconsidered.

Stocks that tend to be bolder, taking a higher interest in exploration,
may also be aggressive. Relative aggressive interactions clearly showed
a higher number of attacks in European perch from the D stock; how-
ever, the differences were not statistically significant among stocks
(Table 5). Aggressiveness is not desired in the hatchery environment due
to the establishment of the dominance hierarchy. It is believed that
dominant individuals are more aggressive (Mélard et al., 1996;
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Sneddon, 2003), which reduces the overall health score (Martins et al.,
2012) and increases cannibalism with subsequent mortality. However,
several parameters of hatchery practices may trigger aggressive behav-
iour, including a) size heterogeneity, b) stocking density, c) photoperiod
and light intensity, and d) feeding regime (see Kestemont et al., 2003
and references therein). Furthermore, it was proven that frequent
removal of predicted aggressive/cannibalistic fish from the husbandry
tank improved neither survival nor growth rate, since their removal
promotes a new dominance hierarchy in European perch. Since
aggressive behaviour could be correlated with other desirable aqua-
culture traits (e.g. competitiveness, higher metabolic and locomotor
activity, and a lower stress response to environmental stimuli), we
suggest considering this trait as useful/informative for overall fish
fitness estimation in the comparative analyses of the multiply traits
approach.

In order to assess the response of the four European perch stocks to
different stocking densities, we recorded the plasma concentrations of
the stress hormone cortisol and other associated physiological parame-
ters, which may be altered in the course of cortisol-induced metabolic
processes (i.e. glucose and the enzymatic activities of ALT, AST, ALP,
and LDH) (Mommsen et al., 1999). Thirty minutes after the crowding
challenge, the mean glucose levels reached high values (> 10 mg/dl) in
all groups, though non-significantly different from the other time points.
We detected in parallel an approximately two-fold increase in the
cortisol concentration of European perch from the FI and FII stocks. We
note in this context that the biomass in the FII tanks was doubled
compared to the other tanks, due to the two-fold higher weight of the
individual FII European perch (Appendix S3), which inevitably exerted a
higher degree of density. However, a stocking density of 2 individuals
per L! with a net water volume of 800 L for each tank is considered
optimal for European perch (Policar et al., 2015). Stock D showed the
smallest alterations across the examined parameters and seems to be less
responsive to environmental stimuli and treatments compared to stock
H. This could be one of the reasons for the low relative swimming speed
of group H (Fig. 4). Studies on rainbow trout established that the indi-
vidual concentration of cortisol is determined by genetics (Barton and
Iwama, 1991; Pottinger et al., 1992; Ortuno et al., 2002). According to
Fevolden et al. (2002), a relatively high heritability of cortisol levels was
found in a progeny of rainbow trout, where the respective strain dis-
played low stress responsiveness under prolonged environmental stress.
This information about tolerance to stress (e.g. low cortisol level) may be
useful for a productive breeding process in European perch aquaculture.

Finally, the stock from D is the northernmost stock among the pop-
ulations investigated in the present study. Its overall performance could
be modulated by relating this population to the fast pace of life syn-
drome theory (fast POLS). Fast POLS populations are more competi-
tively successful, and, correspondingly, their higher metabolic rates
allow bold individuals to sustain greater muscular activity, which in-
duces changes in locomotor activity (@verli et al., 1999; Castanheira
et al., 2017; Molnar et al., 2018). Hence, the higher level of aggressive
interactions seen in stock D could be a part of their personality, which
need not necessarily lead to a stress response. The difference in the fast-
slow continuum among fish populations could be determined by the
total number of resources allocated to either survival or reproduction
during their life history (Stearns and Rodrigues, 2020). Biro and Stamps
(2008) stated that higher success in competing for resources in fast POLS
populations is reflected by faster growth performance and earlier
reproduction compared with populations at the slow end of the POLS
continuum. However, we have no information on the genetic and
phenotypic plasticity (Pigliucci et al., 2006) of the investigated perch
stock, their past environmental circumstances (Devevey et al., 2010), or
the parental broodstock (Olin et al., 2012), but, apparently, differing
geographic background plays a role in population-specific responses to
different challenges.
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5. Conclusion

This study evaluated morphometric parameters, the critical swim-
ming speed, the aggressiveness, activity, and propensity to approach a
novel object, and the stress response to assess the potential of individuals
from four European perch stocks. The differences were especially
evident in two European perch stocks from D and H. Despite a possible
discrepancy in their previous husbandry circumstances, European perch
from stock D revealed a higher level of locomotion, boldness, and ac-
tivity, together with aggressiveness and tolerance to the challenge
during the period of crowding, unlike its conspecifics from stocks FI, FII,
and H. These characteristics could be more beneficial for future fish
selection and the domestication process. Further research should
consider information on the origin of fish and focus on the genetic and
phenotypic plasticity of the individual stocks as well as on adapted fish
farming protocols. These observations may pave the way for subsequent
genomic and/or epigenetic analyses of the investigated stocks (Skaala
et al., 2005; de Los Rios-Pérez et al., 2020) to identify the determinants
of desirable traits and facilitate the future selective breeding process in
European perch aquaculture.
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Simple Summary: Inadequate oxygen saturation, or hypoxia, belongs to one of the critical stress
factors in intensive aquaculture. Exposure of fish to low oxygen levels over prolonged periods
substantially affects their well-being and immune competence, resulting in increased disease suscep-
tibility and consequent economic losses. In this interdisciplinary research, we aimed to provide a
deeper understanding of the effect of chronic low oxygen saturation on pikeperch farmed in recircu-
lating aquaculture systems. The obtained data offer unprecedented insights into the changes in the
immunocompetence of studied fish and suggest high robustness of this new aquaculture species to
the stress factors of intensive aquaculture.

Abstract: Inadequate oxygen saturation can induce stress responses in fish and further affect their
immunity. Pikeperch, recently introduced in intensive aquaculture, is suggested to be reared at
nearly 100% DO (dissolved oxygen), yet this recommendation can be compromised by several
factors including the water temperature, stocking densities or low circulation. Herein, we aimed to
investigate the effect of low oxygen saturation of 40% DO (£3.2 mg/L) over 28 days on pikeperch
farmed in recirculating aquaculture systems. The obtained data suggest that—although the standard
blood and health parameters did not reveal any significant differences at any timepoint—the flow
cytometric analysis identified a slightly decreased proportion of lymphocytes in the HK (head
kidney) of fish exposed to hypoxia. This has been complemented by marginally downregulated
expression of investigated immune and stress genes in HK and liver (including FTH1, HIF1A and
NR3C1). Additionally, in the model of acute peritoneal inflammation induced with inactivated
Aeromonas hydrophila, we observed a striking dichotomy in the sensitivity to the low DO between
innate and adaptive immunity. Thus, while the mobilization of myeloid cells from HK to blood,
spleen and peritoneal cavity, underlined by changes in the expression of key proinflammatory
cytokines (including MPO, IL1B and TNF) was not influenced by the low DO, hypoxia impaired
the influx of lymphocytes to the peritoneal niche in the later phases of the immune reaction. Taken
together, our data suggest high robustness of pikeperch towards the low oxygen saturation and
further encourage its introduction to the intensive aquaculture systems.

Keywords: pikeperch; hypoxia; intraperitoneal stimulation; immune response; stress response;
Aeromonas hydrophila
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1. Introduction

Low dissolved oxygen (DO) levels induce primary, secondary and tertiary stress
responses in fish [1]. Optimal oxygen saturation is a vital parameter for animals and,
therefore, tightly controlled in intensive aquaculture facilities. Hypoxia is defined as
depletion of oxygen concentration, which can substantially affect the fish’s well-being and
immune status, resulting in increased susceptibility to stressors and reduced resistance
to pathogens [2]. Bregnballe (2015) defined oxygen saturations below 40% (equivalent to
~3-4 mg/L at 20-25 °C) as inadequate for aquaculture facilities in general [3]. The required
concentration of dissolved oxygen is dependent on the fish species and the corresponding
water parameters. Furthermore, the animal-specific sensitivity to low oxygen saturation
and the duration and the intensity of hypoxic conditions influence the outcome of the
triggered response [4,5]. There are several reasons for low DO levels in aquaculture systems,
including inadequate water circulation [6], high water temperatures [7] and high stocking
densities [8]. Percids seem to be relatively tolerant to low DO levels [9,10]. For instance,
feeding rate of yellow perch (Perca flavescens) consumption is negatively regulated only
with oxygen levels of 3.5 mg/L and lower [11]. The growth of walleye (Sander vitreus)
and yellow perch is affected by oxygen levels only below 2 mg/L [12-14]. Nevertheless,
levels below 5 mg/L DO can induce significant stress responses in Eurasian perch (Perca
fluviatilis) [15].

The pikeperch (Sander lucioperca) is native to fresh and brackish waters of the northern
hemisphere [16], and due to its high-quality flesh and high market acceptance, it became
a significant food fish for regional aquaculture in Europe [17]. Within its natural habitat,
the DO levels range from 5.5 to 12.9 mg/L [18,19]. Thus far, nearly 100% DO (equivalent
to ~7-9 mg/L DO at 20-25 °C) has been suggested as the optimal oxygen saturation for
pikeperch aquaculture [20-22]. However, the lower limit of the pikeperch’s tolerance
to low DO levels under intensive farming, and its impact on physiology and immunity
remains vague. Previously, Stejskal et al. (2012) observed that a 50-60% oxygen saturation
(equivalent to ~4—6 mg/L DO at 20-25 °C) correlates with lower feed intake and a reduced
growth rate in intensive pikeperch farming [23], while in independent study similar oxygen
saturation for 36 days led to a significant increase in the complement activity of the sera [24].
Nevertheless, a more detailed understanding of the effect of chronic low oxygen saturation
on immune system of pikeperch is absent. In this study, we aimed to fill this gap and
elucidate how low oxygen saturation of 40% (£3.2 mg/L DO) for 28 days influences the
standard health and immune system parameters and expression of selected genes involved
in the regulation of immune and stress responses. Furthermore, to gain further insights
into the capacity of the immune system to induce inflammatory responses under low DO,
we employed a previously established model of acute peritonitis with Aeromonas hydrophila,
Gram-negative bacteria associated with mortality of fish kept under adverse environmental
conditions [25,26].

2. Materials and Methods
2.1. Fish Rearing and Experimental Design

Ninety-eight juvenile pikeperch (obtained from Anapartners, s.r.o., Prague, Czech
Republic), with an average length of 29.51 £ 0.47 cm and body weight of 219.39 £9.79 g,
were reared in a recirculating aquaculture system (RAS) at the Institute of Aquaculture
and Protection of Waters (IAPW; Ceské Bud&jovice, Czech Republic) from June to August
2018. Fish were randomly assigned in six identical black plastic 300 L tanks and acclimated
for two weeks at 23.1 & 1.0 °C with 12:12 h day/night light period and a light intensity
of 20-35 Lx. Water was pre-treated by drum and moving bed filters in complement with
UV disinfection and aeration. In all tanks, the inflow-outflow rate was 6 L/min, generated
through mixing towers, and in-tank oxygen saturation was monitored online using the
controller HACH SC 1000 (HACH Lange, Diisseldorf, Germany). Feeding was performed
with a commercial extruded diet (EFICO Sigma 970, 3 mm, BioMar A /S, Brande, Denmark)
by automatic feeders (EHEIM Twins, Deizisau, Germany; 6 meals per day) and one hand
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day1

feeding. Fish were fed ad libitum. The experimental design is illustrated in Figure 1. The
experiment was performed in triplicate tanks for up to 28 days, with £3.2 mg/L DO levels
(40% oxygen saturation) for “low DO group” (total n = 49; 12-24 per tank) and £8.3 mg/L
DO levels (>95% oxygen saturation) for the control group (total n = 49; 12-24 per tank).
Low DO conditions were established by additional nitrogen administration according to
the oxygen depletion system generated by Pichavant et al. (2000) [27], including individual
modifications. Water quality parameters (NH;, NH**, NO?>~ and NO®~) were monitored
throughout the experiment in the two-day interval using commercial kits (LCK 304, LCK
341, LCK 339 and HACH Lange, Diisseldorf, Germany) and spectrophotometric analyses
(DR 3900 and HACH Lange, Diisseldorf, Germany). The concentration of ammonia, nitrite,
and nitrate was 0.24 £ 0.11, 0.21 £ 0.13 and 4.54 £ 4.18, respectively. Temperature and
pH were monitored daily with HACH HQ40 multimeter and reached 23.5 - 0.7 °C and
7.38 + 0.25, respectively.

day 7 day 14 day 21 day 28 control group: + 8.3 mg/I DO
| ] I | '

1 1 1 1 treatment group: + 3.2 mg/I DO

‘,/‘(
day8 day1l day2 day3
| | | control group — unstimulated: + PBS

l ] ] — control group — stimulated: + A. hydrophila

treatment group — unstimulated: + PBS

tint it | stimulati . :
s treatment group — stimulated: + A. hydrophila

Figure 1. Outline of the experimental design. The 98 adult pikeperch were kept either under normoxic water conditions
(£8.3 mg/L dissolved oxygen (DO) level) or low DO saturation (+3.2 mg/L DO level) for up to 28 days. Peripheral
blood, head kidney (HK) and liver tissues were sampled from five fish of both groups. Additionally, at day 8 of the
experiment, 48 fish were intraperitoneally injected with either 1 x 107 inactivated Aeromonas hydrophila cells in 100 pL
sterile phosphate-buffered saline solution (PBS) or exclusively 100 uL PBS. At three following days, peritoneal leukocytes,
peripheral blood, HK and spleen were collected from four fish per group.

Before sampling, fish were anesthetized with 30 uL/L clove oil and stunned in com-
pliance with the terms of the Czech legislation (Section 29 of Act No0.246/1992 Coll., on
Protection of animals against cruelty, as amended by Act No. 77/2004 Coll.). All animal
experiments have been approved by the Ministry of Education, approval ID: MSMT-
18301/2018-2.

On days one, seven, fourteen, twenty-one and twenty-eight of the treatment, we
sampled peripheral blood, head kidney (HK) and liver of five fish per control and low
DO group. Additionally, to elucidate the impact of hypoxia on acute inflammation, we
performed peritoneal stimulation described below. Upon induction of peritoneal inflam-
mation, peripheral blood, HK, spleen and the peritoneal leukocytes were sampled at day
one, two and three post-stimulation at days nine, ten and eleven of the hypoxia experiment.
Peripheral blood was collected from the caudal vein with heparinized (Sigma-Aldrich,
Taufkirchen, Germany) syringes. Parts of the HK, liver, and spleen were snap-frozen in
liquid nitrogen and stored at —80 °C until RNA isolation. The peritoneal leukocytes were
obtained from peritoneal lavage as described previously [28].

2.2. Intraperitoneal Stimulation with Aeromonas hydrophila

To evaluate the impact of low DO on the acute inflammatory response, fish were
stimulated with 1.5% paraformaldehyde (PFA) inactivated A. hydrophila. To this end,
48 pikeperch (24 each per control and low DO group, 208.85 £ 6.58 g) were intraperitoneally
injected at day eight of the experiment (Figure 1) with either a total of 1 x 107 A. hydrophila
in 100 pL sterile phosphate-buffered saline solution (PBS) or exclusively with 100 uL PBS.
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2.3. Cell Isolation

The blood samples were diluted 1:150 in DMEM (Dulbecco’s modified eagle medium;
Gibco/Life Technologies, Carlsbad, CA, USA) on ice. The remaining HK and spleen were
homogenized by cell strainer (100 um; Corning Inc., Corning, NY, USA) and resuspended
in 4 mL DMEM (Gibco) on ice. Collected cells were further 1:1 diluted in DMEM (Gibco)
on ice, layered onto an isotonic Percoll™ (Ge Healthcare, Uppsala, Sweden) gradient
(34% plus 51%; r = 1.075 g/mL) on ice and centrifuged at 800x g for 15 min at 8 °C. We
collected the HK leukocytes at the interphase of the different Percoll™ concentrations,
washed the cell suspension and, finally, resuspended it in 500 uhL DMEM (Gibco) on ice.
Cells were further 1:2 diluted in DMEM (Gibco) on ice and applied for flow cytometry.

2.4. Flow Cytometry

To investigate the cell composition of peripheral blood, HK and spleen samples we
applied flow cytometry analysis using the BD FACSCanto™ II system (BD Biosciences,
Prague, Czech Republic) in medium flow rate (1 uL/s). Briefly, the leukocytes from HK
and spleen were diluted to a concentration 1 x 10°/mL and 100 pL of the cell suspension
was used for the measurement. Furthermore, 2 ul. of whole blood were diluted in 200 puL of
DMEM containing the DIOC6 dye and recorded for 20 s at a constant flow of 1 puL/second.
To determine the total number of peritoneal leukocytes, we employed the flow cytometry
protocol described previously [28]. The cell morphology was evaluated using the FSC-
SSC parameters, with lymphocytes being FSC'°-SSC!° and myeloid cells being defined as
FCSh-g5Chi,

2.5. Health Parameters

We measured traditional health indicators, including total length, weight, spleno-
(SSI) and hepato-somatic indices (HSI), as well as concentrations of glucose, lactate and
plasma cortisol levels. The SSI was calculated by the formula: spleen weight (g)/body
weight (g) x 100; the HSI was calculated by the formula: liver weight (g)/body weight
(g) x 100. Whole blood glucose and lactate levels were analyzed using the Accutrend®
Plus device (Cobas; Roche Diagnostics, Mannheim, Germany). Plasma cortisol levels were
measured by the Cortisol ELISA assay (DRG Instruments, Marburg, Germany) according
to the manufacturer’s instructions.

2.6. Gene Selection and Primer Design

To evaluate the transcriptional response to low DO saturation and the capacity of
fish to induce inflammatory responses under stress, we established a screening panel with
15 genes involved in stress and immune response (listed in Table 1).

The genes, elongation factor 1 alpha (EEF1A1), ribosomal protein L32 (RPL32) and ribo-
somal protein S5 (RPS5) were applied as reference according to Swirplies et al. (2019) [29].
For the candidate genes interleukin 8 (CXCLS), hypoxia-inducible factor 1 subunit al-
pha (HIF1A), heme oxygenase 1 (HMOX1), heat shock transcription factor 1 (HSF1), heat
shock transcription factor 2 (HSF2), heat shock protein 90 alpha family class A member
1 (HSP90AA1), interleukin 1 beta (IL1B), nuclear receptor subfamily 3 group ¢ member 1
(NR3C1) and tumor necrosis factor (TNF) pikeperch-specific oligonucleotide sequences
were already available from our former studies [29,30]. Using our recently published
pikeperch genome (RefSeq NCBI: GCA_008315115.1) [31], we identified the remaining or-
thologs for S. lucioperca. The Pyrosequencing Assay Design software (version 1.0.6; Biotage,
Uppsala, Sweden) was applied to derive optimal oligonucleotide primers. We purchased
all primers from Sigma-Aldrich, Taufkirchen, Germany) and validated them by sequenc-
ing their PCR products (Applied Biosystems 3130 Genetic Analyzer; Life Technologies,
Carlsbad, CA, USA).
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Table 1. Gene-specific primers used in this study.
Gene Symbol Official Names Sense Primer (5'-3') Antisense Primer (5'-3') Primer Efficiency [%] Fragment Length [bp]
Reference genes:
EEF1A1 Elongation factor 1 alpha ATGGACAGACCCGTGAGCATG TTCTTGATGTAGGTGCTCACTTC 105 151
RPL32 Ribosomal protein L32 GGCGTAAACCCAGAGGTATTGA ACCTCGAGCTCCTTGACATTGT 105 157
RPS5 Ribosomal protein S5 GCAGGATTACATTGCTGTGAAAG  TCATCAGCTTCTTGCCATTGITG 101 161
Target genes:
Stress response
EPAS1 Endothelial PAS domain proteinl =~ AGTGCAGAGGACGCACAGATG TCATGTTCACCTGCGTGAGCC 100 139
HIF1A Hypo’gigﬁiﬁci’;;fd“ ! CCAGTCGAATCCCTTGAGAGTIT ~ CTGTGGGGTCCTCTTAGCAAC 97 156
HMOX1 Heme oxygenase 1 GCTCGCTGTATGAGGTCTACC TCTCTCCAGTCCTGGCCATAG 101 154
HSP90AA1 Heat shock protein 90 alpha AGATACTACACCTCGGCTTCTG ~ TCACCAGTGATGTAGTAGATGTG 100 101
family class A member 1
HSF1 Heat shock transcription factor1 ~ TGTGTCTTGTGCAGAGTGGAAC GCTGGCCATGTTGTTGTGTTTG 111 101
HSF2 Heat shock transcription factor 2 AGCCGTCCCGCAGCTCCCT CGGGACTCAGTTCGCACAGG 91 93
NR3C1 Nuclear receptor subfamily 3 -\ GTCCTGCATGGATTCACTT — AGGTCCATAGTGTTGTCACTGAA 100 180
group ¢ member 1
Immune response
CSF2 * Colony stimulating factor 2 CCAGCAGGAATACACAGAAATCT CGCAGATAGAGACAATGATGAAG 95 164
CXCL8 * Interleukin 8 AACAGGGATGAGTCTGAGAAGC GCTTGGAAATGAAGTCTTACATGA 98 158
FTH1 Ferritin heavy chain 1 AGAACTGGCAGACTGGGTGAC CTGCTTTCTTTGCCCAGGGTG 99 102
IL1B * Interleukin 1 beta TCGACCTACTTGCACCCTACA TCTGCCTCCACAACCTGAA 101 137
MHC II alpha * Ma]ggi‘:;;:i‘ﬁ“ﬁ;ﬁg‘hty TGGACCAACCACTGACCAGAAT  CATCATCAGTCCCAGCCAATCA 99 168
MPO * Myeloperoxidase GTTTGATCGGCCGTCCTGCTA ATTACCAGCCAAGCCATGGTCA 98 152
RAG1 * Recombination activating 1 CTCAGGCTTCAGTGTCATGATC AACCTCTTTCTCCTCCTCGTCT 95 157
TNF * Tumor necrosis factor GTCTTTGGAACCAGGCTATTTAC TTTATGCCTCAGGCTTGACTGG 89 157

* Genes applied exclusively for stimulation experiment.
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2.7. RNA/cDNA Preparation

Total RNA was extracted from collected samples by homogenizing tissues (HK, liver and
spleen) separately within 1 mL TRIzol Reagent (Invitrogen/Thermo Fisher Scientific, Karlsruhe,
Germany), as stated in the manufacturer’s instructions. Subsequently, we purified all samples
with the RNeasy Mini Kit (Qiagen, Hilden, Germany), including DNAse treatment. For
isolated HK leukocytes, 3.5 pL of 2-mercaptoethanol (Sigma-Aldrich, Taufkirchen, Germany)
was added, and samples were purified with the ISOLATE I RNA Mini Kit (Bioline/Meridian
Bioscience, London, UK). Applying gel electrophoresis and spectrophotometry analysis in
repeated measurements (ND 1000; NanoDrop Technologies/Thermo Fisher Scientific, Waltham,
MA, USA), the quantity and quality of the isolated nucleic acids were determined. Collected
RNA was stored at —80 °C until further application.

Synthesis of cDNA was performed from 1.0-1.5 pg of total RNA using the SuperScript
II Reverse Transcriptase Kit (Thermo Fisher Scientific, Karlsruhe, Germany) according to
the manufacturer’s protocol, and cDNA was stored at —20 °C.

2.8. Real-TIME Quantitative PCR (rt-gPCR)

The gene expression during low DO levels was evaluated by real-time quantitative
PCR (rt-qPCR). Therefore, we implemented the SensiFAST™ SYBR No-ROX Kit (Bioline,
Luckenwalde, Germany) and the LightCycler96 system (Roche, Basel, Switzerland). PCR
conditions were as follows: the initial denaturation step (95 °C, 5 min) was followed by
40 cycles of denaturation (95 °C, 15 s), annealing (60 °C, 10 s), elongation (72 °C, 20 s) and a
fluorescence measurement step for 10 s (75 °C). For the copy-number calculation by linear
regression analysis (R? > 0.999), standard curves based on Cq values of tenfold dilutions
of the generated fragments (1 x 103-1 x 10® copies) were generated. Cq values > 35 were
considered as not detectable. For confirmation of the quality of all PCR products, we
conducted melting curve analysis and gel electrophoresis.

Three reference genes (EEF1A1, RPL32 and RPS5) for S. lucioperca [29] were evaluated
for each sample and applied for data normalization.

2.9. Statistics

Rt-qPCR data were evaluated with the LightCycler 96 software v. 4.0.1. Flow cytometry
data were analyzed by using the BD FACSDiva software FlowJow10. Statistically significant
differences in blood parameters, gene expression and cell composition between control and low
DO group were determined per day using the multiple t-test (Holm-Sidék corrected, o = 0.05).
For the additional stimulation experiment data, statistical significances were calculated with
one-way ANOVA followed by Tukey’s multiple comparison test (p < 0.05).

3. Results
3.1. Reduced Oxygen Saturation Induces Marginal Changes in the Process of Adaptation
3.1.1. Blood and Health Parameters of Challenged Pikeperch

To evaluate the physiological responses of the fish challenged with the low DO levels,
we recorded standard health parameters including blood glucose, lactate and plasma cortisol
levels, as well as SSI and LSI throughout the experiment. Notably, these parameters did not
reveal any significant differences between the “control” (8.3 mg/L DO) and “low DO group”
(£3.2 mg/L DO) at any time point of the experiment (Supplementary Table S1).

3.1.2. Composition of HK and Peripheral Blood upon Low DO Exposure

We hypothesized that inadequate oxygen saturation would affect the immune status of
the fish, reflected by a change in the proportion of immune cells. Therefore, we employed
flow cytometry to analyze the ratio between myeloid and lymphoid cells in HK and
peripheral blood. (Figure 2).

Throughout the experiment, the average cell composition of the peripheral blood
leukocytes remained almost unchanged between the control and the low DO group, with a
proportion of approximately 95% lymphocytes to 5% myeloid cells (Figure 2A). Conversely,
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Proportion [%]

the composition of HK exhibited notable differences between both groups. Thus, while the
ratio between myeloid cells and lymphocytes in the control group underwent only mild
fluctuations ranging from 63% to 79% of lymphocytes and 21% to 37% of myeloid cells, we
observed more substantial changes in the group exposed to low DO. Particularly at the
early time points (day one, seven and fourteen), we witnessed an increase in the proportion
of myeloid cells, reaching to 46%, reflected by a 1.4 x decrease in lymphocyte proportion
(Figure 2B).

A Blood B HK

100+

Proportion [%]
[¢)]
o
L

1 7 14 21 28 14
Days Days

Figure 2. Proportion of myeloid and lymphoid cells within blood and HK of pikeperch challenged with low DO conditions.
Proportion (%) of lymphoid (bright color) and myeloid cells (dark color) in collected blood (A) and head kidney (HK; (B))
samples of pikeperch. HK was additionally purified by Percoll-gradient. Columns represent mean of five individual samples
(+SEM) from control (grey/patterned) and hypoxia group (red) after one, seven, fourteen, twenty-one and twenty-eight days
of the experiments. Statistical significance per cell type per each day was determined using the multiple t-test (Holm-Sidék
corrected), with alpha = 0.05.

3.1.3. Gene Expression Analysis in HK and Liver of Challenged Pikeperch

To provide deeper insights into the molecular mechanisms underlying the changes in-
duced by low DO levels, we evaluated the expression of eight selected genes involved in re-
sponse to hypoxia. The transcript numbers ranged from approximately 2 x 10! (HSP90AA1)
to 2.5 x 10° (HSF2) copies per 100 ng RNA in HK and liver of individual fish (Figures 3A-C
and 4A-C). We detected transcript numbers only below 2 x 103 transcripts/100 ng RNA
for the genes HMOX1 and HSP90AA1 in HK and liver (Figures 3A and 4A). The highest
copy numbers with 1.5 x 10° transcripts/100 ng RNA and above were observed for the
genes EPAST, FTH1 and HSF1 in HK and liver (Figures 3C and 4C).

In general, few genes were lower expressed under low DO levels in liver and HK than
in the control group. Three of the analyzed genes (EPAS1 in HK; FTH1 and NR3C1 in the
liver) shared similar transcript patterns. Here, the expression levels of both groups are
similar at the beginning and the end of the experiment, but at days seven and fourteen the
low DO group showed lower transcript levels.

Four genes showed statistically different copy numbers between the control and the
low DO group. For HSP90AA1, a change from significantly lower to significantly higher
copy numbers during the treatment was observed in HK. HIF1A showed higher transcript
levels during the low DO exclusively at day 2 in the liver, but lower copy numbers from
day 14 till day 28 in HK. Another two genes (FTH1 and NR3C1: HK and liver) showed
lower transcript levels during the low DO challenge.



Biology 2021, 10, 649

8 of 19

A HMOX1
100+
g
Z 80+
2
8 60+
T 404 1~ /| §—
[s8 - Jur™
g 204 &
£
0 1 1 1 1 U
17 14 21 28
Days
B EPAS1
100,000
<
-
& 80,000
2
8 60,000
t 40000 |
E=3 =
—
€ 20,000
=

0 T T T T

C HSF1

1,500,000

= AL EN

S 1,000,000 ™ i ¥ R\

P :
E 500,000 o
Q

2

@©

=

Days

Transcript n® / 100 ng RNA

HSP90AA1

100
s
3
2
o
=]
T
=
3
=
g
2
c T T T T T
7 14 21 28
Days
HIF1A HSF2
80,000 fudiN 200,000
3 ¢33 2 z
4 3 6 4
o 60,0004 T~ o 150,000
2 g
8 L N 8 /
= 40,000 ¥ : < 100,000
(= c / \
k= 5 E /
8 20,000 8 50000 I 8/ @ fg:,-ré
< -4 o \.
2 ]
= [
G T T T T T C T T T T T
17 14 21 28 17 14 21 28
Days Days
FTH1
1,500,000
1,000,000
3 /’/§'—A§' AN
500,000 _~ o—3@

Days

Transcript n° / 100 ng RNA

NR3C1
150,000 * w
* % ';
e - *
1000004 & N—
a_ ¥
2N ~5
.~
50,000 —3

Figure 3. Stress and immune marker expression in HK of pikeperch exposed to low oxygen saturation. Gene expression
of candidate genes in collected head kidney (HK) samples of pikeperch. Normoxic (grey/empty circles) and low DO
(red/filled circles) groups after one, seven, fourteen, twenty-one and twenty-eight days of the experiment. Genes involved
in stress (green) or immune response (blue) were either lowly (A), moderately (B) or highly (C) expressed. Data points
represent the mean of five individual samples (+SEM), calculated per 100 ng of total RNA. Statistical significance was
determined between groups for each day using the multiple t-test (Holm—éidék corrected), with alpha = 0.05; * < 0.05.
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Figure 4. Stress and immune marker genes in liver of pikeperch challenged with low oxygen saturation. Gene expression of
candidate genes in collected liver samples of pikeperch. Normoxic (grey/empty circles) and low DO (red/filled circles)
group after one, seven, fourteen, twenty-one and twenty-eight days of the experiment. Genes involved in stress (green) or
immune response (blue) are either lowly (A), moderately (B) or highly (C) expressed. Data points represent the mean of five
individual samples (+SEM), calculated per 100 ng of total RNA. Statistical significance was determined between groups for
each day using the multiple t-test (Holm-Sidak corrected), with alpha = 0.05; * < 0.05, ** < 0.01 and *** < 0.001.

1,250,000
1,000,000
750,000
500,000
250,000

800+

7004
600+
500
400
300+
200
100+

Transcript n° / 100 ng RNA

HMOX1

80,000

60,000

40,000

20,0004

0

EPAS1

Days

Transcript n° / 100 ng RNA

N w » 52}
[=] o o o
1 l 1 ]

e
o
L

Transcript n° / 100 ng RNA

HSP90AA1

o

50,000
40,000
30,000
20,0004

10,000

Transcript n° / 100 ng RNA

i/
1 1 1 T 1
1 7 14 21 28
Days
HSF2
A/Qfg o]

2,000,000+

1,500,000

1,000,000+

500,000

0

HSF1

%

T T T T T
1 7 14 21 28

Days

3.2. Induction of Peritoneal Inflammation under Low DO Levels
3.2.1. SSI after Intraperitoneal Stimulation
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To elucidate to which extent is the immune response of the host compromised by the
reduced levels of DO, on day eight (Figure 1), we employed an adapted model of peritoneal
inflammation established previously [28]. Upon the stimulation, we determined the SSI in
all tested groups, the control group and low DO group, both either unstimulated (PBS as

control) or stimulated with inactivated A. hydrophila (Figure 5).

The average spleno-somatic indices ranged from 0.040 to 0.077. The injection of
inactivated bacteria resulted in an increase of the SSI in both the control and the low
DO group at day one to three post-stimulation, with the most prominent and significant
changes seen between unstimulated and stimulated fish of the low DO group at day
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one. Furthermore, we noticed a slight, albeit nonsignificant, decrease in the SSI in the
PBS-injected fish in the low DO group compared to normoxia.
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Figure 5. Spleno-somatic index of pikeperch during acute peritoneal inflammation. Spleno-somatic
indices of pikeperch after one, two and three days post intraperitoneal stimulation with inactivated
Aeromonas hydrophila cells. The graph shows differences between normoxic control groups, either
unstimulated (dark grey/patterned) or stimulated (bright grey/patterned), and low DO groups,
either unstimulated (dark red) or stimulated (bright red). Columns represent mean of four individual
samples (+SEM). Statistical significance per each day was determined using the one-way ANOVA
followed by Tukey “s multiple comparison test (p = 0.05); different letters (A, B) represent significant
changes between different control and low DO groups.

3.2.2. Leukocyte Migration upon Intraperitoneal Stimulation

To further evaluate the impact of low DO on acute inflammation, we analyzed the cell
composition in the peritoneal cavity, blood, spleen and head kidney upon intraperitoneal
injection with A. hydrophila (Figure 6A-C and Figure 7A-C).

Lymphocytes Myeloids vs Lmphocytes
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Figure 6. Kinetics of peritoneal leukocytes upon acute peritoneal inflammation. Total counts of myeloid cells (A), lym-
phocytes (B) and proportion of both cell types (C) after one, two and three days post intraperitoneal stimulation with
inactivated Aeromonas hydrophila cells. Graphs A and B show differences between normoxic control groups, either unstimu-
lated (dark grey/patterned) or stimulated (bright grey/patterned), and low DO groups, either unstimulated (dark red)
or stimulated (bright red). Columns represent mean of four individual samples (+SEM). Statistical significance per each
day was determined using the one-way ANOVA followed by Tukey’s multiple comparison test (p = 0.05); different letters
(A—C) represent significant changes between different groups. Graph C shows differences between control groups, either
unstimulated (grey, filled triangle) or stimulated (grey, open triangles), and the low DO groups, either unstimulated (red,
filled circles) or stimulated (red, open circles). Dotted lines represent lymphocytes, filled lines represent myeloid cells.
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Figure 7. Proportion of myeloid cells within HK, peripheral blood and spleen of pikeperch upon intraperitoneal stimulation.
Proportion (%) of myeloid cells in head kidney (HK; A), peripheral blood (B) and spleen (C) samples of pikeperch after one,
two and three days post intraperitoneal stimulation with inactivated Aeromonas hydrophila cells. The graph shows differences
between normoxic control groups, either unstimulated (dark grey/patterned) or stimulated (bright grey/patterned), and
low DO groups, either unstimulated (dark red) or stimulated (bright red). Columns represent mean of four individual
samples (+SEM). Statistical significance per each day was determined using the one-way ANOVA followed by Tukey “s
multiple comparison test (p = 0.05); different letters (A-C) represent significant changes between different groups.

While the PBS-injected fish did not undergo any remarkable changes in the number
of cells in the peritoneal cavity and retained their original composition with 80-90%
of lymphocytes and 10-20% of myeloid cells throughout the experiment, the injection
of inactivated A. hydrophila led to rapid recruitment of myeloid cells to the peritoneal
cavity, resulting in a complete change in its profile (Figure 6A-C). As soon as one day
after the injection, the myeloid cells comprised over 80-90% of all peritoneal leukocytes
(Figure 6C), reaching the total number of 1.4 x 107 and 9 x 10° in control and DO low
groups, respectively (Figure 6A). In the following 24 h, the peritoneal niche underwent the
second change in its composition, and the growing number of lymphocytes substituted the
peak of myeloid cells. Their total number reached approximately 3 x 107 cells in the control
group (Figure 6B), representing over 80% of all peritoneal leukocytes (Figure 6C). Notably,
the recruitment of lymphocytes to the peritoneum of low DO fish was three times lower
than in fish kept at normal oxygen saturation. On the third day, we observed a resolution
of inflammation in both stimulated groups.

The recruitment of leukocytes to the peritoneal cavity was mirrored by the changes
in the composition of blood and both systemic lymphoid organs. The changes were
most prominent on the first two days when the stimulation with inactivated A. hydrophila
decreased the proportion of myeloid cells in the HK from 30% observed in PBS injected
controls to ~12% and ~23%, respectively (Figure 7A). In addition, we observed a significant
decrease in the myeloid proportion of the low DO group (~23%) after the first day (without
additional stimulation) compared to the control group (~30%) (Figure 7A). This decrease
was complemented by the increased mobilization of myeloid cells to the peripheral blood,
which increased from ~3% in PBS injected groups up to 13% in stimulated fish 24 h post-
injection (Figure 7B). This has been further reflected by the increased ratio of myeloid
cells in the spleen of low DO fish but not in the fish kept at standard oxygen saturation
(Figure 7C). With the ensuing resolution of the inflammation in the peritoneal cavity, the
proportion of myeloid cells in the blood decreased gradually to ~8%.

3.2.3. Gene Profiling in HK and Spleen during Acute Inflammation

We further aimed to evaluate the transcriptomic changes orchestrating the acute
inflammation using established rt-qPCR analysis (Figure 8A-C and Figure 9A-C). Ten
genes (CSF2, EPAS1, FTH1, HIF1A, HMOX1, HSF1, HSF2, HSP90AA1, NR3C1 and RAG1)
were exclusively determined in HK with additional five genes (CXCLS, IL1B, MHC II alpha,
MPO and TNF) in both tissues. TNF was exclusively detectable in the spleen, with numbers
only below 10 transcripts per 100 ng RNA in HK (data not shown).
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Figure 8. Expression of stress and immune markers in HK of pikeperch upon acute peritoneal inflammation. Expression
of candidate genes in head kidney (HK) of pikeperch. Normoxic control group (grey), either unstimulated (grey/filled
triangles) or stimulated (grey/empty triangles), and low DO treatment groups, either unstimulated (red/filled circles) or
stimulated (red/empty circles) after one, two and three days post intraperitoneal stimulation with inactivated Aeromonas
hydrophila cells. Genes involved in stress (green) or immune response (blue) are either lowly (A), moderately (B) or highly (C)
expressed. Data points represent mean of four individual samples (+SEM), calculated per 100 ng of total RNA. Statistically
significant differences were calculated via one-way ANOVA followed by Tukey’s multiple comparison test (p = 0.05).

We detected the lowest copy numbers with transcripts only below 4 x 10° tran-
scripts/100 ng RNA for five genes (CXCLS, TNF, HMOX1, HSP90AA1 and RAGI) in HK
and spleen of the individual fish (Figures 8A and 9A). For the three genes HSF1, IL1B and
MHCII alpha, we determined copy numbers above 5 x 10° per 100 ng RNA in HK and
spleen (Figures 8C and 9C).

In HK, we observed highly dynamic expression profiles of the selected genes. An
intraperitoneal stimulation decreased the transcript levels of FTH1, HMOX1, HIF1A and
HSPI90AA1T after two days of the experiment in the control and low DO group. EPASI,
NR3C1 and RAGI showed lower copy numbers in stimulated control and low DO fish than
the unstimulated control group on any day of the experiment. CXCLS transcript numbers
decreased after stimulation in the control group and increased in the low DO group after
two days. The transcript numbers of MHCII alpha increased two days post-stimulation in
both groups (control and low DO).

In the spleen, the intraperitoneal stimulation led to a remarkable increase in expression
of the genes coding for the inflammatory cytokines CXCL8 and IL1B, which reduced in
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comparison to the levels seen in unstimulated fish two days post-stimulation. In contrast,
MHCII alpha, MPO and TNF transcript levels increased in both groups (control and low
DO) two days post-stimulation.
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Figure 9. Expression of stress and immune markers in spleen of pikeperch upon acute peritoneal
inflammation. Relative expression of candidate genes in spleen of pikeperch. Normoxic control group
(grey), either unstimulated (grey/filled triangles) or stimulated (grey/empty triangles), and low
DO groups, either unstimulated (red/filled circles) or stimulated (red/empty circles) after one, two
and three days post intraperitoneal stimulation with inactivated Aeromonas hydrophila cells. Genes
involved in stress (green) or immune response (blue) are either lowly (A), moderately (B) or highly
(C) expressed. Data points represent mean of four individual samples (+SEM), calculated per 100 ng
of total RNA. Statistically significant differences were calculated via one-way ANOVA followed by
Tukey’s multiple comparison test (p = 0.05).

4. Discussion

4.1. The Hypoxic Challenge of 40% DO Does Not Induce Substantial Changes in Major
Health Parameters

Exposure to stress stimuli initiates a cascade of physiological mechanisms, allowing
the mobilization of energy to cope with stressors and restore homeostasis. In teleost fish,
like in other vertebrates, several markers, including blood parameters and health indices,
are frequently applied as surrogates of the adaptation response. Apart from the spleno-
somatic index, reflecting the immune status, or hepato-somatic index, representing the
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organism’s metabolic rate, the blood cortisol serves as the primary indicator of the ongoing
stress response. Its increasing levels regulate a vast array of processes directing the energy
metabolism toward the mobilization of hepatic glycogen and an increased availability of
glucose to facilitate the successful adaptation to the stressor [32-35]. Unexpectedly, none
of the examined parameters showed levels outside the physiological range or significant
differences between the low DO group and the control group in the current study. Cortisol
is an excellent marker for acute stress, including low DO levels, but its reliability under
chronic conditions is uncertain due to its fast release and clearance [36-39].

The levels of free glucose are in line with former studies in pikeperch, whereas
observed lactate levels were lower [40,41]. Both physiological parameters have been
shown to increase after an acute short-term low DO event [42]. However, our findings are
concordant with the study of O’Connor et al. (2011), in which different populations of three-
spined stickleback (Gasterosteus aculeatus) showed no significant changes in whole-body
cortisol glucose and lactate levels after a week of low oxygen conditions (2.2 mg/L DO) [43].
Similarly, Douxfils et al. (2014) reported a fast return to basal cortisol and glucose levels
after a response to low oxygen saturation in juvenile Eurasian perch [44]. In common carp
(Cyprinus carpio), unaltered HSI was detected after long-lasting low DO levels [45]. Overall,
the absence of significant changes in the studied health parameters indicate relatively
high tolerance of pikeperch to low levels of DO and high pace of adaptation responses
preserving the homeostasis even at 3.2 mg/L DO.

4.2. Effects of Low DO on Cell Distribution and Gene Expression

Previous studies have shown that inadequately low oxygen saturation results in
modifications of the innate and adaptive immunity in fish and alters the cell composition
in main lymphoid organs [46-52]. In the presented study, we employed flow cytometry
to elucidate the changes induced by the chronic exposure to low DO in blood and head
kidney. Interestingly, our results revealed an increased proportion of myeloid cells, both
in circulation and in the lymphoid organs of low DO fish, reflecting a potentially higher
mobilization of the immune system. This observation belongs to one of the hallmarks of the
conserved transcriptional response to adversity and is in accord with an increased rate of
circulating myeloid cells in the blood of maraena whitefish (Coregonus maraena) exposed to
crowding stress [53], higher mobilization of myeloid cells to the blood of gilthead seabream
(Sparus aurata) after exposure to short-term stress [54] or increased number of circulating
myeloid cells observed in mammalian models of stress responses [55,56]. Induction of
erythropoiesis at low DO levels, which increases oxygen transport in the blood, has been
observed previously in teleosts [57]. Nevertheless, we did not observe any substantial
increase in the number of circulating erythrocytes throughout the experiment (data not
shown). Therefore, oxygen levels of £3.2 mg/L DO may be classified as a hypoxic condition
for pikeperch, but not as a situation of severe hypoxia.

The detected transcript patterns for the eight examined stress- and immune-relevant
genes further illustrate the weak response to low DO. Although the examined genes were
previously demonstrated to be responsive to hypoxic conditions or belong to downstream
targets of hypoxia-inducible factor 1 alpha (HIF1A), which regulates the hypoxia response
pathway, our analysis revealed only slight downregulation of their expression. More
specifically, HIF1A is essential for the response of hypoxic fish with complex physiological
and biochemical modifications involving the immune system [58,59]. In large yellow
croaker (Larimichthys crocea), severe hypoxic conditions (1.6 &+ 0.2 mg/L DO) for two days
resulted in an upregulation of most immune genes, as well as HIF1A, in HK [60]. According
to these investigations, we expected significant changes within the transcription in hypoxic
challenged pikeperch, with increased expression of HIF1A and other stress marker genes
such as NR3C1 and HSPI90AA1. However, we detected a prominent down-regulation of
HIF1A transcript numbers in the head kidney of pikeperch, with significant differences
at days 14 to 28 of the experiment, but relatively stable transcript levels in the liver. In
European bass (Dicentrarchus labrax), acute hypoxic conditions of 1.9 mg/L DO for 4 h, and
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chronic conditions of 4.3 mg/L DO for 15 days cause an elevated HIF1A transcription in the
liver [61]. The hypoxia-sensitive percid species Eurasian perch showed up-regulated HIF1A
transcription in the liver after an acute hypoxic oxygen saturation of 0.4 &= 0.1 mg/L DO for
1 h, but not after 15 days of 2.8 £ 0.3 mg/L DO [62]. Mohindra et al. (2013) observed in the
hypoxia-tolerant Indian catfish (Clarias batrachus) a significantly up-regulated expression of
HIF1A in the liver and down-regulation in the head kidney after 1 h of 0.98 mg DO per liter.
Whereas, after another 5 h HIF1A was significantly up-regulated in the head kidney [63]. A
down-regulation of HIF1A transcription in response to hypoxia stress was suggested to be
the outcome of a hypoxia shock [64,65]. They concluded that the transcriptional regulation
of HIF1A is a complex and tissue- and species-dependent process. This further suggest
that the range of tolerance of pikeperch reared in intensive aquaculture is hardly impacted
at DO saturations of 40%. It did not establish a severe stress response or severe immune
suppression within 28 days. Collected data rather indicate an ongoing adaptation process
already after 24 h lasting till day 21. Nevertheless, the obtained gene expression data are
based on preselected candidate genes and global gene expression analyses, such as RNAseq
or microarray-based analyses, might uncover yet not considered but regulated genes and
pathways after DO decrease that influence or could affect homeostasis and fish welfare.

4.3. Acute Inflammation Is Moderately Influenced by Low DO

Previously, several observations suggested a negative impact of hypoxic conditions on
the fish immune system [48,66,67]. To provide a deeper understanding of this phenomenon,
we used a previously established model of acute peritoneal inflammation to evaluate how,
and to what extent, acute inflammation is impaired by low DO. Generally, the processes
driving the acute inflammation followed a pattern described previously in other fish
species [28,68]. The injection of inactivated A. hydrophila induced a rapid mobilization of
myeloid cells from head kidney and their release into the circulation [69,70]. Consequently,
within 24 h post-injection, we observed increased SSI in both stimulated groups and
a considerably increased expression of the myeloperoxidase (MPO), a key marker of
granulocytes in the spleen [50]. In spleen, the detected increase of MPO lasted till the end
of the experiment at 72 h. In the head kidney, a stimulation resulted in reduced transcript
levels of MPO in both groups reflecting the efflux of granulocytes into the circulation. A
depletion of neutrophils in head kidney after peritoneal inflammation has been detected
in the goldfish (Crassius auratus) by Bielek et al. (1999) [71]. Simultaneously, we observed
a dramatic increase in the number of myeloid cells in the peritoneal niche. Notably, in
line with the aforementioned results, only marginal differences in the number of recruited
cells were seen between the normal and low DO fish. On a molecular level, the rapid
recruitment of myeloid cells into the peritoneal cavity was complemented by the increased
production of proinflammatory cytokines (particularly CXCL8 and IL1B) in the spleen and
head kidney of studied fish [72,73]. For both cytokines, the increase in gene expression
was more pronounced in the stimulated spleen. Within HK the production of the major
pro-inflammatory cytokine TNF was independent of the treatment marginally low (data
not shown) [74]. While in spleen, higher expression was detectable for both groups one
day post-injection and this increase persisted until the third day of the stimulation. The
primary source of TNF is activated macrophages which, therefore, might also be involved
in the detectable increased SSI [72].

Within the following 24 h, we witnessed a resolution of the acute inflammation,
manifested by decreasing expression of inflammatory cytokines, reduced presence of
myeloid cells in the circulation and an influx of lymphocytes into the peritoneal cavity.
Strikingly, although we did not observe a strong influence of hypoxia on the recruitment
of myeloid cells, the number of lymphocytes differed considerably between both groups,
reaching almost three times lower numbers in the low DO group.

Taken together, these findings support the notion of dichotomy in the effect of hy-
poxia on the innate and adaptive arm of immunity, suggested by previous findings from
mammalian models. Thus, while the innate immune cells, and granulocytes in particular,
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are better equipped to maintain viability and functionality under hypoxic conditions, the
lymphocytes require high energy metabolism coupled with sufficient oxygen availability
for their survival and effective development of effector functions [75,76]. Similarly, in the
present study, the recruitment, and the effector functions of the myeloid during the acute
inflammation were comparable between both groups, while the influx of lymphocytes was
impaired by the low DO, suggesting high evolutionary conservation of these processes in
the tree of life.

5. Conclusions

In their natural habitats, fishes would avoid low oxygen levels by simply escaping
the current situation. However, this option is not available in rearing tanks of intensive
aquaculture facilities. In the present study, we evaluated the effect of hypoxic conditions
(£3.2 mg/L DO) on the health and immune status of pikeperch reared in RAS. We de-
fined stable blood parameters, slightly downregulated gene expression (FTH1, HIF1A and
NR3C1) and a functional acute inflammatory response towards bacterial stimulation. Our
results confirmed that pikeperch do not develop severe responses or immunosuppression
at hypoxic conditions and together with our previous study investigating the challenge of
rising water temperatures in pikeperch [29], indicates that pikeperch in aquaculture may
not be as sensitive to common environmental stressors as previously thought.
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Simple Summary: Herbal medicine feed supplements are used as growth promoters, immune
system stimulants, and to combat stress. We evaluated the effects of garlic powder in the diet of
European perch. The inclusion of garlic powder was shown to improve whole body composition,
feed digestibility, and biochemical and immunohematological effects, and increased resistance against

overcrowding stress.

Abstract: The supplementation of fish diets with phytogenics can increase growth performance and
can modulate immune system response. European perch Perca fluviatilis (initial weight 25.0 & 0.4 g)
were fed a diet including 0 (Control), 10 (G10), 20 (G20), and 30 (G30) g kg_1 garlic powder. No
significant difference in the growth parameters and somatic indices were observed. Significantly
higher fat digestibility was observed in G10 and G30 diets compared to in the control and G20
diets(p < 0.05). Significantly greater red blood cell and white blood cell counts were observed with
the G10 diet (p < 0.05). Garlic significantly decreased serum cholesterol in all of the experimental
groups. Serum albumin was significantly higher in the G10 and G20 diets (p < 0.05). Immediately
after the overcrowding stress challenge, the garlic groups showed significantly higher cortisol levels
than the control group, while no significant difference was observed in the glucose concentration
among groups. At 1 h post-stress, all of the groups that had been fed a garlic-supplemented diet
showed lower cortisol levels than the control group, and this trend was maintained at 6 and 24 h post
stress (p < 0.05), and glucose level in all garlic groups was significantly lower than control (p < 0.05).
Garlic at 10 g kg~ in feed can improve apparent fat digestibility and selected blood parameters and
can enhance resistance against high-density and net handling stress in Eurasian perch.

Keywords: aquaculture; cortisol; fish; haematology; immunology; myeloid cells; stress

1. Introduction

Commercial production of fish, shellfish, and seafood is projected to increase by
approximately 62% by 2030 [1]. Thus, the aquaculture rearing system is changing from an
extensive system to intensive and semi-intensive systems [2], which might increase the
chance of infectious disease outbreaks occurring [3]. Botanical derivatives and extracts, also
known as phytogenics, have been used in fish diets as natural growth promoters and as
immune stimulants. Currently, many plant extracts are considered as safe and cost-effective
additives to aquafeed [4]. Antibiotics that can control pathogens on fish farms present
concerns with respect to consumer health, animal welfare, and environmental pollution [5].

Garlic Allium sativum belongs to the Liliaceae family [6]. It has long been used as
a herbal medicine and may be relevant to aquaculture because of its immunostimulant
properties [7]. Garlic contains alliin, which has sulfur compounds including gamma-

Animals 2021, 11, 2735. https:/ /doi.org/10.3390/ani11092735

https://www.mdpi.com/journal /animals


https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0003-1589-0547
https://orcid.org/0000-0002-7892-695X
https://doi.org/10.3390/ani11092735
https://doi.org/10.3390/ani11092735
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ani11092735
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani11092735?type=check_update&version=1

Animals 2021, 11, 2735

20f18

glutamyl-s-allyl-cysteine and S-allyl-L-cysteins sulfoxides. Moreover, garlic contains allicin
(diallyl thiosulfate), which is responsible for garlic’s typical pungent smell and its medicinal
properties [6], and other bioactive compounds, including vitamins (ascorbic acid, thiamine
and riboflavin), minerals (potassium, phosphorus, calcium, magnesium, sodium, iron, sele-
nium, and germanium), flavonoids (phenolic acids) [8], and amino acids [9]. Garlic powder
has been reported to promote growth in Japanese seabass (Lateolabrax japonicus) [10] and
rainbow trout Oncorhynchus mykiss [11] and to improve body composition in brown trout
(Salmo caspius) [12]. However, garlic powder was not shown to improve growth perfor-
mance in Asian sea bass (Lates calarifer) [13] or rohu (Labeo rohita) [14]. In addition, it has
been reported to increase apparent nutrient digestion in rainbow trout [15] and Nile tilapia
(Oreochromis niloticus) [16]. Dietary garlic powder has shown a favourable effect on blood
total protein, albumin, and phagocytic activity in rainbow trout [17,18]; this plant increased
fish resistance to ammonia stress [19]. Garlic powder increased immunoglobulins in Euro-
pean seabass (Dicentrarchus labrax) [20]. Garlic microencapsulated extract improved growth
performance, body proximate composition, and biochemical and immunohematological
parameters in rainbow trout (Oncorhynchus mykiss) [21]. These studies, regardless of the
form of garlic presentation within diets, suggest that garlic may be used as an alternative
to antibiotics [22].

Eurasian perch (Perca fluviatilis) is a carnivorous percid fish inhabiting northern Eura-
sia [23]. It is a domesticated species with a wide habitat range, and can be found in
brackish water, estuaries, and rivers in recent decades [24], showing potential for European
inland culture [23]. Eurasian perch can be a suitable species for recirculation aquaculture
system (RAS) production and intensive culture [25], but handling through counting, sort-
ing, and tank cleaning as well as high density stocking, may potentially increase energy
consumption and decrease feed intake and growth [26].

Regarding to use of Eurasian perch in RAS culture in recent decades [25], the aim
of the present study was to investigate the effects of garlic powder in feed on growth
performance, body proximate composition, apparent nutrient digestibility, selected blood
and immune parameters, and resistance to high-density and net handling stress in Eurasian
perch juveniles.

2. Materials and Methods
2.1. Ethics Approval

The experimental procedures were performed under guidelines of the European
Communities Directive (No. 2010/63/EU) on the protection of animals used for scientific
purposes and have been approved by the Czech Ministry of Health (MSMT-6744/2018-2).

2.2. Preparation of Garlic Powder and Feed

Garlic powder was purchased from EQUISERVIS, Prague, in Czech Republic. Garlic
powder was produced by Pommier Nutrition, Thymerais—France. (Accessed: 4 June 2019)
(www.pommier-nutrition.com). Experimental feeds (Table 1) were extruded at Exot Hobby
s.r.0. (Cernd v Podumavi, Czech Republic), packed in plastic vacuum bags, and stored
at 4 °C until use. In the present study, corn meal was replaced by 10, 20, and 30 g garlic
powder per kilogram of diet feed. The proximate composition of the basal diet, including
dry matter, crude protein, crude fat, and ash, was 93.48%, 47.20%, 16.33%, and 8.91%,
respectively (Table 1).

2.3. Experimental Design

Eurasian perch juveniles with an initial weight of 25.0 & 0.4 g were obtained from Ana-
partners s.r.o fish farm (Prague, Czech Republic). Fish were transferred to the aquaria at the
Institute of Aquaculture and Protection of Waters (Ceské Budé&jovice, Czech Republic) and
were fed a basal diet formulation (Table 1) without garlic powder for a 14-day acclimation
period before the feeding trial [12]. After adaptation, 1320 fish were randomly distributed
into twelve 150 L tanks (110 fish per tank) with a water flow rate 10 L min~! in RAS [25].
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Each diet was tested with three replicates. Fish were fed manually to apparent satiation at
08:00, 12:00, and 16:00 for 87 days, and uneaten feed was collected at maximum of 30 min
after each meal. Water temperature, pH, and dissolved oxygen (DO) were measured daily
by an HQ40D portable multi-meter (Hach Lange GmbH, Diisseldorf, Germany) and were
maintained at 22.1 4+ 0.5 °C, pH 7.14 4 1.61, and DO 8.16 4 0.42 mg L.~!, respectively. The
photoperiod was 12L:12D [27].

Table 1. Proximate composition of experimental diets with and without garlic powder.

Ingredients (g kg—1) Control G10 G20 G30
Fish meal 271 271 271 271
Soybean concentrate 290 290 290 290
Corn meal 97 87 77 67
Soybean meal 128.5 128.5 128.5 128.5
Garlic powder @ 0 10 20 30
Fish oil 77 77 77 77
Rapeseed oil 58 58 58 58
Methionine P 8 8 8 8
Lysine © 5 5 5 5
Valine 4 2 2 2 2
L-Threonine © 0.5 0.5 0.5 0.5
Vitamins & minerals f 8 8 8 8
Binder & 50 50 50 50
Yttrium oxide (Y,O3) 1 5 5 5 5
Proximate composition analysis
Dry matter% 93.48 93.54 93.71 93.17
Crude protein% 47.20 46.84 46.59 46.33
Fat% 16.33 16.51 15.98 16.13
Ash% 8.91 8.78 8.78 8.82
Fiber% 1.82 3.87 3.98 242
Nitrogen-free extract (NFE) £ 19.22 17.54 18.38 19.47
Gross energy (K| g_l) 8 17.90 18.24 17.99 17.72

2 Garlic powder was purchased from EQUISERVIS, Prague, in Czech Republic. b Adisseo, Shanghai, China; ¢ Inner Mongolia Eppen
Biotech Co., Ltd., Ningxia, China.; d Ajinomoto Animal Nutrition Europe; ¢ Ningxia Eppen Biotech, China; f Aminovitan Sak, Trouw
Nutrition Biofaktory s.r.o, Prague, Czech Republic; & binder (NutriBind, Adisseo, Shanghai, China) (3.0%); h yttrium oxide (Y,O3), Sigma,
Ronkonkoma, NY, USA; ! nitrogen-free extracts (NFE) = dry matter—(crude protein + crude lipid + ash + fiber) [15];] gross energy was
calculated according to following formula: gross energy (MJ/kg) = (protein x 23.6 k] g') + (fat x 39.5 kJ g~!) + (carbohydrates x
17.2 k] g~ 1) [15]; control: without garlic supplement; G10: 10 g garlic powder per 1000 g diet; G20: 20 g garlic powder per 1000 g diet; G30:
30 g garlic powder per 1000 g diet.

2.4. Growth Performance

At the end of the feeding trial, feed was withheld for 24 h. The fish were anesthetized
by tricaine methane sulphonate (MS-222) at 200 mg L~! water [21] and counted, and
individual length and weight were measured. Growth performance and survival rate
were calculated [21]. Final body weight (FBW), feed intake (FI), weight gain (WG), weight
gain percentage (WG%), feed conversion ratio (FCR), specific growth rate (SGR), protein
efficiency ratio (PER), survival rate (SR%), condition factor (CF%), hepatosomatic index
(HSI), and viscerosomatic index (VSI) were calculated as follows:

FBW (g) = Final body weight

WG (g) = [Final body weight (g) — Initial body weight (g)]

WG% = [Final body weight (g) — Initial body weight (g)]/initial body weight (g) x 100
FI (g/fish) = dry feed consumed /number of fish

PER = Weight gain (g)/total protein intake (g)

FCR = dry feed intake (g)/WG (g)

SGR (% day ') = 100 x [In final body weight (g) — In initial body weight (g)]/time (days)
SR% = (number of fish after test/initial number of stocked fish) x 100

CF% = [fish body weight (g)/(fish length)?(cm)] x 100

HSI% = [liver weight (g) /body weight (g)] x 100
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VSI% = [viscera weight (g)/body weight (g)] x 100

2.5. Whole Body Proximate Composition

At the end of experiment, two fish per each tank (n = 6 per group) were randomly
selected. Fish were anesthetized with MS-222 at 200 mg L1 water [21] and were killed
by a sharp blow to the head. The entire fish body was ground, packed individually into
plastic bags, and stored at —20 °C for whole body proximate composition analysis. Both
body and feed proximate composition analyses were conducted according to the methods
of the Association of Official Analytical Chemists (AOAC) [28]. Crude fat was analyzed by
the extraction method using hexane-isopropanol (3:2) according to Hara and Radin, [29]
with slight modifications [30]. Crude protein was measured using the Kjeldahl method
(BUCHI Labortechnik AG, type K-360, Konigswinter, Germany) [12]. Dry matter was
analyzed by drying in a NUVE type FN 400P oven (NUVE, Ankara, Turkey) at 105 °C to a
stable weight [21]. Ash was analyzed in a muffle furnace L 40/11 BO (Nabertherm GmbH,
Lilienthal, Germany)) at 550 °C for 4 h [12].

2.6. Apparent Digestibility Coefficients

Diets contained 5 g kg’1 yttrium oxide (Y20O3) as an inert marker (Table 1). Two
hours after the final daily meal, the tanks were brushed and cleaned, and the remaining
faeces were discarded. After cleaning, the faeces were collected overnight by sieving every
two hours from outlets until the first daily feeding in the morning. The faeces from each
tank were stored separately at —20 °C after centrifugation at 3000 rpm for 15 min for
analysis [31]. The Y,O3 in the diet and faeces was measured using inductively coupled
plasma emission spectrometry following digestion with nitric acid at 180 °C for 48 h. The
apparent digestibility coefficients (ADC) of the dry matter, protein, and fat were calculated
with the following formula [15]:

% digestibility = 100 x 100 [(yttrium in feed /yttrium in faeces) x (nutrient in faeces/nutrient in feed)].

2.7. Haematology and Biochemistry

After 24 h starvation to induce the post-absorptive condition, two fish from each tank
(n = 6 per group) were randomly netted and anesthetized by tricaine methane sulphonate
(MS-222) at 200 mg L~! water [21]. Duplicate blood samples were drawn from the caudal
vein into heparinized and non-heparinized sterile syringes. The heparinized blood samples
were transferred to heparinized Eppendorf tubes and were placed on ice for haematological
analysis. The non-heparinized blood samples were transferred to non-heparinized Eppen-
dorf tubes, and samples were left on ice for 2 h to clot [32]. The serum was subsequently
separated by centrifugation (Heraeus Megafuge 16 R Centrifuge) at 4200 rpm for 15 min
at 4 °C and was stored at —80 °C until analysis [33]. Red blood cells (RBC), white blood
cells (WBC), and subpopulations were counted according to a modified method of Korytaf
et al. [34]. The heparinized blood (10 pL) was diluted in 200 pL. RPMI medium on ice
for cell composition evaluation by a FACS Canto flow cytometer (Heidelberg, Germany).
The biochemical parameters of the blood were assessed using an Abbott Architect c8000
clinical chemistry analyzer (Abbott, Chicago, IL, USA) and assay kits [19] according to
manufacturer’s instructions, as follows: serum total cholesterol, B7D6C7 G3-5321/R02
(Abbott, Chicago, IL, USA); triglycerides B7D7E7 G3-9334/R03 (Abbott, USA); alanine
aminotransferase (ALT), BSL9x7 G5-4432/R05 (Abbott, USA); aspartate aminotransferase,
G8-1502/R06 B8LY7 (Abbott, USA); albumin, 7D53-2030-3927 /R6 (Abbott, USA); total
protein, G6-6667/R04 B7D7D7 (Abbott, USA); and glucose, B3L8X7 G3-5375/R02) (Abbott,
USA). Cortisol levels were analyzed with a cortisol assay kit (L2KCO2) using an immuno-
chemistry analyzer Immulite 2000Xpi Siemens (Siemens Healthcare GmbH, Erlangen,
Germany) at the Stafila laboratory, Ceské Bud&jovice, Czech Republic.
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2.8. Respiratory Burst and Phagocytic Activity

Two fish per tank (n = 6 per group) were anesthetized with MS-222 (200 mg L~!
water) [21]. The head kidney was removed, and the leukocytes were separated by pushing
them through a nylon sieve with RPMI-1640 medium, according to the method by Biswas
et al. [35]. A respiratory burst activity assay was conducted using nitro blue tetrazolium
with minor modifications according to Zaineldin et al. [36]. Briefly, the leukocyte sus-
pension was transferred into 96-well plates, and an equivalent volume of 0.2% nitro blue
tetrazolium solution (Sigma, Ronkonkoma, NY, USA) was added to each well and was
incubated for 30 min at room temperature. After incubation, N-dimethylformamide (Sigma,
USA) was added and centrifuged for 5 min at 3000 rpm. The respiratory burst activity was
reported as the mean fluorescence intensity.

Phagocytic activity was assessed using a modified method from Morimoto et al. [37].
The leukocytes of head kidney were separated by washing with PBS (5 x 10° cells mL~!)
and were incubated with latex beads at 25 °C for 2 h, after which cell-related fluorescence
was evaluated, and the samples were transferred into 96-well plates and assessed with a
FACS Canto flow cytometer (Heidelberg, Germany) to detect the fluorescence of the beads
engulfed by the phagocytic cells.

2.9. High-Density and Net Handling Stress Challenge

At the end of the feeding period, working with one tank at a time, the volume of water
was decreased to leave the fish in a high-density condition (0.67 kg/L) for one minute with
adequate aeration to avoid additional stress [38]. The fish were netted and removed from
the water for 30 s [27] and were then returned to the tank, where the water level of the tank
was increased back to the original volume, and the density was reduced [38]. Immediately
after, two fish per tank were randomly selected (1 = 6 per group), and the tank was refilled.
The fish were anaesthetized with MS-222, and 1 mL of blood was drawn from the caudal
vein with non-heparinized sterile syringes. All of these fish were killed after sampling.
Sampling was conducted prior to the stress challenge, immediately after stress, and 1, 6,
and 24 h post-stress [27]. Blood sampling in each tank was completed within 5 min.

2.10. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics v. 22 (Armonk, NY,
USA). Data normality and homogeneity were checked using the Kolmogorov-Smirnov
test. Data were analyzed by one-way ANOVA. Significant differences among the mean
values was set at p < 0.05 using the Duncan test. In addition, to determine if the effect was
linear and/or quadratic, a follow-up trend analysis using orthogonal polynomial contrasts
was performed. The results are presented as mean =+ SD (standard deviation of the mean).

3. Results
3.1. Growth Performance and Feed Utilization

No significant differences in growth performance and feed utilization, including final
weight, weight gain, weight gain percent, specific growth rate, feed intake, feed conversion
ratio, protein efficiency ratio, or survival rate, were observed among the groups (p > 0.05).
The condition factor was significantly lower in the G30 diet group compared to the other
groups (p < 0.05). In particular, the condition factor significantly linearly decreased with
the increasing dietary garlic powder levels (p = 0.04). In addition, no significant differences
in the viscerosomatic or hepatosomatic index were found (p > 0.05). (Table 2).
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Table 2. Growth performance and feed utilization of juvenile Eurasian perch consuming feed supplemented with gar-

lic powder.
Linear Quadratic
Trend Trend
Parameters Control G10 G20 G30 ANOVA 1> P-Value R? P-Value R?
Initial weight (g) 24754047 25374041 24.77 +£0.13 25.18 4 0.18 0.13
Final weight (g) 66.29 = 1.9 67.39 & 1.89 64.89 + 153 65.52 4 2.93 0.55
nge‘é;ﬁt,a};e 68.49 & 1.82 68.41 & 1.06 68.00 & 0.80 67.83 £1.76 0.92
Weight gain (g) 41534202 4202+ 151 40.12 4+ 1.40 40.34 + 3.09 0.65
Weight gain% 167.82 £9.25  16555+3.67  161.97 +483  160.29 + 13.38 071
Feed Cr‘:t‘ifrsm 1.68 +0.15 1.64 + 0.07 1.73 +0.08 1.71 +£0.16 0.85
Specific growth 1.12 + 0.04 1.11 + 0.01 1.10 + 0.02 1.09 + 0.05 0.76
rate (% day ")
P r"te“r‘;ﬁg“e“cy 1.25 + 0.09 129+ 0.03 1.24 4 0.07 126 +0.13 0.90
Survivalrate (%)  96.36 & 2.40 98.18 + 0.91 96.96 + 1.89 97.57 +2.78 0.75
Condition factor% 1.254+0.05° 1.24 +0.02° 1.18 £ 0.03° 1.10 4 0.032 0.00 0.78 0.04 0.33 0.05
Hef’;tc‘l’zgj/‘:ahc 1.59 4 0.36 1.56 4 0.28 153 4+ 0.37 1.38 4 0.30 0.44
Viscerosomatic 12.06 +2.28 13.13 +2.17 12.88 + 1.56 13.19 + 1.85 0.49
index%

Values are presented as (mean + SD; n = 110). Mean values with different superscripts within a row vary significantly according to one-way
ANOVA (p < 0.05). R? = R squared. 7,2 = partial eta squared. Control: without garlic supplement; G10: 10 g garlic powder per 1000 g diet;
G20: 20 g garlic powder per 1000 g diet; G30: 30 g garlic powder per 1000 g diet.

3.2. Body Proximate Composition

No significant differences were observed the among groups in terms of whole body
dry matter, fat, or ash (p > 0.05). The level of protein in fish consuming the G30 diet was
significantly higher than the G1 group (p < 0.05), but there were no significant differences
among the controls, G10, and G20 groups (p > 0.05) or among the controls, G20, and G30
groups (p > 0.05). There was a significant linear (p = 0.01) and quadratic (p = 0.04) trend
regarding the dietary garlic powder level for body protein content, where body protein
content decreased with the inclusion of garlic powder at G10 and then increased with the
inclusion of garlic powder at G20 and G30. (Table 3).

Table 3. Body proximate composition of Eurasian perch consuming feed supplemented with garlic powder.

Linear Quadratic
Trend Trend
Parameters Control G10 G20 G30 ANOVA 2 P-Value R? P-Value R?
Dry matter% 32.08 £1.15 31.75+1.33 3210+ 1.71 32.26 + 1.09 0.92
Fat% 11.16 £ 1.50 1096 + 1.44 10.78 £1.13 9.76 + 1.24 0.29
Protein% 17.42 + 0.60 2 16.98 +0.69 2 17.39 4 0.98 2 18.31 £ 0.67° 0.04 0.33 0.01 023 0.04 0.25
Ash% 3.38 4+ 043 3.01 &+ 0.60 3.16 +0.19 3.53 +0.29 0.16

Values are presented as (mean =+ SD; 1 = 6). Mean values with different superscripts within a row vary significantly according to one-way
ANOVA (p < 0.05). R? = R square. 77> = partial eta squared. Control: without garlic supplement; G10: 10 g garlic powder per 1000 g diet;
G20: 20 g garlic powder per 1000 g diet; G30: 30 g garlic powder per 1000 g diet.

3.3. Apparent Digestibility Coefficient (ADC%)

Significantly higher dry matter digestibility was observed in all of the garlic-supple-
mented groups compared to the controls (p < 0.05). Moreover, significantly higher fat
digestibility was found in the G10 and G30 groups compared to the control and G20
groups (p < 0.05). No differences in protein digestibility were observed among the groups
(p > 0.05). A positive linear (p = 0.00) and quadratic (p = 0.00) trend was found for dietary
garlic powder levels and protein digestibility, where protein digestibility increased with the
inclusion of garlic powder at G10 and then decreased with the inclusion of garlic powder
at G20 and G30. (Table 4).



Animals 2021, 11, 2735

7 of 18

Table 4. Apparent digestibility coefficient for dry matter, fat, and protein in Eurasian perch provided feed supplemented

with garlic powder.

Linear Quadratic
Trend Trend
Parameters Control G10 G20 G30 ANOVA 1> P-Value R? P-Value R?
ADCd% 77.53 £0.59 2 80.78 £ 0.50 79.60 + 0.87° 81.12 +1.83° 0.01 0.71 0.69 - 0.27 -
ADCf% 7829 £046% 79.89 + 0.68° 78.35+0.722 80.16 & 1.08 ® 0.03 0.65 0.94 - 0.09 -
ADCp% 92.41 £ 0.30 93.33 £0.28 92.66 £ 0.32 92.49 £ 0.55 0.06

Values are presented as (mean + SD; 1 = 6). Mean values with different superscripts within a row vary significantly according to one-way
ANOVA (p < 0.05). R? = R squared. ’7P2 = partial eta squared. Control: without garlic supplement; G10: 10 g garlic powder per 1000 g diet;
G20: 20 g garlic powder per 1000 g diet; G30: 30 g garlic powder per 1000 g diet; ADCd: Apparent digestibility coefficient of dry matter.
ADCf: Apparent digestibility coefficient of fat. ADCp: Apparent digestibility coefficient of protein.

3.4. Haematology and Serum Biochemistry

The number of RBCs and WBCs in G10 were significantly higher than those observed
in the other groups (p < 0.05). The WBCs had positive quadratic trend (p = 0.01) to the
dietary garlic powder and reached a peak in the G10 group. The RBCs had positive
quadratic trend to the dietary G10 group (p = 0.01). (Table 5).

Table 5. Haematological parameters of Eurasian perch fed with feeds supplemented with garlic powder.

Linear Quadratic
Trend Trend
Parameters Control G10 G20 G30 ANOVA '7P2 P-Value R2 P-Value R2
Red blood cells ab y c a b

(1 x 100 pL—1) 283,896 + 77,236 464,543 + 78,157 256,285 + 16,266 352,395 + 46,442 0.00 0.68 0.13 0.01 0.34
‘(’;’,h:j (']’(],"‘;‘LSC{])S 19,711 + 5397 30,589 + 7884 P 18,520 & 43122 21,245 + 51523 0.00 044 003 019 0.01 033
Lymphocytes (%) 91.84 + 351 89.77 + 456 93.91 + 1.84 9411 +2.87 011
Myeloid cells (%) 8.15 + 3,51 10.22 + 4.56 6.08 + 1.84 5.88 +2.87 011

Values are presented as (mean + SD; 1 = 6). Mean values with different superscripts within a row vary significantly according to one-way
ANOVA (p < 0.05). R? = R square. 77> = partial eta squared. Control: without garlic supplement; G10: 10 g garlic powder per 1000 g diet;
G20: 20 g garlic powder per 1000 g diet; G30: 30 g garlic powder per 1000 g diet.

No significant differences in blood serum ALT and AST activity, triglycerides, or
total protein were observed among the groups (p > 0.05). At all levels, garlic powder was
associated with significantly lower levels of cholesterol (p < 0.05). Significantly higher
levels of albumin were detected in the G10 and G20 groups compared to in the other groups
(p < 0.05). A significant linear trend (p = 0.00) was observed regarding the dietary garlic
powder level for albumin, where albumin increased with the inclusion of garlic powder at
G10 and then decreased with the inclusion of garlic powder at G20 and G30. (Table 6).

Table 6. Serum biochemistry of Eurasian perch provided feed supplemented with garlic powder.

Linear Quadratic
Trend Trend
Parameters Control G10 G20 G30 ANOVA 1p? P-Value R? P-Value R?
Alanine
aminotransferase 0.28 £0.10 0.27 £ 0.07 0.28 4+ 0.08 0.19 £ 0.09 0.27
(ukat L~1)
Aspartate
aminotransferase 1.39 £0.89 192 +£1.26 1.83 +1.42 0.75 + 0.40 0.24
(ukat L71)
Cholesterol 828+143%  602+1.13°  7.01+0612 6.27 +0.442 0.00
(mmol L)
Triglycerides 9.28 + 1.94 9.79 + 6.20 14.59 + 4.41 11.30 + 3.63 017
(mmol L)
Albumin (gL~!) 1116 £077° 13104+128¢ 1283 +147°¢ 953 4 1.282 0.00 0.61 0.00 0.55 0.00 0.55
Total protein 43184352  4286+£226 4346+ 194 4151 4135 0.52

(L™

Values are presented as (mean + SD; 1 = 6). Mean values with different superscripts within a row vary significantly according to one-way
ANOVA (p < 0.05). R? = R square. 77,% = partial eta squared. Control: without garlic supplement; G10: 10 g garlic powder per 1000 g diet;
G20: 20 g garlic powder per 1000 g diet; G30: 30 g garlic powder per 1000 g diet.
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3.5. Respiratory Burst and Phagocyte Activity

Garlic powder inclusion did not affect respiratory burst activity (p > 0.05) or lympho-
cyte and myeloid cell phagocytic activity and index (p > 0.05) (Table 7).

Table 7. Immunological parameters of Eurasian perch provided feed supplemented with garlic powder.

Linear Quadratic
Trend Trend

Parameters

Control

G10 G20 G30 ANOVA  #,> P-Value R? P-Value R?

Respiratory
burst activity
(MEFI)
Lymphocytes
phagocytic
activity%
Lymphocytes
phagocytic
index
Myeloid
phagocytic
activity%
Myeloid
phagocytic
index

9290.33 + 1185.85

4210 £ 8.51

14.45 +2.70

52.95 4+ 7.69

16.15 + 2.50

7873.66 + 1267.97 7688.00 + 1675.28 10,838.00 + 4639.88 0.60

46.81 £ 7.86 40.25 £ 10.62 41.87 £6.24 0.57

14.43 1 4.86 1414 +5.16 14.47 £ 5.25 0.99

48.03 & 8.25 54.08 £ 10.61 52.20 +6.78 0.63

19.41 +7.48 17.37 £7.43 1791 £ 6.97 0.85

Values are presented as (mean + SD; = 6). R? = R square. 17p2 = partial eta squared. Control: without garlic supplement; G10: 10 g garlic
powder per 1000 g diet; G20: 20 g garlic powder per 1000 g diet; G30: 30 g garlic powder per 1000 g diet. MFI: Mean fluorescence intensity.

3.6. High-Density and Net Handling Stress Challenge

No significant differences in the level of serum cortisol and glucose were observed
among the groups before stress (p > 0.05). Immediately after stress, all garlic diet groups
showed significantly higher levels of cortisol compared to the control group (p < 0.05). No
significant differences in glucose levels were observed among the groups (p > 0.05). At
1 h, significantly higher cortisol was observed in the controls, and there was a significantly
lower level in the G30 group compared to in the other groups (p < 0.05). At1h, a positive
quadratic trend was found between the increasing levels of garlic powder and serum
cortisol (p = 0.00), where serum cortisol decreased with the inclusion of garlic powder at
G10, increased with the inclusion of garlic powder at G20, and then decreased with the
inclusion of garlic powder at G30. At 1 h, the control and G10 groups showed significantly
higher glucose compared to in the G20 and G30 groups, while the glucose level of the G20
group was significantly lower than that of the other groups (p < 0.05). At 6 h, significantly
higher and lower levels of cortisol were observed in the control and G20 groups, respec-
tively, compared to in the other groups (p < 0.05), where the highest level of glucose was
found in the control and G10 groups, and the lowest level of glucose was found in the G30
group at significant levels (p < 0.05). At 6 h, a significant linear trend (p = 0.00) regarding
the dietary garlic powder level was observed for serum glucose. With increasing levels
of garlic powder, the serum glucose decreased linearly. A positive quadratic trend was
observed between the increasing levels of garlic powder and the serum glucose, where the
serum glucose increased with the inclusion of garlic powder at G10 and then decreased
with the inclusion of garlic powder at G20 and G30. At 24 h, significantly higher and lower
cortisol levels were detected in the control and G30 groups, respectively (p < 0.05), while
glucose was significantly higher in the control group than in the garlic-fed groups (p < 0.05)
(Figures 1 and 2).
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Figure 1. Serum cortisol of Eurasian perch provided feed supplemented with garlic powder under high-density and net
handling stress. Values are presented as (mean £ SD; n = 6). Mean values with different superscripts within each time
vary significantly according to one-way ANOVA (p < 0.05). A = the variance analysed by one-way ANOVA; L = the linear
trend analysed by orthogonal polynomial contrasts; Q = the quadratic trend analysed by orthogonal polynomial contrasts.
R? = R square. 17p2 = partial eta squared. Control: without garlic supplement; G1: 10 g garlic powder per 1000 g diet; G2:
20 g garlic powder per 1000 g diet; G3: 30 g garlic powder per 1000 g diet. Pre-stress: before stress; Post-stress time 0:
immediately after stress; Post-stress time 1: one hour after stress; Post-stress time 6: 6 h after stress; Post-stress time 24: 24 h

after stress.
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Figure 2. Serum glucose of Eurasian perch provided feed supplemented with garlic powder under high-density and net
handling stress. Values are presented as (mean £ SD; n = 6). Mean values with different superscripts within each time
vary significantly according to one-way ANOVA (p < 0.05). A = the variance analysed by one-way ANOVA; L = the linear
trend analysed by orthogonal polynomial contrasts; Q = the quadratic trend analysed by orthogonal polynomial contrasts;
R? = R square. 17p2 = partial eta squared. Control: without garlic supplement; G1: 10 g garlic powder per 1000 g diet; G2:
20 g garlic powder per 1000 g diet; G3: 30 g garlic powder per 1000 g diet. Pre-stress: before stress; Post-stress time 0:
immediately after stress; Post-stress time 1: one hour after stress; Post-stress time 6: 6 h after stress; Post-stress time 24: 24 h

after stress.
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4. Discussion

In the present study, the inclusion of garlic powder in compound diets for European
perch did not show significant effects on growth performance. This finding agrees with
Sahu et al. [14], who reported that garlic powder in the diet of rohu at 1, 5, and 10 g kg ™!
feed did not significantly improve SGR or FCR. Another report documented that the use
of garlic powder at the level of 40 g kg~! in European sea bass did not have a significant
effect on final weight, while 60 g kg~! significantly decreased final weight, specific growth
rate, and feed intake [39]. In contrast, garlic powder improved growth performance
in Japanese sea bass at 25 g kg~! [10], in brown trout at 20 and 30 g kg~! [12], and in
European sea bass at 10 g kg~! [40]. Enhanced growth performance can be attributed
to garlic bioactive compounds, including alliin, allicin, and organosulfur compounds,
especially thiosulfinates [8], which increase digestion, nutrient uptake, and growth [16].
Differences among the results can be related to differences in the experimental design,
fish species [10,12,40], fish size [39,40], garlic supplement type (powder or extract), and its
purity [41,42] and garlic supplement level in the diet [18,39].

The liver is active in fish metabolisms, and HSI can be a marker of the harmful effects
from the environment or diet [43]. In our research, the HSI and VSI indices did not differ
among groups. This agrees with Shalaby et al. [16], who reported no effect of garlic powder
at 10, 20, 30, and 40 g kg ! feed on HSI in Nile tilapia. In contrast, 30 g kg garlic powder
in the diet of brown trout [12] and 32 g kg’l in the diet of Nile tilapia [42] were associated
with significantly decreased HSI. In contrast, the inclusion of 10 g kg~! garlic powder in
the diet of brown trout also significantly increased HSI and VSI [12]. Furthermore, Lee
et al. [44] confirmed that 5 g kg ! of garlic extract did not have an effect on HSI in sterlet
(Acipenser ruthenus) after 5 weeks, but 5 g kg~! of garlic extract increased the somatic index
(HSI) in sterlet after 10 weeks. Moreover, the use of garlic powder at levels 5, 10, 15, 20,
and 30 g kg~ ! in the sterlet diet significantly decreased HSI after a 12-week feeding trial in
all garlic groups [45]. These reports showed that feeding trial duration has a strong effect
on the hepatosomotic index. In contrast, our results confirm that no significant difference
in HSI and VSI among groups can be significantly related to non-accumulation fat in the
whole body and liver [40,46] or reduced fat accumulation in the whole body and liver in
the garlic groups [21,42].

The biological characteristics of fish along with environmental parameters, feeding
protocols, and parasitic infections, affect the fish condition factor [47]. In recent studies, the
addition of garlic powder to brown trout feed [12] did not increase the condition factor. In
the present study, the condition factor in the G30 group was significantly reduced. Lower
levels—10 g kg ! garlic powder in Japanese sea bass [10] and 20 g kg ! in sterlet [45] feed—
significantly increased the condition factor, suggesting increased diet palatability [10,45].
In contrast, garlic powder at levels of 10, 20, and 30 g kg~ ! significantly decreased the
condition factor in Indian major carp, which is in line with our results [48]. In our study,
the decrease in the condition factor can be attributed to the pungent odour of garlic in G30,
which may have reduced feed palatability [49] and feed intake [39]. Moreover, previous
reports proved that use of garlic powder in levels of 25 g kg~! in the diet of Japanese
seabass [10] and 60 g kg~! [39] and 20 g kg~! of garlic powder in European sea bass
feed [40] decreased feed intake. In the present study, feed intake decreased in the G30
groups and subsequently decreased the condition factor [48] for Eurasian perch.

The whole-body proximate composition of perch fed garlic powder did not show
significant differences in dry matter, fat, or ash, while the G30 diet significantly increased
body proximate protein. These results are comparable to those with 30 g kg ~! garlic powder
in brown trout [12] and 30 g kg~! in monosex redbelly tilapia (Tilapia zilli) [50], which
improved body proximate protein composition. The inclusion of garlic powder in the diet
of European seabass [40] and Nile tilapia [16,42] improved body proximate composition.
Studies have shown that garlic supplementation can increase body proximate protein.
Increasing protein and decreasing fat can be attributed to the organosulfur compounds
found in garlic such as allicin, S-allyl cysteine, and diallyl-di-sulfide, which reduce fat
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aggregation in the body [42] due to the increasing bile acids in the garlic treatments [51].
Bile acids are considered to be regulatory molecules, and they have been considered
to stimulate specific nuclear receptors in cells in the liver and gastrointestinal tract [52].
Increased protein can be interpreted as a result of the essential amino acids contained in
garlic [9], increasing free amino acids in the muscle and resulting in protein synthesis [40].

Plant ingredients in fish diets can balance some micronutrients or bioactive com-
pounds [53]. The evaluation of the digestibility coefficients of feed ingredients specify
the nutrient utilization for different fish species [54]. At our lowest test level, garlic pow-
der significantly improved dry matter and fat digestibility. Esmaeili et al. [15] observed
higher dry matter, fat, and protein digestibility in rainbow trout fed with 30 g kg~! of
garlic powder in feed. Shalaby et al. [16] demonstrated that 30 g kg~ ! of garlic powder
increased protein and fat digestibility in Nile tilapia, similar to our results in perch. Other
studies have confirmed that garlic powder improved the digestibility of nutrients and
SGR and decreased FCR in European seabass at 20 and 30 g kg~! [40], in Nile tilapia at
32¢g kg’1 [42], and in rainbow trout at 0.5,1,5,and 10 g kg’l [18]. Moreover, we found
some studies showing that the use of 10 g kg~ ! of garlic powder in the diet of sobaity
sea bream (Sparidentex hasta) [55] and 5, 10, 15, and 20 g kg~! of garlic powder in the
diet of Asian sea bass significantly improved nutrient digestibility, SGR, and FCR [13].
Furthermore, the administration of microencapsulated garlic extract in rainbow trout at a
level of 10 g kg ! improved nutrient digestibility, SGR, and FCR as well [21]. These reports
reveal that the administration of garlic as either a powder or an extract in different fish
species increases growth performance [21,55] and nutrient digestibility due to the bioactive
compounds found in garlic, such as allicin, which improved growth performance and
nutrient digestibility in Nile tilapia [16,42] and European sea bass [40].

Red blood cell and withe blood cell counts are good key indices for evaluating fish
physiology and pathology [56]. In our research, the administration of garlic at 10 g kg~!
increased RBC and WBC numbers compared to the other groups. Garlic powder has
shown similar results in rainbow trout at 0.5, 1, 5, and 10 g kg’1 [18] and in rohu at
10 g kg ! [14]. Nya and Austin [18] reported that 10 g kg~ of garlic powder increased the
WBCs in rainbow trout but did not affect RBC numbers. In contrast, the administration of
10 g kg~ ! of garlic extract (allicin) in the diet of rainbow trout increased RBC numbers, but
significantly decreased WBCs [41]. The use of garlic powder did not alter RBC and WBC
numbers in brown trout at 10, 20, or 30 g kg ~! [12] or in beluga (Huso huso) at 10 g kg ! [57],
and it had no effect on RBC numbers in European sea bass at 10, 20, or 30 g kg~ !, while
30 g kg ! of garlic powder increased the WBCs in sea bass [40]. The higher number of
WBCs found in perch in our study may be related to the immunostimulatory effect of garlic
compounds on the kidney, spleen, and thymus [58], as reported in previous studies [13,18].
RBCs play important roles in oxygen transfer, decreasing hypoxia stress, and contributing
to fish health [59]. Our findings of higher RBC counts can be attributed to the effect of garlic
compounds such as allicin [41] on the head kidney as the main erythropoietic site in teleost
fish [60]. In our study, diets containing garlic powder did not increase concentrations of
blood lymphocytes or myeloid cells. This result is similar to the inclusion of 5, 10, 15, and
20 g kg~ ! in the diet of Asian sea bass [13]. Nya et al. [41] reported that 10 g kg~ of allicin
in the diet of rainbow trout increased neutrophil concentration but showed no effect on
lymphocyte and monocyte percentage. WBCs, including lymphocytes [61] and myeloid
cells [62], have key functions against pathogens as a first line of defence [63]. Myeloid cells
include neutrophils and eosinophils (granulocytes) along with monocytes (macrophages)
in fish [62].

Fish health can be evaluated by blood serum biochemical parameters [33], specifically
the levels of ALT and AST [21,55], which are affected by diet, environment, and stress [64].
The level of ALT and AST activity is considered an indicator of liver health [33]. The levels
of blood serum ALT and AST can be affected by stocking density [65]; water parameters [66];
and fish species [55,57], age, and sex [67]. In the present study, garlic powder did not show
significant effects on serum ALT and AST activity. In agreement with our results, garlic
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powder in the 40 g kg~! diet did not show significant effect on ALT and AST activity
in Asian sea bass (Lates calcarifer) [68]. Furthermore, a mixture of cumin seeds (Nigella
sativa) and turmeric (Curcuma longa Linn.) powder at the levels of 5 and 10 g kg ! feed
(1:1 w/w) did not show significant difference in the levels of ALT and AST in the Asian
sea bass (L. Calcarifer), which is the same as in our study [69]. Other studies showed no
effect on ALT activity in sobaity sea bream [55] or beluga at 10 g kg’1 feed [57]. Serum
AST activity significantly increased in sobaity sea bream with 10 g kg~! of garlic [55] and
decreased in beluga [57]. Garlic powder at 32 g kg ! [42] and 30 and 40 g kg~ ! significantly
decreased blood serum ALT and AST activity in Nile tilapia [16]. Moreover, garlic powder
at the levels 5, 10, and 15 g 1<g_1 in feed decreased the level of blood serum ALT and
AST significantly in common carp (Cyprinus carpio) [70]. In contrast, the inclusion of 40
and 50 g kg ! of garlic powder significantly increased blood serum ALT and AST activity
in rainbow trout [33]. The present study showed that the levels of ALT and AST can at
least be related to fish species and to herbal medicine level and species [68,70] in the diet,
similar to previous studies [55,69]. Moreover, no significant difference in the level of blood
serum ALT and AST in our experimental fish, indicating that 10, 20, and 30 g kg ! of garlic
powder in perch diet were safe doses, as they did not disturb liver finction, as confirmed in
the previous studies [68,69]. The reduction of ALT and AST activity in the blood serum
can be attributed to the antioxidant compounds found in garlic, including S-allyl cysteine
and diallyl-di-sulfide [71] and the flavonoids rutin, tangeretin, and nobiletin [72]. These
antioxidant compounds hinder fat peroxidation in the cell membrane and prevent ALT
and AST secretion into the blood [55].

Triglyceride and cholesterol were measured as blood serum biochemical parame-
ters [55]. We observed no significant differences in the triglyceride levels among groups,
while cholesterol was significantly lower in the garlic-fed groups. Garlic powder at 5, 10,
15, and 20 g kg ! feed reduced cholesterol and triglycerides in Asian sea bass [13] as well
as in rainbow trout at 20, 30, and 50 g kg ~! [33]. In contrast, 10 g kg ! garlic powder in feed
increased cholesterol and triglyceride levels in sobaity sea bream [5]. Apparently, garlic
sulphur compounds reduce triglyceride levels in the blood serum [42]. Allicin is a main
bioactive compound found in garlic that is responsible for hypolipidemia and hypocholes-
terolemia [73] and inhibits cholesterol biosynthesis [74]. In this line, our result showed
that garlic powder at the higher level of G30 (30 g garlic powder per kg feed) significantly
decreased blood serum cholesterol levels in our experimental species. In line with our
study, Shalaby et al. [16] confirmed that garlic powder improved nutrient digestibility,
SGR%, and FCR and increased fat digestibilty. Moreover, garlic powder decreased whole
body fat and blood plasma lipids in Nile tilapia (O. niloticus). In another research study
that was of a similar design to ours, garlic powder improved SGR, FCR, and nutrient
digestibility and decreased total blood serum lipids, triglycerides, and cholesterol in Asian
sea bass [13]. Moreover, Adineh et al. [21] reported the use of microencapsulated garlic
extract at the level of 10 g kg~! feed in rainbow trout improved SGR%, FCR, and nutrient
digestibility and decreased whole body fat, which is the same as our results. Another
study showed that garlic oil (0.15 g kg~! feed) and powder (32 g kg~! feed) increased
nutrient digestibility by improving SGR% and FCR and decreased fat accumulation in
the whole body and in the blood serum triglycerides and cholesterol [42] like our study.
Previous studies [13,16,21,42] confirm our results and have demonstrated that whole body
fat accumulation, apparent fat digestibility, and levels of blood serum triglycerides and
cholesterol are related. In fact, those studies confirmed that increasing fat digestibility
decreases fat accumulation in the whole body and reduces blood serum triglycerides and
cholesterol [16,42].

In the present study, blood serum albumin was significantly higher in the G10 and
G20 groups. Albumin has a protein structure. Albumin is primarily produced in the liver
and prevents blood from leaking out of blood vessels. Albumin also transfers medicines
and other substances across the blood for tissue growth and is used for tissue growth and
healing [75]. Garlic powder increased blood serum albumin in amur carp [76] and rainbow
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trout [18]. The inclusion of garlic powder at levels of 10, 20, and 30 g kg ! in brown trout
feed did not significantly increase blood serum albumin [12], but an increase was seen in
Asian sea bass at the levels of 5, 15, and 20 g kg ! feed [13]. These differences in results
can be related to the garlic dose and fish species as well as feed ingredient composition.

Blood serum protein parameters specifically show the status of fish as they react
to internal and external factors [42]. Blood serum protein provides energy, creates new
cells, reconstructs muscles, transports other nutrients such as messengers in the body, and
supports the immune system [70]. We did not find blood serum total protein to differ
among groups. This was also reported by Talpur and Ikhwanuddin [13], who administered
garlic powder to Asian sea bass at the levels of 5, 10, 15,20 g kg ! feed, and by Nya and
Austin [17], who used 5 and 10 g kg~ ! in the feed of rainbow trout. In contrast, garlic
powder at 10 g kg~! in the diet of sobaity sea bream [55] and at 20 g kg~! in brown
trout [12] increased blood serum total protein. Total protein indicates immune system
status [77]. Increased blood serum protein in the garlic groups can be interpreted as a
higher amount of amino acids in the garlic groups as well as higher amounts of sulfur
compounds including S-allyl cysteine sulfoxide [9] and and stimulate liver to synthesize
blood serum proteins [42].

Phytogenics enhance the immune system of fish [78], but in our study, garlic in the
diet of perch did not improve respiratory burst activity. This finding is in agreement with
Mahfouz et al. [79], who reported that 20 g kg~ of garlic powder in Nile tilapia feed did not
increase respiratory burst activity, which may be related to fish species, culture, and feeding
conditions. Respiratory burst is a latent metabolic route in the cells and is activated upon
pathogen exposure. It destroys pathogens through the synthesis of powerful oxidizing
compounds [80]. The use of 5 and 10 g kg~ ! of garlic powder in rainbow trout increased
respiratory burst reactive oxygen species [17] and 15 g kg~ ! in Amur carp (Cyprinus
carpio haematopterus) diets [76] was shown to increase respiratory burst activity. Increasing
superoxide anion production elevates reactive oxygen species [14]. The administration of
10 g kg~ ! garlic powder to Asian sea bass [13] and 0.5 and 1 g kg~ to rainbow trout [18]
increased superoxide anion production (p < 0.05).

Phagocytic activity is considered to be an indicator of fish immune system activity [81].
We did not find the inclusion of garlic powder in the diet of Eurasian perch to be associated
with the phagocytic activity of lymphocytes or myeloid cells, unlike another reports that
indicate that garlic powder increased phagocytic activity and the phagocytic index in Nile
tilapia at 10 and 20 g kg~ ! [82], Asian sea bass at 20 g kg~! [13], and rainbow trout at
10 g kg ! [18]. Garlic extract (allicin) increased phagocytic activity in rainbow trout at 5
and 10 g kg ! feed [41]. Fish species and the level of garlic can determine its effect on the
immune system. The phagocytic boost of garlic powder or garlic extract [18,41] can be
attributed to the immunostimulatory effect of compounds such as allicin [41], germanium,
and lectin [83]. However, the present study showed that garlic powder cannot boost
phagocytic activity, at least in perch. Although we did not find a significant immune
response in our experimental fish in our study, immune response may happen during
a longer feeding trial, at higher levels of garlic powder [14], or with the use of garlic
extract in the diet [41]. In light of this, Sahu et al. [14] mentioned that superoxide anion
production, which elevates reactive oxygen species was significantly higher in garlic groups
compared to in control groups after 20-, 40-, 60- and 70-day feeding trials. However, the
level of superoxide anion production after 60 days was higher than it was at 20, 40, and
70 days. This result shows that immune response can at the very least be related to feeding
trial duration.

A mixture of 200 ppm garlic and labiatae essential oils (Delacon, Austria) (PHYTO diet)
did not reduce blood plasma cortisol or glucose in European sea bass [84]. Garlic powder
at 10, 20, and 30 g kg~ ! feed in brown trout [12] and at 1, 5, and 10 g kg~! in rohu [14]
showed no significant effect on serum glucose, while it decreased levels of blood serum
glucose at 5,10, 15, and 20 g kg ! in the feed of Asian sea bass [13] and 40 g kg~! in Nile
tilapia feed [16]. Zaefarian et al. [12] suggested that the efficacy of garlic supplementation
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intake can be related to culture conditions and fish species. The reduction of glucose in
blood serum can be attributed to the effect of garlic organosulfur compounds such as
alliin (S-allyl cysteine sulfoxide) [85] and diallyl trisulfide [86], which have been shown
to stimulate insulin secretion in diabetic mice [85] and rats [86], respectively. Although
increasing levels of amino acids elevate insulin secretion, especially in carnivorous fish [87],
increasing blood glucose levels in fish also elevate insulin levels [88]. Garlic organosulfur
compounds increase glycemic control through enhanced insulin secretion and increase
insulin sensitivity [85].

Blood cortisol and glucose are considered primary and secondary stress indicators in
fish [89]. Cortisol is the key circulating glucocorticoid in fish, and its level is indicated by its
cytosolic receptor, which regulates the expression of genes involved in growth, metabolism,
and immune function [90]. Cortisol, a common stress indicator increased blood glucose in
response to stress [91].

In the present study, post-challenge, the observed blood serum cortisol was signifi-
cantly higher in all of the garlic groups compared to the control group, while there was
no difference in the serum levels (p > 0.05) among groups. Elevated blood serum glucose
indicates a higher stress level, requiring fish to increase energy expenditure [92]. Along
with serum cortisol, glucose increases in response to energy demands [93]. Under stress,
catecholamines and cortisol exert an effect on hepatocytes and induce glycolysis and
gluconeogenesis, leading to an increase serum glucose [94].

At 24 h post-stress, the G30 group showed lower blood serum cortisol and glucose
compared to the other groups (p > 0.05). At 1, 6, and 24 h post-stress, blood serum
cortisol was lower in all of the garlic groups compared to the levels in the control grpi.
High-density stocking [95], handling [27], heat stress [96], and low water pH [66] have
been reported to increase levels of cortisol and glucose in fish. The inclusion of 2 mg
nano selenium and 2 ppm garlic extract reduced blood plasma cortisol and glucose in
grass carp (Ctenopharyngodon idella) under stocking density stress [97], while 200 ppm of
a mixture of garlic and labiatae essential oil (Delacon, Austria) (PHYTO diet) reduced
blood serum cortisol after 2 h overcrowding stress but did not show any effect on blood
glucose (p > 0.05) in European sea bass [84]. In the present study, lower cortisol and glucose
may be attributed to the bioactive compounds found in garlic, including alliin and diallyl
trisulfide [98], which were higher in the G30 diet compared to in the other diets [13,21,42].

5. Conclusions

Garlic powder at 10 g kg~! diet shows beneficial effects on haematology, blood
biochemical parameters, and the apparent digestibility of nutrients including fat. The
inclusion of garlic at 30 g kg~ improved whole-body protein composition and increased
resistance against high-density and net handling stress in European perch.

Further research should include garlic A. sativum powder in the diets of European
perch of different sizes and developmental stages to evaluate growth performance and
haematological and immunological parameters, including digestive enzymes and liver
antioxidant activity. We suggest further study to identify bioactive compounds in garlic
that are effective in immune-related gene expression.
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1 | INTRODUCTION

| Hien Van Doan?® | Vlastimil Stejskal®

Abstract

We retrieved data from various studies to investigate the consequences of insect
meal production and insect meal-based diets with respect to their environmental im-
pact, including global warming potential, energy use, land use, water use, acidification,
eutrophication as well as to economic fish-in fish-out ratio and solid waste output
production. Analysis indicated that insect meals’ production exerted positive effects
on land use but was associated with greater energy use and a larger carbon footprint
compared to conventional protein sources. Substitution of silkworm meal (Bombyx
mori) meals for fishmeal in aquatic animal diets significantly reduced solid phospho-
rus waste compared to insect-free diets. In contrast, the inclusion of black soldier fly
(Hermetia illucens), housefly (Musca domestica), mealworm (Tenebrio molitor) and grass-
hopper (Zonocerus variegatus) has led, in comparison to insect-free diet, to greater
solid nitrogen waste. Reducing the proportion of fishmeal and, to a lesser extent fish
oil, by various insect meals in aquatic diet formulations significantly reduces eco-
nomic fish-in fish-out, indicating less marine forage fish required per unit fish yield.
The simulated data showed environmental benefit associated with land use of insect-
containing aquafeeds compared to insect meal-free feeds, especially insect species of
M. domestica and T. molitor. In all, this study suggested a trade-off of using insect meal
as an aquafeed ingredient regarding environmental consequence. Since insect meal
has excellent potential to supply protein for aquafeeds in the coming years, improve-
ment in insect meal production systems and nutritional composition will be essential

to make insect meal a sustainable aquafeed ingredient.

KEYWORDS
alternative protein, aquafeed, economic fish-in fish-out, environmental sustainability, insect
meal, waste output

to increasing world population and higher demand for seafood pro-

The contribution of aquaculture to seafood production has in-
creased continuously over the past two decades, reaching 46% in
2016-2018, up from 25.7% in 2000, with an annual growth rate of
5.3% from 2001 to 2018, surpassing that of any other major food
production system.! The trend is expected to continue in response

tein.? The rapid growth of the sector raises significant concerns re-
garding forage fish stock, natural resources, environmental issues
and waste generation.>™> Aquafeed is the major factor driving these
challenges.?¢71° Typically, aquafeeds rely largely on fishmeal/oil de-
rived from marine forage fish and, to a lesser extent, from fishery/

aquaculture by-products, as protein and lipid sources.* Aquaculture
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has become the largest consumer of global fishmeal and fish oil pro-
duction, accounting for 68% and 89% respectively.!* Worldwide,
wild fish production decreased by 26.5% from 2000 to 2018,'? after
peaking in 1994,'% and will reach ecological limits in 2037.1* The
use of by-products from fisheries and aquaculture in aquafeeds has
increased but will be insufficient for projected aquafeed demands
by 2050.* As a result, the growing aquaculture industry will face a
severe issue of limited fishmeal/fish oil supply, and fishmeal/fish oil
replacement in aquafeeds is inevitable.

Efforts to reduce proportions of fishmeal and fish oil in aqua-
feeds over the past two decades'®*” have led to the increasing in-
clusion of plant-derived ingredients.18 However, inclusion of these
ingredients in aquafeeds, with respect to the environment, places

greater pressure on water and land resources,6-2!

and generates
more waste®?? compared to fishmeal-based diets. Multiple alterna-
tive ingredients for aquafeeds have been investigated, among which
insect meal and fisheries by-products show the greatest potential to
meet protein required for aquafeeds in the coming decades.!!
Insect meal draws increasing interest as an alternative to fish-
meal in terrestrial and aquatic animal diets because of its favourable

nutrition profile,23’24

the feasibility of commercial-scale production
and consumer acceptance.“’25 Successful inclusion of insect meal
in the preference to fishmeal in feed has been well reviewed for
many aquatic species.?473° Partial replacement of fishmeal by black
soldier fly (Hermetia illucens) in European perch (Perca fluviatilis) diet
resulted in significant improvement of forage fish input relative to
farmed fish production (fish-in fish-out ratio).313%

Production of insect meal has been shown to consume less land
and water resources than does soybean meal.>**%> Meal of the com-
mon housefly (Musca domestica) as partial replacement for fishmeal
in tilapia (Oreochromis niloticus) diets exhibited a positive effect
on water environmental parameters compared to insect meal-free
diets.%® Reports of the environmental consequences of insect meal-
based diets compared to those of fishmeal-based diets for aquatic
animals are scarce.®”%® Le Féon et al.*” reported that inclusion of yel-
low mealworm (Tenebrio molitor) in rainbow trout (Oncorhynchus my-
kiss) feed reduced net primary production use (in kg C, quantifying
the biotic resource that is not available for other systems anymore),

and available water remaining (in m?3

, considering the water avail-
ability in the studied area minus the water required by humans and
aquatic ecosystems), but did not decrease land use, acidification, eu-
trophication, global warming potential and energy use compared to
aninsect meal-free diet. Conversely, an H. illucens-based diet in arctic
char (Salvelinus alpinus) resulted in reduced environmental impacts,
including abiotic depletion, acidification, eutrophication, global
warming potential, human toxicity and marine ecotoxicity compared
to an insect meal-free diet.>® Dietary H. illucens in P. fluviatilis was
reported to require considerably less water than a fishmeal-based
diet, while increasing global warming potential, land demand and en-
ergy use.*® A broader understanding of the environmental impact of
insect meal and insect meal-based feeds in combination with their

effects on fish production (e.g. nutritional properties, growth, meat

quality) can inform the choice of insect meal as a protein source for
the sustainability of future aquafeeds.

This review aimed to characterize the environmental conse-
quences of insect meals as a nutrition source for aquatic animals. We
retrieved life cycle assessment studies addressing the environmental
impact of various insect meals and compare with conventional aqua-
feed ingredients. Peer-reviewed publications assessing insect meal
as replacement for fishmeal in aquatic animal diets were synthesized
to calculate economic FIFO ratio, solid waste output and environ-
mental impact categories of insect-containing feed relative to fish-
meal (insect-free) feed. We suggest areas to enhance the efficiency
and sustainability of insect meals in aquafeeds.

2 | METHODS

2.1 | Database search and criteria
The relevant literature was searched using online databases Scopus,
Web of Science and Google scholar in December 2020.

2.2 | Environmental impact of insect meal and
other feed ingredients

Life cycle assessment analysis evaluates environmental impacts of
products and systems throughout their life cyt:le.39 This tool has
been increasingly used in assessing the environmental sustainabil-

8,39-41 6,9,37,38,42-44 aquafeed

ity of aquaculture systems, aquafeeds,,
ingredients.45 The targeted literature reported for life cycle assess-
ment of insect meal production was searched, using keywords such
as insect meal, LCA or Life Cycle Assessment, global warming potential,
energy use. A total of 13 published articles and one PhD thesis (from
2014 to 2020) were compiled (Table S1). Environmental impact cat-
egories based on life cycle assessment studies included global warm-
ing potential (kg CO, equivalent (eq.), energy use (MJ); land use (m2a
%)

(arable land), water use (m”), acidification (g SO, eq.) and eutrophica-

tion (g PO, eq.).

2.3 | Total solid waste and nitrogen and
phosphorus waste

The combined keywords, for example insect meal, fish diets and di-
gestibility were used to search publications relevant to insect meal
as replacement for fishmeal in aquatic animal diets and apparent
digestibility of dry matter, crude protein and phosphorus. The lit-
erature also contained information on feed utilization to calculate

the following:

Total solid waste (TSW) = [feed (DM) consumed x (1—-ADC DM)]
+waste feed (DM)
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Solid nitrogen waste (SNW) or solid phosphorus waste
(SPW) = [N or P consumed x (1 - ADC of N or P)] + (N or P of waste
feed), where DM is dry matter, N, P are nitrogen and phosphorus,
respectively, and ADC is apparent digestibility coefficient.

Data derived from 27 peer-reviewed publications (from 1990 to
2020) were compiled to investigate solid waste output trends cor-
responding to insect meal inclusion in aquafeeds (Table S2). Insect
meal replacement levels for fishmeal ranged 3.52%-50.80% (IQR)
with 45% experiments using H. illucens, followed by T. monitor (22%),
silkworm (Bombyx mori), M. domestica (11%) and other insects (7%).
Most insect meals were full-fat processing (68% of total observed in-
sect meals), while defatted and partial defatted forms accounted for
21 and 11% respectively. The calculated solid waste output values
were converted to response ratio r, representing the ratio of mea-
sured indices in experimental and control groups,“ which was em-
ployed in the meta-analysis of insect meal inclusion on fish growth
performance.®® Our analyses were constrained to solid waste as-
sessment only because of the insufficient number of studies re-

ported dissolved waste.

2.4 | Economic fish-in fish-out ratio and
environmental impact categories

To be included in these analyses, experimental studies needed to (i)
perform on aquatic animals; (ii) include at least one insect meal level
as partial or total replacement for fishmeal; (iii) provide sufficient in-
formation on feed formulation, the proportion of each constitution,
feed conversion ratio. Studies that assessed the mixture of insect
meals or insect meal with other components as replacement for fish-
meal were not considered. Keywords such as insect meal, fishmeal,
replacement, fish, growth were used in different combinations to get
matches. Altogether 84 peer-reviewed articles (from 1990 to 2020)
were compiled (Table S3).

241 | Economic fish-in fish-out

The ratio of forage fish input to farmed fish production (fish-in fish-
out) is considered a measure of sustainability.31 We adopted the
term ‘economic fish-in fish-out ratio’ (eFIFO) from Kok et al.,' based
on economic outcome and is commonly used in life cycle assess-
ments. The calculation included data on the use of fish by-products,
currently reported to comprise 25%-35% of global fishmeal and
fish oil production,1 a useful measure when establishing industry
policy. The eFIFO differs from conventional fish-in fish-out,31'32*47
which did not align with life cycle assessment, omitted fisheries by-
products from the calculation,’’ and was recognized as an overesti-
mation of wild fish used,*” and a flawed concept.17

The eFIFO ratio was calculated by the formula: eFIFO = FCR x Z (Fij X EFy)
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where FCR is feed conversion ratio, i is fishmeal or fish ail, j is source of
ingredient, F; is proportion of fishmeal or fish oil in the diet (%).

EF, is embodied fish in fishmeal or fish oil, which is dependent
on raw fish used, that is: fish species, size and capture season. eFIFO
calculation in our study was based on EF, database of Kok et al.¥?
during 1995 and 2020.

Seven taxonomic groups contributing to eFIFO data were cat-
egorized according to Tacon and Metian®? (Table $3). To consider
whether the eFIFO of each taxon can meet global projections, we
calculated eFIFO values predicted for 2025 and estimated the fea-
sible fishmeal substitution level at which the predicted eFIFO is ob-
tained. The projected eFIFO for 2025 of each taxon was calculated
based on the above-mentioned formula, in which embodied fish in
fishmeal and fish oil (EFI.) for 2025 was 3.54 and 4.06, respectively,19
and FCR and the proportion of fishmeal, fish oil in the diet for each

taxon by 2025 were retrieved from Tacon and Metian.1¢%?

2.4.2 | Environmental impact categories of insect
meal-based and insect meal-free diets

Experimental diets extracted from publications (Table S3) were used
to evaluate the environmental impacts of a set of six impact catego-
ries, including global warming potential (kg CO, eq.), acidification (g
SO, eq.), eutrophication (g P eq.), land use (m2a eq.), energy use (MJ)
and water use (m®) per kg of feed based on the environmental im-
pact at the plant gate database of feed ingredients generated by the
Global Feed Lifecycle Institute.*® We limited our data to publications
focusing on H. illucens, T. molitor and M. domestica because of una-
vailable life cycle assessment studies on other insect species. Since
the environmental impact of ingredients in the GFLI database varies
with location, average global values were used. The minerals, addi-
tives and vitamins used are classified as ‘Total minerals, additives,
vitamins, at plant/RER Mass S’ in the GFLI database. Environmental
impact values for each of the three insect meals were expressed as
mean values for each insect group (Table S1). Due to unavailable
data on water use for the production of one kg of T. molitor meal, we
used the value of 4.3 m® required for one kg fresh mealworm*’ with
an assumption that the drying process of mealworm did not require
additional water.>® The environmental impact categories were also

converted to response ratio, as mentioned previously.

2.5 | Data analysis

The raw data on the environmental impact of insect meals were cal-
culated for the interquartile range (IQR), from the first (Q1) to the
third (Q3) quartile, using the ‘summary’ function. The relationship
between fishmeal replacement with insect meal and waste output
was tested using the generalized additive model (‘gam’) and the lin-
ear model (‘Im’) functions. Analyses of covariance (ANCOVA) were
used to determine the variation in waste output parameters. Strong
outlier values (Q1 > 3 x IQR or Q3 < 3 x IQR) were excluded from
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the dataset to mitigate heterogeneity. The significant correlations
of eFIFO relative to replacement levels of fishmeal with insect meal
were tested with linear and gam models, and the ‘ANOVA' function
was used to compare regression models. All analyses were per-
formed using the R statistical package (R Development Core Team
2009-2020, available at www.r-project.org/).

3 | RESULTS AND DISCUSSION

3.1 | Environmental impact of insect meal
production

The environmental impact of three insect meals-H. illucens, T. molitor
and M. domestica—which were extracted from the literature, and the
interquartile range (IQR), mean values were summarized (Table S1).
Regarding global warming potential and energy use, the production
of the investigated insects was comparable, while M. domestica re-
quired less land use than did T. molitor.

Environmental impact categories of insect meals and other con-
ventional and novel feed ingredients used in aquafeeds are depicted
in Figure 1. The IQR baselines of bulked ingredients are also pre-
sented. Insect meal production, along with fishmeal and single-cell
protein, appeared to be efficient in terms of land use. Land use of

these ingredients was found to be lower than the bulked Q1. Recent
research confirmed better land use efficiency of insect meals (e.g.

34,35 and, to a lesser extent, T. molitor52)

M. domestir:a,51 H. illucens,
compared to soybean meal. This suggests that the preferable use of
alternative aquafeed ingredients (e.g. insect meals, single-cell pro-
tein) to terrestrial crops concerning natural resource conservation.

Fishmeal appeared to have the lowest impact in all categories,
except energy use, whereas soybean meal and plant protein were
instead closed to the bulked Q1 of energy use (Figure 1). Silva
et al.*® also reported that soybean meal had lower energy use (fossil
fuel) than fishmeal, which confirmed the reliability of the present
compilation.

Six ingredients exhibited a good fit within the bulked IQR con-
cerning greenhouse emissions, the exception was microalgae.
Regarding energy use, insect meals, microalgae and single-cell pro-
tein ingredients showed an immense impact, falling beyond the
bulked Q3. Several studies confirmed the negative impact of global
warming potential and energy use associated with insect meal pro-
duction versus that of fishmeal and soybean meals.3*3>°152 A similar
pattern was also observed for insect meals in terms of water use
and eutrophication. Water use of H. illucens meal was comparable
with that of fishmeal and less than that of plant ingredients and mi-

|35

croalgae, as reviewed by Smetana et a However, compiled data

showed a contradictory pattern (Figure 1), which could be attributed
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FIGURE 1 Log values of environmental impact categories of insect meals and other feed ingredients per kg. Black dots are observed
data points. The lower and upper dashed lines represented the first quantile and third quantile of bulked ingredient data. Data sources:
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to the high water use required by housefly production (Table S1).
Roffeis et al.”>® reported the need for extra water for mixing sub-
strates and killing flies (M. domestica). The high impact of house-
fly production could be explained by the geographical context of
their study®* because a high percentage of water was consumed to
maintain facility hygiene.55 Feed for insects was the most signifi-
cant driver for water use,’® especially for those derived from crop
products*” commonly used for insect rearing (Table S1). This could
further explain the high impact of insect meal production. Given that
most studies compiled in our review were performed under small-
scale facilities, system improvement could improve water use and
other environmental categories of insect meal products.>>>’ Insect
meal production associated with acidification was highly heteroge-
neous and partly deemed in the bulked IQR. We also found excellent
environmental performance associated with acidification in single-
cell protein production (Figure 1).

Our review highlighted the high environmental impact of novel
aquafeed protein sources, including insect meals, microalgae and
single-cell protein, compared to conventional aquafeed ingredients,
especially for global warming potential, energy and water use. This
could be ascribed to the insufficiency of production technology and
production scalability.3>°%>? Insect production upscaling could re-
duce environmental impact and consequently compete with con-
ventional ingredients.3>>” Among those novel alternative aquafeed
ingredients, insect meal has been suggested to be the best potential
candidates for improving processing techniques, costs and scalabil-
ity‘11 Moreover, feed for insect rearing was the largest contributor
to environmental impact categories (T. molitor,>”°? M. domestica®>>°
and H. illucens®*35696Y) Therefore, sourcing suitable substrates to
feed insects and expanding the efficiency of facilities will be critical

to improving the environmental benefit of insect meals.

3.2 | Total solid waste, nitrogen and
phosphorus waste

The total solid waste and phosphorus and nitrogen waste from ag-
uaculture are considered primary eutrophication agents of aquatic
ecosystems. Minimizing these outputs through diet formulation has
been proposed as a long-term strategy to ensure environmentally
friendly and sustainable aquaculture.®”>

There was no significant relationship between the fishmeal re-
placement level and total solid waste for all insect meals (p = 0.597)
as well as for individual insect meals (p > 0.05). Dietary insect meals
comprising B. mori, H. illucens, M. domestica and T. molitor significantly
increased solid nitrogen waste (p < 0.05). A significant negative re-
lationship was found between dietary B. mori and solid phospho-
rus waste (p < 0.05; Figure 2, Table S4). ANCOVA analysis showed
a significant association between nutrient digestibility (dry matter,
F-value =24.75, p < 0.0001; protein, F-value =4.80, p = 0.032; phos-
phorus, F-value =7.19, p = 0.01) and chitin (F-value =5.98, p = 0.017)
with total solid waste. Chitin (F-value =6.78, p = 0.02), protein di-
gestibility (F-value =13.57, p = 0.002), fish habitat (F-value =13.57,
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p = 0.002) and insect species (F-value =5.46, p = 0.033) imparted
significant variations in nitrogen waste. Solid phosphorus waste was
found to be significantly influenced by the phosphorus digestibil-
ity (F-value =11.56, p = 0.011), dietary phosphorus (F-value =8.49,
p =0.002) and insect species (F-value =4.71, p = 0.045).

1.2 on O. mykiss fed full-

A recent study by Weththasinghe et a
fat H. illucens meal confirmed our finding that there was a positive
correlation between dietary insect meal and the faecal excretion
of nitrogen. Nitrogen waste load is directly linked to the appar-
ent protein digestibility of the diet. Digestibility of dietary protein
was reported to be affected by the presence of chitin in insect
meal.®37¢7 Chitin is not digestible by monogastric animals, and it
exhibits a high protein-binding capacity, which could impair pro-
tein digestion.* Chitin may interfere with leucine aminopepti-
dase activity—a brush border enzyme that breaks down peptides
into amino acids in the proximal and middle intestine, where the
majority of proteins are digested and absorbed.®® Gasco et al.®®
reported that the assumed 1.7% chitin content of 36% fishmeal
replacement by T. molitor meal improved protein digestibility com-
pared to an insect-free diet in European sea bass. This could be
associated with the chitinase that is present in some marine spe-
cies that degrade chitin, consequently reducing the digestibility
constraints of including insect meal.®’”72 A ratio of non-essential-
to-essential amino acids of <1.0 in most insect meals?® was known
to negatively affect protein digestibility.

Weththasinghe et al.%? evidenced reduction of faecal phospho-
rus output with increasing insect meal inclusion in diets of O. my-
kiss, which was confirmed in our compilation. This could result in a
significantly lower phosphate concentration (P - POf{’) in the rearing
water of fish fed insect-based diets compared to insect-free diets,
which was reported earlier for O. niloticus.3¢ The ANCOVA analysis
in the present study showed that the solid phosphorus load is mainly
attributed to feed digestibility and phosphorus content, which is
in agreement with previous work.®> Some studies have confirmed a
positive relationship between dietary insect meals and phosphorus
digestibility in aquatic animals. For example Rahimnejad et al.”® re-
ported that the phosphorus digestibility of L. vannamei was signifi-
cantly enhanced by increasing the inclusion level of B. mori. A similar
finding was reported for bullfrogs (Rana catesbeiana) fed dietary
M. domestica meal.® It is likely that a higher calcium-to-phosphorus
ratio (Ca:P) and a higher phosphorus content in fishmeal compared to
insect meal could impact phosphorus digestibility.®®”® For instance
M. domestica meal has a lower Ca:P (0.29) and phosphorus content
(1.60%) than fishmeal (1.56% and 2.79% respectively).?* In contrast,
the major phosphorus forms, hydroxyapatite and tricalcium phos-
phate, in fishmeal are not well utilized by aquatic animals.”* Our find-
ings suggest that the use of silkworm (B. mori) in aquatic animal feeds
could reduce the phosphorus load from aquaculture.

Accessed studies employed different techniques for produc-
ing experimental diets, for example meat grinder,”® extruder,®®
resulting in variation in physicochemical composition, digestibility.
The extrusion technique can significantly improve aquafeed nu-

17,76

trient digestibility and feed stability and is an environmentally
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FIGURE 2 Effect of insect meals inclusion in aquatic animal diets on total solid waste, nitrogen waste and phosphorus waste compared
to insect meal-free diets. Asterisks indicate a significant linear relationship between insect meal and waste output indies (p < 0.05)

friendly process.”” The broader application in aquafeed produc-
tion may reduce waste output and enhance the performance
of the cultured animal. Further study is needed to confirm the
benefits of dietary insect meals in aquafeeds on water quality.
Manipulation of insect meal composition, for example chitin and
nutrient imbalance, and improvement of feed manufacturing tech-
nology, feeding strategy could further benefit waste output from
insect-based aquafeeds.

3.3 | Economic fish-in fish-out

Globally, approximately 70% of forage fish from capture fisheries is
used in the production of animal feed, a large proportion of which
goes into aquafeeds in the form of rendered fish oil and fishmeal 4
Under the current aquaculture scenario, this finite resource will be
close toits ecological limits by 2037, which, in combination with the
continuous rise in the market price of the rendered products, poses
a challenge to the ever-growing aquaculture industry.”® Reducing
forage fish-derived fishmeal and fish oil in aquafeeds is an essen-
tial strategy for the long-term sustainability of fishery resources and
aquaculture operations.”” The eFIFO has been considered a novel
and suitable proxy for quantifying fish demand for aquaculture pro-

duction based on the economic allocation principle and suggests the

importance of finite wild marine resources to meet marine aquafeed
ingredients.*’

Our compiled data comprised 13 insect species and found that
replacing fishmeal with these insect meals in aquatic animal feeds
steadily decreases eFIFO in all taxa (Figure 3). Comparing regression
models using ANOVA indicated that linear regression models were
the best description of the relationship between insect meal re-
placement and the eFIFO. The overall eFIFO of carp taxon felt lower
than the Q1 bulked eFIFO of all taxa and remained low compared to
that of other taxa (Figure 3).

Substantial or total replacement of fishmeal with insect meals
could reduce eFIFO to <1.0 in all taxa, suggesting the potential for
insect meals to turn the aquaculture industry from a net consumer
to a net producer of fish. This is consistent with the current trend in
forage fish use in aquaculture, which produces three or four times
the number of fish it consumes.*’

Reduction in the proportion of fishmeal and fish oil in aquafeeds
by increasing insect meal to meet predicted eFIFO by 2025 seems
feasible in all taxa. This requires a substitution of insect meals for
fishmeal, from 65% (for salmon) to 93% (for shrimp and tilapia)
(Figure 3). Shrimp, marine fish and salmon are reported to be the
highest consumers of fishmeal and fish 0il.3? The predicted eFIFO
in 2025 is 0.3, 0.6 and 0.7 for shrimp, marine fish and salmon, re-
spectively, necessitating 93%, 83% and 65% fishmeal replace-
ment by insect meals (Figure 3). Panini et al.’% and Motte et al.®!
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FIGURE 3 Relationship between eFIFO and fishmeal substitution by various insect meals in cultured fish species. The solid lines and dots
represent the mean values and observed data points respectively. Horizontal dotted lines represent predicted eFIFO by 2025, and vertical
dotted lines indicate the threshold of fishmeal substitution by insect meal at which predicted eFIFO would be reached. In the ‘eFIFO among
taxa’ boxplot, the horizontal dashed line represents the mean of bulked eFiFO separating the interquartile range (the first and third quartile)
of the bulked eFIFO. CF, catfish; MF, marine fish, Sal, salmon; Shr, shrimp; Til, tilapia

reported 100% fishmeal replacement by T. molitor without im-
pairing the growth and feed utilization of shrimp. Similar patterns
were confirmed in the marine fish, P. major82 and S. salar.83%* The
eFIFO in 2025 of carp, catfish and tilapia groups was predicted to
be as low as 0.1 (Figure 3), meaning that diets for those species
would include low levels of fishmeal/fish oil or no fish-derived
components. Growth rate and feed conversion efficiency were
not negatively affected with fishmeal/fish oil-free diets in common
carp (C. carpio),®>®¢ tilapia (O. niloticus)®”®® and catfish (C. gariepi-
nus).®? Tacon and Metian®? stated that fish oil has not been included
in feeds for carp since 1995 or for tilapia since 2007, which will
continue to 2030 as projected by Cottrell et al..?® Herbivorous and/
or omnivorous fish, such as carp and tilapia, are less sensitive to
dietary fishmeal/fish oil reduction than carnivorous species.”* Carp
was the largest aquafeed consumer in 2017, which is a trend that is
likely to continue in the coming years,*® therefore, the simulation
model' suggests that this sector has the highest potential to re-
duce forage fish use by 2050.

Globally, reducing forage fish demand for aquafeeds would be
more effective by limiting fish oil than fishmeal?® due to the low
conversion rate from whole fish to fish oil (5%) than to fishmeal
(22.5%).%2 The majority of global FO production goes into feed
for salmonids, marine fish and shrimp.lw2 In addition to providing
protein, insect meal represents a potential source of fat for aqua-
culture feeds. Lipid content varies among T. molitor (16.6%-40.3%),

H. illucens (11.3%-40.7%), M. illucens (7.1%-25.3%),%* and is highly
dependent on rearing substrate and processing.%° Investigation of
insect oil as a lipid source for aquatic animals is in its infancy and
currently limited to carp, trout and salmon.®®73-7% Insect fatty acid
profiles comprise large proportions of saturated and monounsat-
urated FAs, oleic acid and negligible levels of long-chain polyun-
saturated FAs.2%24%7 The lack of long-chain polyunsaturated FAs
could limit use of insect oil as lipid source or replacement for fish
oil in nutrition of aquatic animals, especially high-value species.
Insect meals and oils could play an essential role in conserving
finite forage fish resources while meeting the increasing demand
for aquafeed protein/lipid sources. This requires nutritional forti-
fication.”® Blending insect meal or oil with other materials?®??-101
or compensating for deficient components in insect-based diets, for

84102103 ossential FAs from microalgae and

5

example amino acids,
supplementing digestive enzymes®® could allow the inclusion of
higher proportions of insect ingredients, thus reducing dependence

on marine fish resources.
3.4 | Environmental impact of insect meal-
based aquafeeds

Feed production is a key driver of the environmental impact of aqua-
culture,'® and modification in feed ingredients is considered critical
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to reducing that burden.*® Since insect meal is recognized as a po-

tential protein source in aquafeed'>'%4

t,42

and aquafeed protein sources
differ in environmental impac understanding the environmental
consequences of insect meal- and fishmeal-based feeds is essential
to increasing sustainability of aquafeeds.

The relationship between fishmeal replacement level with insect
meal and environmental impact in aquafeeds is depicted in Figure 4
and Table Sé. The generalized additive model demonstrated a signif-
icant increase in fishmeal replacement level with the increased en-
vironmental impact of global warming potential, energy use, water
use, acidification and eutrophication. A similar pattern was observed
for land use with linear models (Table S6), except for M. domestica-
contained diets. The results suggested that the dietary housefly
(M. domestica) linearly reduced the environmental impact associated
with land use. Our synthesis also evidenced an eligible impact con-
cerning land use of a T. molitor-based diet compared to a fishmeal
diet, as illustrated by a relatively low model slope (0.002; Table Sé).
Further scrutiny of these insect meals in aquafeeds with respect to
mitigating environmental consequences hints towards promising
outcomes.

This finding primarily reflects the environmental properties of
insect meal versus fishmeal, as presented in Figure 1, because most
impacts were influenced by modifying the proportion of insect meal
over fishmeal. In addition, the experimental diets in the compiled
studies (Table S3) were formulated on an isonutrient basis, in which
changes in the proportion of other ingredients were also made.
Therefore, to some extent, the differences in environmental impacts
between insect meal-containing diets and fishmeal diets could also
be influenced by other components, such as plant ingredients, which
were considered to have a similar environmental performance to
fishmeal/fish oil.

Reported environmental impacts associated with insect meal
in aquafeeds are scarce, but include feed for perch (P. fluviati-

lis),3® rainbow trout (O. mykiss)®’ ).38

|33

and arctic char (S. alpinus
Stejskal et al.”” confirmed the reduction of water use associated
with H. illucens- compared to fishmeal-based feed, while global
warming potential, land use, energy use increased. However,
Smarason et al.’® compared H. illucens- and fishmeal-based feed
associated with seven impact categories and reported benefits
of H. illucens inclusion on abiotic depletion, acidification, eutro-
phication, global warming potential, human toxicity potential and
marine aquatic ecotoxicity potential, but with a negative impact
on energy use. Le Féon et al.¥” confirmed more enormous im-
pacts of acidification, eutrophication, global warming potential,
land use and energy use associated with T. molitor—compared to
fishmeal-based feed. The discrepancy in those results could be
attributed to data source and diet formula modification with a
various share of insect meal, fishmeal and other ingredients. We
synthesized environmental impact data for insect meals from
up-to-date life cycle assessment studies (Table S1), which varied
with respect to numerous factors, for example growth substrate,

location and size of facility. Our study suggested environmental

benefit associated with land use of M. domestica-, and to a lesser
extent T. molitor-contained aquafeeds. Notably, aquafeeds are
formulated from multiple components, and thus with regard to
reducing environmental impacts, insect meal protein is proba-
bly not a holistic option for this purpose. Diet modification by
combining insect meal and other environmentally efficient in-
gredients and further improving environmental performance as-
sociated with insect meal production could lower environmental

impacts.

3.5 | Increasing environmental benefits of insect
meals and insect meal-based diets
3.5.1 | Improving nutritional value
As mentioned, insect meal possesses properties associated with
solid waste output and eFIFO that hinder its inclusion in aqua-
feeds. Limitations related to chitin content and inadequate nutri-
tional profiles could be addressed by manipulating substrates and
processing.“’%"SO

Chitin, one of non-protein nitrogen compound found in the cu-
ticle of most insects, is reported to exert a negative effect on diet
digestibility and growth performance of fed organisms,'®> while
a low proportion of chitin can induce immunological effects and
microbiota modulation.”>%"1%8 Manipulation of chitin content
in insect meal products to a threshold level that ensures a posi-
tive response in fed species requires further research. Chitin can
be easily removed by alkaline extraction,'® but this may result in
high cost as well as issues of chemical residue and pollutants.}*®
Supplementation with chitinase/chitinolytic-producing bacteria
could be a feasible approach to ensure cost-effective feed, reduce
the environmental impact of chitin waste and induce an immune
response to fed fish.!*°

Reduction of eFIFO in aquafeeds by inclusion of insect meal
requires substantial fishmeal replacement without compromising
fish growth, which is chiefly influenced by nutritional-balance of
experimental diets.3? Deficiency of amino acids and fatty acids
of insect meal relative to fishmeal has been reported,23'24 and
manipulation of those components via rearing substrates re-
mains a challenge.'***12 Defatting could be an efficient means
of improving amino acid content,'*® but this involves intensive
energy use, which in turn increases environmental impact and
costs. 263452114 |t is more efficient to combine IM with com-

plementary raw materials't30115

or supplement IM-based diets
with amino acids.®®

Manufacturing techniques such as extrusion could be an effec-
tive means of enhancing nutrition utilization of aquafeeds by the fed
organism.” The suitability of extruded insect-contained aquafeeds
has recently been reported.®?””?° Feeding practices should also ad-
dress minimizing feed waste and improving feed conversion ratio,>>

thereby improve environmental impacts.
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FIGURE 4 The relationship between response ratio of fishmeal replacement level and environmental impacts in aquafeeds. Coloured
solid lines and shaded areas represent fitted models with the mean and 95% confidence interval respectively. Dots are observed data points.
GWP, global warming potential
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3.6 | Reducing the environmental impact of
insect meals

Insect rearing facilities, including production of insect feed, rearing

d,%81%%in this section, we fo-

area and processing have been reviewe
cussed on reducing inefficiency of insect production with respect to

environmental issues.

3.6.1 | Insect feeds

Feed production for insect is the most critical aspect of insect meal
production with respect to the environment.®”>® Investigating en-
vironmental aspects of substrates for insect rearing could enhance
the benefits of insect meal use in aquafeeds. Some insect species
have effectively transformed organic waste and manure into bio-
mass,'” which could partially address global waste concerns. From
an environmental perspective, culture of H. illucens on cattle manure
and municipal waste is superior to using traditional media such as
chicken manure and beet pulp, but comparative to distiller's grains
with solubles (DDGS).118 Bava et al.®? reported lower environmental
impact of farming H. illucens on maize distiller compared to hen diet
substrates. It was recommended that brewer spent substrates gen-
erated from sorghum and barley with supplementation by brewer's
yeast or brewer's yeast plus molasses are more suitable for H. illu-
cens rearing with respect to improving protein content and miner-
als.t? Housefly (M. domestica) was found to thrive on manure,®
with chicken manure more environmentally efficient than sheep
manure.”® Spent grain substrates (fermented or heat-dried) offer
superior greenhouse gas emission levels compared to crop-derived
feed for H. illucens.*?® At insect rearing on an industrial scale, Scala

etalt?!

reported superior output of H. illucens reared on spent grains
than with fruit substrates, suggesting potential of spent grain for
more sustainable insect productive systems.

Feeding insects on waste food should be done with caution, as
it may compete with the bioenergy industry in sourcing material, in-
creasing the environmental impact.>! The most efficient solution is to
source surplus organic substrate and to use waste material from in-
sect rearing as fertilizer or in the bioenergy sector.}?? Organic waste

37,123

and manure substrates are not favourable for T. molitor in term

of growth production (Table S1), which could be attributed to low
nutrient values and high starch content of these substrates.}?3124
However, T. molitor thrives on mixtures such as dried brewing by-
products, derivatives of potato processing, DDGS, by-products of
the biofuel industry, livestock feeds and plant-derived products.37’56
Distiller's dried grains with solubles are not shown to be an ideal
substrate for T. molitor culture and resulted in a higher environmen-
tal burden compared to others tested, while a mixture of wheat bran
and animal feeds is preferable.’

In Europe, substrates used in insect culture are regulated by
European Commission regulation 767/2009 and 999/2001, with
non-authorized substrates including separated digestive tract con-

tent, manure, catering waste and processed animal protein, except

fishmeal. Regulations 1069/2009, 142/2011 and 767/2009 list au-
thorized plant-based substrates. Effort should focus on identifying
the most suitable authorized materials to limit the environmental
footprint of insect products. Distiller's dried grain with solubles ap-
pears to be the most promising candidate for both H. illucens and
M. domestica production, while livestock feed is optimal for T. mo-
litor. To confirm this, more research is needed to explore potential
of those substrates on production output, nutritional composition
of the resulting insect meal, economic feasibility and environmental
impact.

It should be taken into consideration that these substrates are
currently used as feed in the livestock sector, and their demand for
insect production could lead to elevate the global price®” and/or
increase demand for alternative sources to fill the protein gap for
other animals.®®> Therefore, criteria for insect diets should comply
with current regulations and prioritize local sources to reduce cost of

t,53

transpor utilizing surplus production/side streams or ingredients

that are not competitive with other farming sector.116:12:125

3.6.2 | Insect rearing facilities

It is necessary to design space-efficient insect rearing production
facilities to optimize land use, which is species-specific. For instance
the use of three-dimensional crawling space design for vertical
crawling, jumping, flying insect is preferable to two-dimensional
flat spaces which could yield higher productivity per unit area. ¢
Expanding production vertically or increasing use of multilevel
shelves or stackable boxes in insect construction facilities can fur-
ther optimize land use 3751116

The largest portion of energy use for insect meal production

is associated with providing heat for insect rearing®*>%%2

and dry-
ing.126 It may be energy efficient to install insect production facilities
in an equatorial climate.®* It has been suggested that renewable en-
ergy sources could be a promising solution, potentially reducing the
burden by approximately 25%.%> The same finding was reported by

Samuel-Fitwi et al.*?

who stated that aquafeed production showed
lower environmental impact when using wind power compared to
fossil fuel sources. Use of by-products of insect meal production for
anaerobic digestion and fertilizer could contribute to environmental
conservation.’® The use of photovoltaic energy as an energy source
forinsect meal production is also a potential option. This was applied
in Italy, resulting in a decrease of 14.2% in global warming potential,
19.2% in energy use and 1.8% in land use.* Adaptation to utilize re-
sidual heat from nearby facilities could considerably reduce impact,
saving 1247 kg CO, eq. global warming potential, 23,949 MJ energy
use and 1 m?a land use per ton of insect meal.>!

Insect farming is undergoing increasing production,**1%* which
could offer considerable environmental benefits in general'?® and
energy use in particular’® associated with insect meal products and
insect meal-based aquafeeds. Further life cycle assessment studies
should focus on broader perspectives of production facilities and

location in combination with optimal insect rearing substrates.
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4 | CONCLUSIONS

Our results provide insights into the environmental impact of insect
meal production and its use in aquafeeds. Insect meals of H. illucen,
T. molitor and M. domestica are the least land use among conventional
and novel aquafeed ingredients, while together with alternative pro-
tein sources, exert an enormous impact on global warming poten-
tial, energy use, water use, acidification and eutrophication. Dietary
silkworm (B. mori) significantly reduced faecal phosphorus waste,
whereas inclusion of H. illucens, M. domestica, T. molitor and Z. var-
iegatus elevated faecal nitrogen waste in comparison with insect-free
diets. Substitution of fishmeal by insect meal also significantly reduced
economic fish-in fish-out, the marine fish and whole fish demand for
one unit of aquaculture fish produced. In addition, from a life cycle
assessment perspective, insect meal shows promising in terms of miti-
gating the environmental impact of aquafeeds associated with land
use, especially T. molitor and M. domestica insect species. Therefore,
our study suggested the potential of insect meal for an aquaculture
industry to thrive on the limited natural resources—agriculture land,
and to grow with less phosphorus load. Intensifying industrial insect
farming with standard and energy-efficient facilities and developing
suitable insect-specific substrates to address nutritional composition
and environmental aspects will be essential for insect meal as a future
protein source supply for aquafeeds. We also suggest that insect meal
is not the sole solution for lowering the environmental impacts of fu-
ture aquafeeds. The combination of multiple alternative protein and
lipid sources in aquafeeds will be strategic approach for environmental

sustainability of aquafeeds, thus aquaculture sector.
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Simple Summary: The replacement of fishmeal by insect meal is a promising strategy to obtain
more sustainable fish feeds, a major goal in aquaculture. Black soldier fly Hermetia illucens larva
meal has a high crude protein and fat content, essential for omnivorous and carnivorous fish. We
used partially defatted H. illucens larva meal as a substitute for 20, 40 and 60% of the fishmeal in
standard diets for Eurasian perch and measured its effect on growth performance, feed utilization,
body indices, fish body composition and blood indices. We found no significant differences in
survival, size heterogeneity, hematology indices; or in whole-body dry matter, crude protein and
ether extract content. The 60% inclusion reduced final body weight, specific growth rate, feeding
rate, protein efficiency ratio, condition factor and hepatosomatic index. The fish-in-fish-out index
decreased proportionally with increased H. illucens meal inclusion. Partially defatted H. illucens
larva meal seems to be a promising alternative to fishmeal for Eurasian perch nutrition at moderate
inclusion level.

Abstract: Insect meal is gaining increased attention in aquafeed formulations due to high protein
content and an essential amino acid profile similar to that of fishmeal. To investigate insect meal in
feed for European perch Perca fluviatilis, a promising candidate for European intensive culture, we
replaced standard fishmeal with partially defatted black soldier fly Hermetia illucens larva meal at
rates of 0%, 20%, 40% and 60% (groups CON, H20, H40 and H60, respectively) and compared
growth performance, somatic indices, hematological parameters, whole-body proximate
composition and occurrence of spleen lipidosis. In addition, we assessed the economic and
environmental sustainability of the tested feeds by calculating economic conversion ratio (ECR)
and economic profit index (EPI). The tested groups did not differ in survival rate. Significant
differences were documented in final body weight and specific growth rate, with the highest values
in CON, H20 and H40. The proximate composition of fish whole-body at the end of the experiment
did not differ in dry matter, crude protein or ether extract, while organic matter, ash and gross
energy composition showed significant differences. The fatty acid content and n-3/n-6 ratio showed
a decreasing trend with increasing H. illucens larva meal inclusion. No differences were found in
hematological parameters among tested groups. The H. illucens larva meal inclusion significantly
affected ECR and EPI, even at 20% inclusion level the cost of diets did not differ from the control
fish meal based diet. Results suggested that 40% inclusion of H. illucens larva meal can be used
successfully in standard diets for perch.
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1. Introduction

Intensive culture of the carnivorous freshwater Eurasian perch (Perca fluviatilis L.) is increasing
in recirculating aquaculture systems (RAS) and represents an expanding branch of commercial fish
farming in Europe. Nevertheless, as a relatively new aquaculture species, production is low [1]. It is
commonly reared on feed formulated primarily for salmonids or marine fish species [2]. Diets for
carnivorous species contain high levels of protein, which have been obtained from marine fishmeal
(FM), considered optimal because of its balanced nutritional composition [3,4]. Currently, with FM
increased cost and unsustainability [5], plant protein sources, especially soybean meal, are being
used in aquaculture to decrease the dependency on FM and reduce feed costs [4]. High levels of
plant protein in feeds can reduce growth performance or induce fish health issues, chiefly due to
imbalance in essential amino acid (EAA) content, low feed acceptance and the presence of
anti-nutritional factors [3,6,7]. Processed animal proteins (PAP) such as poultry by-product meal,
meat meal and meat and bone meal are valid proteins for aquaculture feeds but their use is limited
by legislation. In the EU, PAP from poultry and swine have only recently been reintroduced into
aquafeed (EC No. 56/2013) after more than 10 years of ban due to Bovine Spongiform
Encephalopathy (EC No 999/2001), while in other parts of the world, its use is common practice [8].

Recently, interest has turned to PAPs from insects as a component of aquafeeds [9,10]. Insect
larva meals are rich in proteins and their EAA profile is close to that of FM and considered superior
to that of plant proteins [9]. The use of insect PAP has recently been sanctioned by the European
Commission (Brussels, Belgium) (Regulation 2017/893/EC, 2017).

The black soldier fly Hermetia illucens belongs to the family Stratiomyidae and is among the most
promising insect species for mass-rearing for animal feed [11]. Commercial H. illucens meal has an
average protein content of 55% dry matter (DM) with lipid content ranging from 5% to 35% DM,
depending on the defatting process applied during meal production. Research into its efficacy has
thus far been contradictory: Similar or better growth performance to that of fish fed conventional
protein sources (mainly FM or soybean meal) using commercial H. illucens meal at inclusion levels
from 2.5% to 40% were obtained for Atlantic salmon (Salmo salar) [12-14], rainbow trout
(Oncorhynchus mykiss) [15,16], European sea bass (Dicentrarchus labrax) [17], yellow catfish
(Pelteobagrus fulvidraco) [18] and rice field eel (Monopterus albus) [19]. Conversely, other authors
reported reduced acceptance and growth [20,21], with high levels of inclusion. Divergence in results
is likely due to the differences among H. illucens meals and the level of inclusion in the diet and also
suggest species differences in adaptation to insect meals. The use of H. illucens meal in perch diets
has not been investigated.

The goal of this research was to determine the effects of partially defatted H. illucens meal as
partial substitute for FM on growth performance, somatic indices, occurrence of splenic lipidosis,
hematological parameters and proximate whole-body composition of juvenile P. fluviatilis. The
research also aimed to provide new data on the economic and environmental sustainability of this
novel protein source.

2. Materials and Methods

An 84-day growth trial was carried out at the Faculty of Fisheries and Water Protection of the
University of South Bohemia (Ceské Bud&ovice, Czech Republic). The trial was designed and
carried out in accordance with the Czech and European Communities Directive (2010/63/EU) on the
protection of animals used for scientific purposes, protocol number MSMT-6744/2018-2.
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2.1. Experimental Diets

Four experimental diets were formulated to be isonitrogenous (crude protein, CP: ~54 g 100 g
DM); isolipidic (ether extract, EE: ~13 g 100 g DM); and isoenergetic (gross energy, GE: ~23 M] kg
DM). An FM-based diet was used as control (CON) and three additional diets included FM
replacement with 20% (H20), 40% (H40) and 60% (H60) partially defatted H. illucens larva meal
obtained with a mechanical process performed using high pressure and without solvents was
provided by Hermetia Deutschland GmbH & Co. KG (Baruth/Mark, Germany). In order to ensure
that diets were isonitrogenous, isolipidic and isoenergetic, the proportion of wheat meal and fish oil
was reduced with increase in H. illucens.

The experimental feeds were prepared at the Department of Agricultural, Forest and Food
Sciences experimental facility. Finely ground ingredients and fish oil were thoroughly mixed with
water and pelleted using a 2 mm meat grinder and dried at 50 °C for 48 h. Feeds were stored in dark
bags at —20 °C until use. The ingredients of the experimental diets are reported in Table 1. An
additional control group (BIO) was fed a commercial extruded diet (BioMar Inicio 2 mm, BioMar
A/S, Brande, Denmark) containing fish meal, wheat gluten, wheat, pea protein, soybean concentrate,
rapeseed oil, fish oil and yeast extract as main ingredients. Proximate composition (on a wet basis)
according to manufacturer’s label was CP 52%, crude lipid 23%, carbohydrates 12%, ash 8.7%, fiber
0.9%, total phosphorus (P) 1.2% and GE 23.5 MJ/kg.

Table 1. Ingredients and proximate composition of Hermetia illucens larva meal and experimental

diets.
Ingredients (g/kg) H. illucens LarvaMeal CON H20 H40 H60
FM (Chile, super prime) 2 - 720 570 420 270
H. illucens larva meal ® 0 200 400 600
Wheat meal - 120 90 60 30
Fish oil - 60 40 20 0
Starch, D500 - 80 80 80 80
Mineral mixture © - 10 10 10 10
Vitamin mixture 4 - 10 10 10 10
Proximate composition®
DM (g/100g) 94.18 88.74 90.76 90.59 90.51
CP (g/100g DM) 55.34 5450 54.37 54.10 5391
EE (g/100g DM) 17.97 1192 1195 11.62 11.64
Ash (g/100g DM) 7.12 1477 13.70 1244 1141
Chitin (g/100g DM) 5.00 - 098 212 315
NFE (g/100g DM) f 14.57 18.81 19.02 19.72 19.89
Gross energy (MJ/kg DM) & 2290 2254 23.02 2326

FM, fishmeal; DM, dry matter; CP, crude protein; EE, ether extract; NFE, nitrogen free extracts,
groups CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens meal,
respectively. 2 Fishmeal was purchased from Corpesca S.A. (Santiago, Chile). Proximate composition
(% as-fed basis): 90.4 DM; 66.7 CP; 8.3 EE; 14.9 Ash. ® Hermetia illucens larvae meal purchased from
Hermetia Deutschland GmbH & Co. KG (Baruth/Mark, Germany). ¢ Mineral mixture (g or mg/kg
diet): bicalcium phosphate 500 g, calcium carbonate 215 g, sodium salt 40 g, potassium chloride 90 g,
magnesium chloride 124 g, magnesium carbonate 124 g, iron sulphate 20 g, zinc sulphate 4 g, copper
sulphate 3 g, potassium iodide 4 mg, cobalt sulphate 20 mg, manganese sulphate 3 g, sodium
fluoride 1 g (Granda Zootecnica, Cuneo, Italy). ¢ Vitamin mixture (IU or mg/kg diet):
DL-tocopherolacetate, 60 IU; sodium menadione bisulphate, 5 mg; retinylacetate, 15,000 IU;
DL-cholecalciferol, 3000 IU; thiamine, 15 mg; riboflavin, 30 mg; pyridoxine, 15 mg; vitamin B12, 0.05
mg; nicotinic acid, 175 mg; folic acid, 500 mg; inositol, 1000 mg; biotin, 2.5 mg; calcium panthotenate,
50 mg; choline chloride, 2000 mg (Granda Zootecnica, Cuneo, Italy). ¢ Values are reported as mean of
triplicate analyses. f Calculated as 100 — (CP + EE + Ash + Chitin). & Determined by bomb calorimetry.
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2.2. Fish and Feeding Trial

Eurasian perch juveniles were obtained from pond-reared larvae and intensively reared
juveniles in an RAS [22]. The RAS (4360 L total water volume) included fifteen 75 L rearing tanks, a
mechanical drum filter AEM 15 (AEM-Products V.O.F., Lienden, The Netherlands), a 1620 L tank
with a series of filtration sections, Bioakvacit PP10 (Jezirka Banat s.r.0., Hnévotin, Czech Republic), a
moving bed biofilter (1620 L) with media BT10 (Ratz Aqua & Polymer Technik, Remscheid,
Germany), UV treatment AquaForte 55 W (AquaForte, Veghel, The Netherlands) and an Eheim
Jager Thermocontrol 300 flow-through heater (Eheim GmbH & Co KG, Stuttgart, Germany)
incorporated directly into the recirculation flow. The flow rate in the tanks was approximately 80 L
h-' with light aeration. Photoperiod was set at 12:12 h (dark: light) with light intensity of 500-700 Lx
at the surface. Oxygen saturation (83.7 + 6.2%), pH (6.83 + 0.52) and water temperature (22.5+ 0.7 °C)
(HACH HQ 40, Germany) were measured daily at 08.00 and 16.00. Ammonia, nitrate and nitrite
concentrations were analyzed at two-day intervals with kits (HACH, LCK 304, LCK 339, LCK 341),
using a HACH DR2800 spectrophotometer. The concentration of nitrite-N, nitrate-N and
ammonia-N were 0.62 + 0.44 mg L, 88.88 + 57.31 mg L' and 2.07 + 1.02 mg L, respectively.

A total of 750 juvenile European perch were lightly anaesthetized (0.3 mL L of clove oil),
individually weighed (initial body weight (BWi) 21.9 + 4.2 g) using a digital balance (Pioneer, Ohaus
Corporation, Parsippany, NJ, USA, d = 0.01 g) and randomly allocated to one of the fifteen 75 L
rectangular plastic tanks at a stocking density of 14.6 kg m=. The four experimental diet groups and
the BIO group were randomly allocated to the fifteen tanks, with each diet tested in triplicate. Fish
were fed manually to subjectively-judged satiation five times daily (09:00, 11:00, 13:00, 15:00 and
17:00 h). Care was taken to avoid feed waste and to ensure that all supplied feed was consumed. The
feeding trial lasted 84 days.

2.3. Growth Performance

At the end of the trial, all fish were individually weighed and growth performance was
calculated using following equations:

Survival (S, %) =100 x Nf (Ni — Ns)~!
Initial coefficient of variation (ICV, %) = (SD/BWi) x 100
Final coefficient of variation (FCV, %) = (SD/BWf) x 100
Specific growth rate (SGR, % day-1) = (InBWf - InBWi)/Nd) x 100
Feed conversion ratio (FCR) = (TES/WG)
Protein efficiency ratio (PER) = (WG (g)/TPS total protein fed (g, DM))

Feeding rate (FR, %/d) = ((TES x 100/Nd))/(e (InBWf + InBWi) x 0.5),

where Ni and Nf = initial and final number of fish per tank, Ns = number of sampled fish per tank,
BWf = final body weight (g), BWi = initial body weight (g), Nd = number of feeding days, TFS = total
feed supplied (g), TPS = total protein supplied (g, DM), SD = standard deviation of subsample BW,
BWi = initial mean body weight, BWf = final mean body weight, INBWf = natural logarithm of final
body weight, InBWi = natural logarithm of initial body weight, DM = dry matter, WG = weight gain.

2.4. Condition Factor, Somatic Indexes and Occurrence of Spleen Lipidosis

To calculate condition factor (K), at the end of the growth trial, fifty fish from each tank were
anaesthetized (0.3 mL L of clove oil) and individually weighed and measured for total length (TL,
mm) and standard length (SL, mm) within 1 mm using a ruler.

K was calculated as:
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K = (BWE/TL) x 100,

where BWf = final body weight (g), TLf = final body length (cm).

At the end of the trial, 30 fish/tank were killed by overdosing of anesthesia with clove oil and
wet weight of liver, spleen, viscera and perivisceral fat recorded (+0.01 g) for calculation of somatic
indices using the equations:

Hepatosomatic index (HSI) = W1 (weight, g) x 100/BW (body weight, g)
Splenosomatic index (SSI) = Ws (weight, g) x 100/BW (body weight, g)
Viscerosomatic index (VSI) = Wv (weight, g) x 100/BW (body weight, g)

Perivisceral fat index (PFI) = Wpf (weight, g) x 100/BW (body weight, g),

where WI = liver weight (g), Ws = spleen weight (g), Wv = viscera weight (g), Wpf perivisceral fat
weight (g).
Frequency of occurrence splenic lipidosis [2], was calculated according to the equation:

SL =100/Nt x Nsl,

where Nt is total number of investigated fish and Nsl is number of fish with spleen lipidosis.

2.5. Chemical Analyses

The H. illucens larva meal chemical analysis was obtained from Renna et al. [15]. The proximate
composition and energy of diets are reported in Table 1. Feed samples were finely ground (MLI 204;
Biihler AG, Uzwil, Switzerland) and analyzed for DM (AOAC, n. 934.01), CP (AOAC, n. 984.13) and
ash (AOAC, n. 942.05) content according to AOAC International [23]. The EE content (AOAC, n.
2003.05) was analyzed according to AOAC International [24]. The GE content was determined using
an adiabatic bomb calorimeter (C7000; IKA, Staufen, Germany). Chitin content was determined
following Finke [25], by correcting for the amino acid (AA) content of the acid fiber detergent (ADF)
fraction and assuming the remainder of the ADF fraction to be chitin. The AA composition of H.
illucens larva meal and FM used in the experimental diets is shown in Table 2. Amino acid
quantification was conducted according to De Marco et al. [26]. After 22 h hydrolysis in 6N HCI at
112 °C under a nitrogen atmosphere, the AA content in the hydrolysate was assessed by HPLC after
post-column derivatization. Performic acid oxidation occurred prior to acid hydrolysis for
methionine and cystine. Tryptophan was not determined.

Table 2. Amino acid (AA) profile (% of protein) of Hermetia illucens larva meal and experimental diets.

H.illueens CON H20 H40 He60

Essential AA
Arginine 39 6.2 5.7 52 4.7
Histidine 22 2.4 2.4 2.3 2.3
Isoleucine 3.3 42 4.0 3.8 3.6
Leucine 52 7.3 6.8 6.4 59
Lysine 3.8 74 6.7 59 5.1
Methionine 2.1 2.7 2.5 22 2.0
Cysteine 0.1 0.9 0.7 0.5 0.4
Phenylalanine 3.0 4.0 3.7 35 33
Tyrosine 4.8 3.1 34 3.8 4.1
Threonine 3.1 4.1 3.9 3.7 35
Valine 49 49 49 49 49

Non-essential AA

Alanine 6.2 6.1 6.1 6.1 49
Aspartic acid 6.7 8.8 8.4 7.9 7.5
Glycine 42 0.9 1.6 22 2.9
Glutamic acid 8.8 7.0 7.3 7.6 7.9
Proline 55 12.3 10.9 9.5 8.0
Serine 3.7 4.1 4.0 3.9 3.8

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal, respectively.
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At the end of the trial, whole-body homogenate of six fish from each group was analyzed for
DM, CP, EE, organic matter (OM) and ash content according to the procedure used for feed analyses
[23,24]. The DM content was measured according to AOAC (n. 934.01; [23]).

Fatty acid profiles were determined both in feed and fish whole-body homogenate (3 fish/tank,
9 fish/group), according to the method of Sampels et al. [27]. Initially, lipids were extracted by the
hexan-isopropanol method according to Hara and Radin [28]. Fatty acid methyl esters (FAME) were
prepared by the BFs method according to Appelqvist [29] and analyzed using FAME C 11:0 as an
internal standard by a gas chromatograph (Trace Ultra FID; Thermo Scientific, Milan, Italy)
equipped with a flame ionization detector, using a BPX 70 column (length 50 m, i.d. 0.22 mm, film
thickness 0.25 pum) (SGE Inc., Austin, TX, USA). The peaks were identified using Thermo Xcalibur
3.0.63 (Thermo Fisher Scientific Inc.,, Waltham, MA, USA) software and quantification was achieved
by comparing sample retention times and peak areas to retention times and peak area in 7 levels
(1000 ug/mL-15 ug/mL) of the standard mixture Supelco 37 component FAME mix (Sigma-Aldrich,
St. Louis, MO, USA). Fatty acid profiles for feed are shown in Table 3, analysis were performed in
triplicate.

Table 3. Fatty acid profile of experimental diets for Eurasian perch. Data are expressed as percent of
total FAs (mean + SD, n = 3).

FA CON H20 H40 H60O
C12:0 254027 11.89+0.17 2447 +1.81 34.37+1.23
C14:0 476+0.04 654+0.06 8.77+0.11 10.74+0.38
C14:1 0.05+0.01 0.13+0.01 0.24+0.01 0.33+0.01
C15:0 040+0.01 035+0.01 0.28+0.01 0.23+0.01
C16:0 1538 £0.04 16.01 £0.05 16.58 +0.32 17.21 £0.69
C16:1 421+0.01 449+0.01 4.79+0.10 5.08+0.11
C18:0 3.77+0.03 3.63+0.04 3.22+0.07 3.02+0.13

C18:1n9trans 0.08+0.01 0.07+0.01 0.07+0.01 0.06 +0.01
C18:1n9 26.60 £0.20 22.08+0.02 16.20+0.36 11.29 +0.27
C18:1n7 3.23+0.02 257+0.01 1.68+0.04 0.94+0.04
C18:2n6 9.18+0.03 8.61+0.01 7.79+0.18 7.20+0.14
C18:3n6 0.20+£0.01 0.16+0.01 0.11+0.01 0.07+0.01
C18:3n3 3.15+£0.01 256+0.01 1.80+0.05 1.14+0.03

C20:0 0.32+0.01 027+0.01 0.21+0.01 0.15+0.01
C20:1n9 255+0.02 191+0.01 1.05+0.03 0.32+0.03
C20:3n6 0.76 £0.01 056+0.01 0.31+£0.01 0.09+0.01
C20:3n3 0.71+£0.01 056+0.01 0.38+0.01 0.23+0.01
C20:4n6 0.32+0.01 024+0.01 0.13+£0.01 0.03+0.01
C22:0 0.16 £0.01 0.13+0.01 0.08+0.01 0.05%0.01
C22:1n9 0.37+0.01 027+0.01 0.15+£0.01 0.04+0.01
C20:5n3 6.80+0.03 544+0.01 3.72+0.10 221=%0.01
C22:2 0.07+0.01 0.05+0.01 0.32+0.50 0.65+0.56
C24:0 0.17+0.01 0.13+0.01 0.10£0.01 0.05+0.03
C24:1n9 055+0.01 044+0.01 0.29+0.01 0.16+0.01
C22:5n3 1.44+0.01 1.06+0.02 0.69+0.02 0.31+0.02
C22:6n3 1223 +0.18 9.85+0.11 6.61+0.15 4.03+0.14
SFA 2758 +0.34 39.00+0.12 54.02+1.06 66.47 +0.77
MUFA 37.63+0.23 31.96+0.03 24.45+0.54 18.23 +£0.40
PUFA 3479 +0.21 29.04+0.11 21.53+0.51 15.30 £0.38
n-3 2433 +0.22 19.47+0.12 13.20+0.32 7.90+0.28
n-6 10.46+0.03 9.57+0.01 833+0.19 7.39+0.15
n-3/n-6 233+0.02 203+0.01 1.58+0.01 1.07+0.03
CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal,
respectively; SD, standard deviation, FA fatty acid, SFA saturated fatty acids, MUFA,
monounsaturated fatty acids, PUFA, polyunsaturated fatty acids.
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2.6. Haematological Analyses

At the end of experiment, three fish per tank (nine fish from each group) were
over-anaesthetized with clove oil and blood samples were taken for hematological analysis. Red
blood cell count (RBCC), hematocrit (HCT), hemoglobin concentration (Hb), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin
concentration (MCHC) were measured according to Svobodova et al. [30].

2.7. Economic Analysis and Environmental Sustainability of Feeds

To determine the relative efficacy and benefits of tested diets, economic conversion ratio (ECR)
and economic profit index (EPI) for each tested group was calculated by the following equations:

ECR (€ kg of fish) = FCR x DP
EPI (€ fish 1) = (WG x SP) - (WG x DP),

where FCR is feed conversion ratio (kg feed per kg fish); DP is cost per kg feed; WG is weight
gain. The per kilogram cost in euros, excluding labor and taxes, of all components from commercial
retailers was as follows: FM = € 1.48; H. illucens larva meal = € 3.5, wheat meal = € 0.61; fish oil = €
1.32; gelatinized starch = € 0.75; mineral mixture = € 0.49; vitamin mixture = € 3.85. This resulted in
per kg feed cost of CON = € 1.31; H20 = € 1.75; H40 = 2.18; H60 = € 2.61; and BIO = € 2.53. Eurasian
perch sale price (SP) was calculated at € 6.50 kg™

Fish-in fish-out (FIFO) ratio was used as a practical measure of the quantity of live fish from
capture fisheries required for each unit of farmed fish produced [31]. This indicator of
environmental sustainability of feeds was calculated as follows:

FIFO = (LFM + LFO)/(YFMw + YFOw) x FCR,

where LFM is level of fishmeal in the diet; LFO is level of fish oil in the diet; YEMw is yield of
fishmeal from wild fish; YFOw is yield of fish oil from wild fish; FCR is feed conversion ratio.

We estimated the impact of FM substitution with H. illucens larva meal rapported to Metric
Tons (MT) on freshwater demand (WD, m3/MT), land demand (LD, ha/MT), energy use (EU, GJ/MT)
and greenhouse gas production (GWP, kg COz+1). Mean WD, LD and EU for FM, wheat, fish oil,
starch and mineral and vitamin mixes were obtained from Chatvijitkul et al. [32]. Data of WD, LD,
EU and GWP for H. illucens larva meal was retrieved from Roffeis et al. [33]. Finally, GWP for FM
was sourced from Thevenot et al. [34] and GWP for wheat meal from Heusala et al. [35].

2.8. Statistical Analyses

All data were tested for homogeneity of variance using Cochran, Hartley and Bartlett tests.
Normality of data was tested by Shapiro-Wilk test. Perivisceral fat index, splenosomatic index, some
minor fatty acids, hemoglobin, mean corpuscular hemoglobin, mean corpuscular hemoglobin
concentration and economic profit index were analyzed using Kruskal-Wallis non-parametric test as
these data does not show normality. All other remaining parameter results were analyzed separately
by one-way ANOVA. Differences were considered significant at p < 0.05 (post-hoc test: Tukey test).
The data were expressed as mean + SD and statistical analyses were performed using STATISTICA
12.0 (StatSoft CR, Prague, Czech Republic). As BIO was a completely different diet, not comparable
with respect to composition, nutrient and energy contents, it was not included in the statistical
analyses.

3. Results

3.1. Diet Composition

Diets were comparable in proximate composition, which reflected the calculated one. The
amino acid profile of H. illucens larva meal and experimental diets is presented in Table 2. Leucine,
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tyrosine and valine were the most common EAAs in the H. illucens larva meal, with the non-essential
AAs glutamic and aspartic acid showing the highest content. Hermetia illucens larva meal showed
similar values for histidine and lower values for arginine and lysine than observed in FM [36]. With
increasing dietary H. illucens proportions, all EAAs decreased except valine and tyrosine, which
remained constant and increased, respectively.

3.2. Growth Trial

Fish survival and growth performance are shown in Table 4. With all diets, fish tripled their
initial body weight. Fish readily accepted the feeds and no rejection was recorded. At the end of the
84-day experiment, no significant differences in survival were observed among diets. There were no
significant differences among experimental groups in BWi, ICV and FCV. On the other hand, BWf{,
SGR, PER and FR differed significantly with diet, with the H60 treatment showing lower values
compared to other treatments.

Table 4. Survival and growth performance of Eurasian perch fed experimental diets and the
commercial control diet (mean + SD; n = 3).

Items CON H20 H40 H60 SEM p-Value BIO *
Survival, % 98.7+2.3 98.7+2.3 98.0+1.2 993+1.2 0512  0.878 96.0 4.0
BW;, g 21.9+0.1 22.0+0.1 221+0.1 22.0+£0.1 0.023  0.195 22.0+0.1
BWs, g 63.8+122 67.1+2.02 681+182* 580+32° 1305  0.002 74.1+6.0
WG, g 41.8+1.02 451+20° 46.0+172 36.0+3.2° 1296  0.002 52.1+59
ICV, % 19.4+0.6 19.6 +0.8 19.5+0.9 19309 0205 0.981 19.0+0.9
FCV, % 37.9+1.6 329+7.0 34371 383+1.8 1439 0525 424+9.1

SGR, %/d 1.25+0.062> 1.30+0.03= 1.30+0.04= 1.14+0.03> 1.331 0.000 1.39£0.11
FCR 1.00 £0.072> 0.91+0.05> 0.91+0.04> 1.12+0.062 0.029 0.006 0.96 +0.13
PER 1.72+0.12»> 191+0.112 1.90+0.082 1.55+0.08> 0.050 0.000 1.88 £0.23

FR, %/d 1.36 +£0.032> 1.30+0.042 1.30+0.01= 1.39+0.04> 0.014 0.023 1.47 +0.06
CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal
respectively; BIO is a commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation,

SEM, standard error of the mean; BWj, initial body weight; BWs, final body weight; WG, weight gain;
ICV, initial coefficient of variation of weight; FCV, final coefficient of variation of weight; SGR,
specific growth rate; FCR, feed conversion ratio; PER, protein efficiency ratio; FR, feeding rate.
Different letters within a row indicate significant differences (p < 0.05). * Statistical analysis did not
include BIO.

3.3. Condition Factor, Somatic Indices and Occurrence of Spleen Lipidosis

Fish fed H60 showed lower K and HSI compared to fish fed the CON diet, while no differences
among treatments were recorded in any other parameter (Table 5). No splenic lipidosis was
recorded in fish fed insect meal, while a high occurrence was recorded in fish fed the BIO diet.

Table 5. Condition factor (n = 45), somatic indices and occurrence of splenic lipidosis (n = 90) of
Eurasian perch juveniles fed experimental diets and the commercial control diet (mean + SD).

Items CON H20 H40 Hé0 SEM  p-Value BIO *

K 1.20+0.022> 1.22+0.022 1.19+0.01>* 1.15+0.01> 0.008 0.020 1.28 +0.03
HSI 1.76 £0.202  1.41+0.122> 148+0.102> 1.21+0.07> 0.067  0.006 1.37 +0.04
SSI 0.12 +£0.04 0.11 +£0.04 0.10 £ 0.04 0.11+0.05 0.010 0.964 0.13 £0.02
VSI 2.91+0.38 2.79+0.17 2,94 +0.19 3.06+0.05 0.063 0.608 2.90+0.19
PFI 6.19 +0.68 5.63+0.19 6.06 +0.78 553+0.25 0.157  0.826 9.43+0.97
SL 3.9+6.71 NF NF NF - 19.5+13.6

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal,
respectively, BIO is a commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation,

SEM, standard error of the mean; K, condition factor; HSI, hepatosomatic index; SSI, splenosomatic
index; VSI, visceromatic index; PFI, perivisceral fat index; SL, splenic lipidosis; NF, not found.
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Different letters within a row indicate significant difference (p < 0.05). * Statistical analysis did not

include BIO. No statistical analysis was performed for SL, as some diet groups did not show

lipidosis.

3.4. Proximate and Fatty Acid Composition of Whole Fish Homogenate

The proximate composition of the whole fish homogenates showed no significant differences in
DM, CP and EE content (Table 6). On the other hand, OM and GE content showed a decreasing trend
with increased the H. illucens meal in the feed, while the opposite was recorded for ash content.

Table 6. Proximate composition of whole-body homogenate of Eurasian perch fed experimental

diets and the commercial control diet (mean + SD, n = 6).

Items CON H20 H40 He60 SEM p-Value BIO*
DM (g/100 g) 333+10 329+0.6 325+0.6 321+05 0186 0.142 36.6x1.1
CP (g/100gDM) 24.1+3.1 21.8+09 21.6+0.6 20.7+03 0466 0065 224+05
EE (g/100gDM) 10.1+1.3 9.5+0.2 8.7+0.5 85+0.8 0.232 0052 135+1.0
OM (g/100gDM) 28.6+1.0* 279+0.62 272+0.62 264+08> 0254 0001 321+09
Ash (g/100gDM) 4.7+03°% 5.0+02° 5302 56+03* 0.098 0003 45+04
GE MJ/kg DM) 0.81+0.04» 0.78+0.012 0.75+0.02® 0.74+0.03®> 0.009 0.014 0.95+0.04

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H.

illucens larva meal,

respectively; BIO is a commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation,
SEM, standard error of the mean; DM, dry matter; CP, crude protein; EE, ether extract; OM,
organic matter; GE, gross energy. Different letters within a row indicate significant difference (p <
0.05). * Statistical analysis did not include BIO.

The fatty acid composition of Eurasian perch was significantly affected by the feed (Table 7). In
general, saturated fatty acids (SFA) content tended to increase with increased H. illucens larva meal
proportions with exception of C15:0 and C20:0. A trend similar to SFA was observed for
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). Significant
differences were found both in omega-6 and omega-3 content that decreased among tested H.

illucens larva meal diets and consequently, the n-3/n-6 ratio decreased with increasing H. illucens

larva meal inclusion.

Table 7. Fatty acid (FA) profile of whole-body homogenate Eurasian perch fed experimental and

commercial control diet. Data are expressed as percent of total FAs (mean + SD, n=9).

FA CON H20 H40 He0 SEM p-Value BIO *
C12:0 1.00+156> 476+1.81> 883+1.242> 12.03+1492 0.79 <0.001 0.20+0.20
C14:0 4670614 596+0.64c 741+035> 9.14+0.722 0.315 <0.001 5.52+0.18
C14:1 0.54+0.074 0.63+0.05¢ 0.79+0.03> 0.96+0.062 0.03 <0.001 0.66+0.03
C15:0 042+0.022 0.36+0.032> 0.34+0.02> 0.34+0.05> 0.008 <0.002 0.49 +0.02
C16:0 1749+1.04 1845+0.79 17.81+0.67 183+1.79 0.206 0.335 18.98+1.03
Cl6:1 946 £0.57> 99+0.462> 1035+0422 10.44+051= 0.109 0.001 10.81+0.41
C18:0 1.6 +0.07 1.20+0.74 0.96 +0.80 1.70+040 0.112 0.262 1.23 +£0.08

C18:1n9trans 1.06 +0.102 0.84+0.16> 0.84+0.12> 0.74+0.13> 0.03 <0.001 2.57+0.13
C18:1n9 27.34+£0962 2634+0.792 2399+1.04°> 2142+0.68c 0.436 <0.001 21.16+0.36
C18:1n7 3.07+0.202 2.00+1.242b 1.70+1.05> 2.07+0.172 0.167 <0.001 2.76+0.08
C18:2n6 821+0.402 7.74+028ab 779+0402 7.28+0.40° 0.087 <0.001 7.15+0.24
C18:3n6 0.08+0.092> 0.06+0.08> 0.04+0.07> 0.17+0.01> 0.015 0.005 0.15+0.01
C18:3n3 223+0.162 1.99+0.09° 1.65+0.08c 1.30+0.07¢ 0.065 <0.001 1.77+0.05

C20:0 1.02+0.382 1.07+0.042 0.97+0.092 042+0.37> 0.065 0.001 0.98+0.95
C20:1n9 221+0.232 1.73+0.23ab 158+0.22% 1.64+0.36> 0.063 0.003 4.25+0.16
C20:3n6 0.11+£0.052 0.07+0.062> 0.06+0.04> 0.09+0.022> 0.008 0.035 0.06+0.03
C20:3n3 0.38+0.252 0.32+0.20> 0.18+0.19®> 0.30+0.04= 0.034 0.050 0.41+0.04
C20:4n6 0.19+0.082 0.09+0.10=> 0.05+0.07> 0.11+0.032> 0.015 0.009 0.14 +0.02

C22:0 nd nd nd nd nd
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C22:1n9 nd nd nd nd nd
C20:5n3 0.55+0.47 0.58+0.26 0.74 +0.14 056+0.36 0.057 0.629 1.06+1.47
C22:2 423+0.392 358+0.33" 3.14+0.38> 2.62+0.34¢ 0.122 <0.001 5.99+0.18

C24:0 nd nd nd nd nd

C24:1n9 nd nd nd nd nd
C22:5n3 1.16 £0.152 098 +0.12> 0.75+0.07¢ 0.58+0.064 0.043 <0.001 1.09 +0.09
C22:6n3 1291+1.2. 11.35+1.12% 10.04+0.60°> 7.66+0.98< 0.385 <0.001 12.46+0.59
SFA 30.43 +2.544 3537 +238¢ 39.47+1.38b 44.62+2552 1.012 <0.001 33.39+1.39
MUEFA 43.74+ 0982 41.44+0.89> 39.25+0.61¢ 37.34+1.014 0.455 <0.001 42.31+0.90
PUFA 25.82+1.942 23.18+1.77° 21.28+1.00°> 18.04+1.70¢ 0.579 <0.001 24.30+1.67
n-3 1723 £1.582 1522 +1.46° 13.34+0.78< 10.40+1.354 0.504 <0.001 16.80+1.57
n-6 859+0.402 797+045° 794+033b 7.64+037> 0.090 <0.001 7.50+0.26
n-3/n-6 200+0.122 191+0.142 1.68+0.09> 1.36+0.12¢ 0.049 <0.001 2.24+0.20
CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal,
respectively; BIO is a commercial diet (BioMar Inicio, Brande, Denmark); SD, standard deviation,
SEM, standard error of the mean; SFA saturated fatty acids, MUFA, monounsaturated fatty acids,
PUFA, polyunsaturated fatty acids. Different letters within a row indicate significant difference (p <

0.05). * Statistical analysis did not include BIO; nd = not detected.

3.5. Haematological Analyses
Hemoglobin (Hb) concentration, HCT, RBBC, MCV, MCH and MCHC showed no differences
among the feeding groups (Table 8).

Table 8. Hematological parameters of Eurasian perch fed experimental and commercial control diet
(mean £ SD, n=9).

Items Unit CON H20 H40 H60 SEM p-Value BIO *
Hb (g/L)y 51.5+29 514+26 50.5+3.6 51.0+28 0.426 0.987 51.8+2.8
HCT (/L) 324+69 319x102 30461 288+9.3 1180 0.829 32775
RBBC (T/L) 190+0.3 1.75+0.4 1.58 +0.2 1.81+0.6 0.060 0.466 1.89+0.4
MCV (f1) 113;1i 185.5+46.7 191.5+258 165.9+415 5534 0.616 174.1+254
MCH (pg) 27.6+45 325+45 324 +5.0 33.8+49 1767 0.296 28.7+6.8
MCHC (g/L) 0.17+0.04 0.18+0.07 0.17+0.04 0.20+0.08 0.009 0.931 0.17 +0.05

Groups CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion, of H. illucens meal,
respectively; BIO is a commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation,
Hb, hemoglobin concentration; HCT, hematocrit; RBCC, red blood cell count; MCV, mean
corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin
concentration; SEM, standard error mean; *Statistical analysis did not include BIO; Different letters
within a row indicate significant difference (p < 0.05).

3.6. Economic Analysis and Environmental Sustainability of Feeds

The FIFO index decreased proportionally with increased insect meal proportions, reaching 3.04
(CON), 2.17 (H20), 1.56 (H40) and 1.18 (H60). The H. illucens meal diets differed significantly with
respect to ECR and EPI (Table 9), with cost increasing concurrent with H. illucens meal replacement.
The inclusion of insect meal led to an overall increase of environmental sustainability parameters
GWP, EU and LD and a reduction in freshwater demand.
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Table 9. Economic and environmental sustainability parameters of European perch production using
feeds differing in insect meal inclusion level (mean + SD, n = 3).

Items CON H20 H40 H60 SEM p-Value BIO*

FIFO 3.04+0212 217+0.12°> 1.56+0.07¢ 1.18+0.06¢ 0.214 <0.01 -
GWP (kg COz-eq) 1.81 2.64 3.48 4.32 - - -
EU (GJ/MT) 15.35 24.80 34.26 43.71 - - -
LD (ha/MT) 0.06 0.08 0.11 0.13 - - -
WD (m3/MT) 376 304 232 161 - - -

ECR 14+010¢ 1.71+0.10¢ 2.13+0.10°> 3.13+£0.172 0198 <0.01 2.62+0.34

EPI 0.36+0.012 0.36+0.01° 0.34+0.01* 0.26+0.02> 0.012 <0.04 0.35+0.04

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens meal, respectively;
BIO is a commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation, FIFO, fish-in
fish-out ratio; ECR, economic conversion ratio; EPI, economic profit index, GWP, global warming
potential; EU, energy use; LD, land demand; WD, water demand; Different letters within a row
indicate significant difference (p < 0.05). * The statistical analysis did not include BIO.

4. Discussion

Intensive culture of Eurasian perch is still a young industry in Europe with the main producers
being Ireland, France, Poland, Belgium and Denmark. Insects have been proposed as an efficient and
high-quality alternative protein source for poultry [37,38], swine [11,39] and carnivorous fish [13,15-
17,20,40] and interest in use of insect meals in perch diets is high. Insects are a viable source of
protein and lipids [9,10] and a typical component of Eurasian perch natural diet. Nogales-Mérida [9],
confirmed insects as an excellent source of several vitamins and minerals including iron, potassium,
calcium and magnesium. Use of H. illucens insect meal is consistent with production of perch as an
organic product, as insect meal can be produced locally on a variety of substrates [41,42].

The present study represents the first reported use of defatted black soldier fly H. illucens larva
meal as an alternative feed ingredient for Eurasian perch reared in intensive culture. Bufiler et al. [43]
demonstrated that H. illucens is an appropriate insect species for insect meal production. It has a
well-balanced essential amino acid profile, an average protein content of 55% DM and ~35% fat DM,
which may be reduced to 5-9% by defatting, making it more digestible. However, complete FM
replacement by insect meal has not been shown feasible. Henry et al. [44], reported that the
maximum dietary replacement of FM by H. illucens meal ranges from 6 to 25%, depending on fish
species, with higher inclusion levels reducing growth performance. Sealey et al. [45], reported up to
50% H. illucens inclusion without negative effects on growth of rainbow trout. Our study showed
that there is no significant effect up to 400 g/kg of H. illucens in the perch diet on body weight or
specific growth rate. Similar results were demonstrated by Renna et al. [15], where partially defatted
H. illucens larva meal up to 40% of inclusion level was used in rainbow trout diet without negative
effects on survival rate, growth performance, condition factor, somatic indices, physical quality or
gut morphology. Magalhaes et al. [17], replaced 45% of the FM in diet of juvenile European seabass
with up to 19.5% H. illucens meal corresponding to 22.5% protein without adverse effects on growth
performance and feed utilization. Kroeckel et al. [20], reported that inclusion higher than 33% of
defatted H. illucens larvae decreased protein digestibility, feed acceptance and growth performance
of juvenile turbot. Lock et al. [12], showed that drying slightly defatted H. illucens meal (255 g/kg
DM) at low temperature is the most suitable procedure and produced a good alternative feed for
Atlantic salmon growth.

Proximate composition of fish is driven by endogenous (size, life cycle stage) as well as
exogenous factors (water quality, feed) [46]. To minimize bias, we reared European perch under
similar conditions. We found no significant differences in DM, CP and EE in whole-fish homogenate
among tested H. illucens diets. This is in line with Gasco et al. [47], who found no significant
difference in DM and CP content of European sea bass fed mealworm Tenebrio molitor at different
diet proportions. Contrary results were obtained in rainbow trout fed T. molitor, in which increasing
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the proportion of insect meal triggered significant decreases in DM, CP and EE [48], while increased
enriched H. illucens prepupae content resulted in decline in DM and EE [45].

Reduction in DM and EE content may result from decreased nutrient availability [15],
depending on insect species [23,42] or on its culture substrate [37,39]. Culture substrate also
substantially affects insect ash content [49,50]. Although body ash content has been reported similar
among fish consuming various insect meal diets [20,51], we found a significant difference among our
diet groups, with the highest ash content in H60, while lower ash levels were observed in CON, H20
and H40 groups. This is in contrast to the proximate analysis of tested diets per se, in which the ash
content decreased with increasing H. illucens inclusion. Kirchgessner and Schwarz [52] and Shearer
[46] reported no effect of crude dietary ash on ash content of fish body, provided sufficient levels of
essential elements are present. This suggests that the partially defatted H. illucens meal used in our
study may lack some essential element or elements, although this complex mechanism is largely
unexplored and needs further study. The GE content decreased significantly with increased H.
illucens larva meal inclusion, reflecting the non-significant decrease in both CP and EE with higher
H. illucens larva content.

We found total n-3 and n-6 fatty acid in Eurasian perch to decrease significantly with higher
levels of H. illucens larva meal in the diet, reflecting lower fish oil content, with the n-3/n-6 ratio
being inversely related to H. illucens inclusion. This is in agreement with findings of Borgogno et al.
[51] and Renna et al. [15], who reported significant reduction of n-3/n-6 ratio in rainbow trout fed
with H. illucens larva meal. The opposite effect was observed in Atlantic salmon fed H. illucens meal
[13]. The differences among studies could be related to diet composition. In the present study, as
well as those of Borgogno et al. [53] and Renna et al. [15], fish oil was used as a fat source, while
Belghit et al. [54], used large quantities of rapeseed oil, which contain high level of n-6
polyunsaturated fatty acids contributing to maintain constant the n-3/n-6 ratio between insect meal
based diets.

These comparisons underscore differences among insect species and culture media. We found
increased H. illucens proportions to be associated with significantly higher SFA content in fish
homogenate, reflecting that partially defatted H. illucens meal is rich in SFAs (lauric acid C12:0,
myristic acid C14:0 and palmitic acid C16:0), while T. molitor larva meal is rich in MUFAs and n-6
PUFAs. A similar trend was observed in studies of Jian carp [55] and rainbow trout [13], fed H.
illucens larva meal. The positive effect on HSI observed in the present study could be related to
reduction of lipid storage in liver, as was demonstrated in Atlantic salmon [54].

Hematological parameters, essential tools in evaluation of fish welfare related to stress and
immune status [56-58], are highly influenced by feeding regime [59]. Studies of FM substitutes such
as cottonseed [60], soybean [61,62], housefly (Musca domestica) maggot [63] and cricket (Gryllus
bimaculatus) [64], showed no significant effect of tested meals on hematological parameters of fish of
various species. This reinforces our suggestion that dietary H. illucens larva meal does not impact
welfare of Eurasian perch but further investigations of diet formulations and feeding strategies are
needed to collect additional data for this new area of study and to obtain more comprehensive
results on fish growth rate.

The fish-in fish-out ratio is a practical indicator of environmental sustainability [31]. This index
uses a global average wet weight (whole fish) to fishmeal yield of 22.5% and wet weight to fish oil
yield of 5%. A ratio >1 indicates net removal of fish globally. We found the FIFO ratio to be
substantially reduced with increasing proportions of insect meal and that FIFO could be decreased
by 49% in perch fed an insect-based diet without affecting growth. This downward trend is in
agreement with forecast of Tacon and Marc [65].

Increasing H. illucens larva meal proportions in commercial fish feeds could lead to higher
energy and land use and increased greenhouse gas production. A lower impact was found for
freshwater use. Insect meal inclusion level, which does not affect growth parameters, led to a 144%
increase in greenhouse gas production, 123% increase in energy demand and 77% increase in land
use. Fresh water use was decreased by 38% compared to control. These findings suggest ongoing



Animals 2020, 10, 1876 13 of 17

monitoring of agricultural resources and related socio-economic and environmental impact during
the shift in resource demands from the oceans onto the land.

Future studies should be focused on fine-tuning for optimal insect meal inclusion in the range
of 40% to 60%, as well as evaluation of diets with a higher contribution of plant-based protein in
combination with insect meal. Long-term studies of rearing fish to a higher market size (>200 g), in
combination with sensory and texture analysis of the final product, should be carried out to explore
full potential of insect-based diets for perch.

When the inclusion level was >60%, growth was significantly reduced compared with the
control group, suggesting that incorporation of up to 40% H. illucens larva meal in the feed
formulation for perch is feasible and can reduce reliance on marine resources. However, even if
presents limitations, such as production cost and increased impact in some environment-related
parameters, the partial replacement of fishmeal by insect protein will be more important in the
future as getting enough amount of fishmeal will be difficult and culture of insects like a H. illucens
using waste food means to convert non-resources to important protein resources is a promising
solution to cope this problem.
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How Does Pikeperch Sander
lucioperca Respond to Dietary Insect
Meal Hermetia illucens?
Investigation on Gut Microbiota,
Histomorphology, and Antioxidant
Biomarkers

Hung Quang Tran', Markéta Prokesova’, Mahyar Zare', Tatyana Gebauer’,
Antonia Concetta Elia2, Elena Colombino3, llario Ferrocino*, Christian Caimi*,
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Ceské Budgjovice, Czechia, 2 Department of Chemistry, Biology and Biotechnology, University of Perugia, Perugia, ltaly,

3 Department of Veterinary Science, University of Torino, Turin, Italy, * Department of Agricultural, Forest and Food Sciences,
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Effects of feeding dietary defatted black soldier fly (Hermetia illucens) larvae meal (HI)
on intestine microbiota, and on histomorphology, oxidative enzyme activities in liver and
intestine of pikeperch (Sander lucioperca) were investigated. Four isoproteic (45% crude
protein) and isolipidic (18% ether extract) diets were formulated to include 0% (CO),
9% (HI9), 18% (HI18) and 36% (HI36) of HI as replacement for fishmeal at 0, 25, 50,
and 100%, respectively, and were fed to triplicate groups of juvenile pikeperch (initial
body weight, 68.7 + 7.1 g) for 84 days. No adverse effects were detected on the
intestine of pikeperch fed diet groups, in terms of histomorphology (P > 0.05), while
fish fed free or low levels of HI (< 9% in diet) showed significant liver degeneration
(P < 0.05). Dietary HI significantly affected the oxidative enzyme activities of catalase
and glutathione peroxidase in the liver, and glutathione S-transferase in the intestine
(P < 0.05), while activity of superoxide dismutase in both liver and intestine was HI-dose
independent (P > 0.05). Feeding HI-containing diets positively modulated the richness
and diversity of intestinal microbiota, especially for HI18 group (P < 0.05). Inclusion
HI up to 18% (50% fishmeal replacement) in pikeperch diets increased abundance of
Clostridium, Oceanobacillus, Bacteroides, and Faecalibacterium genera, whereas the
predominant bacterium, Cetobacterium was found in control and HI36 groups. This
study reveals the potential of HI as an immune and health booster for juvenile pikeperch.

Keywords: pikeperch, alternative ingredient, Hermetia illucens, microbiota, histomorphology, antioxidative

INTRODUCTION

Aquaculture is the largest global consumer of fishmeal production, accounting for 68-73%
(Shepherd and Jackson, 2013; Tacon and Metian, 2015). Fishmeal is mainly derived from marine
capture fisheries (70% in 2018) (FAO, 2020a), which has reached a plateau since the 2000s
(Shepherd and Jackson, 2013) and has been projected that the ecological limits of stock will be
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reached by 2037 (Froehlich et al, 2018a). Therefore, the
current fastest growth of aquaculture in food-producing sectors
(FAO, 2020a) and the continuous increasing trend, requires the
development of novel aquafeed ingredients. Terrestrial crops
have been used in aquafeeds more than other alternatives until
recent (Tacon et al., 2011; Tacon and Metian, 2015) and, by 2050,
the use of these feedstuffs in aquaculture will rise to twice the
current level in a business-as-usual scenario, reaching 91 million
tonnes (Froehlich et al.,, 2018b). However, crop-based feeds for
aquatic animals introduce concerns regarding their nutritional
properties and environmental consequences. An unbalanced
essential amino acid profile, low palatability, and the presence
of anti-nutritional substances could impair their inclusion in
aquafeeds (Gatlin et al., 2007). Moreover, the expansion and
intensification of the production of terrestrial crops will lead
to tremendous environmental burdens pertaining to climate
change, biodiversity loss, and increasing demand for arable land
and water. Among such burdens, land use is considered the one
that entails the greatest pressures on the planet (Foley et al., 2005,
2011; Boissy et al., 2011). Beyond terrestrial plant ingredients,
fishery by-products and insect meals have shown the greatest
potential to be protein-supplied to aquafeeds in the coming years
(Hua et al., 2019; Gasco et al., 2020a). Although approximately
34% of the world’s fishmeal production will be derived from fish
by-products by 2030 (FAO, 2020a), this potential protein source
will still not be able to meet the projected aquafeed demand by
2050 (Froehlich et al., 2018a). The efficiency of insect meal as a
future aquafeed ingredient has already been identified, especially
concerning the feasibility of costs, scalability, and processing
technology (Hua et al,, 2019). Globally, insect production is on
the rise, and will reach approximately 1.2 million tonnes by
2025 and become price-competitive with fishmeal by 2023 (Hua
et al,, 2019; Gasco et al., 2020a). In addition, the development
of production facilities and processing techniques would help
to improve the environmental performance of insect meal as a
sustainable aquafeed ingredient (van Huis and Oonincx, 2017).
The use of seven insect species (two flies, two mealworms,
and three cricket species) in fish diets has been authorised by
the European Commission (Regulation No. 2017/893). Among
these species, black soldier fly (Hemertia illucens), which belongs
to the Diptera order, has received the most research interest
(Hua, 2021). Hemertia illucens larvae meal possesses important
nutritional profiles, especially amino acid profile which is close
to that of fishmeal (Nogales-Mérida et al., 2019). As far as
environmental impact is concerned, H. illucens production, if
obtained using non-valorised substrates, entails significantly less
arable land and water use than soybean meal (Smetana et al,
2019; Gasco et al., 2020b). Moreover, H. illucens meal-containing
diets have shown lower environmental impacts associated
with abiotic depletion, acidification potential, eutrophication
potential, climate change, human toxicity potential, and marine
aquatic ecotoxicity potential for Arctic char (Salvelinus alpinus)
(Smdrason et al,, 2017) and lower water use for European
perch (Perca fluviatilis) (Stejskal et al., 2020) than insect-
free diets.

The substitution of fishmeal with H. illucens meal in aquafeeds
for the largest fishmeal consumers has already been investigated,

and substitution levels have been achieved that do not delay
growth production of the tested species, including, white leg
shrimp (Litopenaeus vannamei) (60% plausible substitution)
(Cummins et al., 2017), Atlantic salmon (Salmon salar) (85-
100%) (Lock et al., 2016; Belghit et al., 2018, 2019), European
seabass (Dicentrarchus labrax) (45%) (Magalhaes et al., 2017),
barramundi (Lates calcarifer) (50%) (Katya et al,, 2017), and
rainbow trout (Oncorhynchus mykiss) (45%) (Sealey et al., 2011;
Renna et al, 2017; Dumas et al, 2018). In addition, dietary
H. illucens meal has been proved to modulate bacterial diversity
and richness, which play essential roles in nutrition, immunology,
and health status of fish, such as rainbow trout (O. mykiss)
(Bruni et al., 2018; Huyben et al., 2019; Rimoldi et al., 2019;
Terova et al,, 2019; Rimoldi et al., 2021), and zebrafish (Danio
rerio) (Zarantoniello et al., 2020b). The gut health benefit of
insect-fed fish has been confirmed to be suitable for species that
naturally feed on insect (Antonopoulou et al., 2019; Gasco et al.,
2020¢).

Pikeperch (Sander lucioperca) is one of the main percid
species that has drawn a great deal of attention in aquaculture
(Schulz et al., 2006). Aquaculture production of pikeperch
reached 1557 tonnes in 2018, which was doubled that of
2009 (750 tonnes) (FAO, 2020b), and has mainly been
established in intensive recirculation systems (Dalsgaard et al.,
2013). However, pikeperch and other percid fish have so
far received very little attention from feed manufacturers
(Bochert, 2020). Although some commercial aquafeeds for
percids have become available, salmonids-targeted feeds are
more widely used in practice (Stejskal et al., 2016). Since
European pikeperch aquaculture is moving toward an established
freshwater aquaculture sector (Policar et al., 2019), it will
be necessary to develop suitable and sustainable feeds for
aforementioned sector. Dietary protein requirements of at least
43% have been reported for appropriate growth performance
and feed utilization of pikeperch fingerling (Nyina-Wamwiza
et al., 2005). In the nature, aquatic insects, i.e., larvae of lake
flies (Chironomidae) (Diptera order), play an important role
as food sources for the early ontogenetic stages of pikeperch
(Vinni et al, 2009; Ginter et al., 2011; Kashinskaya et al,
2018; Huuskonen et al., 2019). Therefore, the use of H. illuces
larvae meal has been hypothesised to be suitable for pikeperch
aquaculture. The aim of present study is to investigate the
effects of dietary defatted black soldier fly (H. illucens) (HI)
on the diets of juvenile pikeperch (S. lucioperca) on intestinal
microbiota, histomorphology, and oxidative enzyme activities.
The outputs could provide information in the choice of an
alternative aquafeed ingredient for the emerging percid farming
industry in Europe.

MATERIALS AND METHODS

Ethics Statement

The experimental procedures were performed under European
Communities Directive (No. 2010/63/EU) on the protection of
animals used for scientific purposes and have been approved by
the Czech Ministry of Health (MSMT-6744/2018-2).
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Experimental Diets, Rearing Facilities,

and Feeding Procedures

The feeding trial was conducted at the wet laboratory of the
Faculty of Fisheries and Protection of Waters, University
of South Bohemia in Ceské Bud&jovice, Czech Republic.
Defatted HI was obtained from a commercial source (Hermetia
Geschiftsfithrungs GmbH, Baruth/Mark, Germany). Four
isoproteic (approximately 45% crude protein) and isolipidic
(approximately 18% ether extract) diets were formulated,
comprising one fishmeal-based diet (CO) and three other diets,
where HI was included at 9% (HI9), 18% (HI18), and 36%
(HI36) to replace fishmeal at 25, 50, and 100%, respectively
(Table 1). Experimental diets were prepared by a commercial
feed producer (Exot Hobby s.r.o., Cernd v Po$umavi, Czech
Republic) using a dual-screw extruder (Saibainuo, China).
Chemical composition of HI and experimental diets as well fatty
acid (FA) composition of experimental diets are reported in
Tables 1, 2, respectively.

TABLE 1 | Ingredients and proximate composition of experimental diets.

Ingredients (g/kg, as it) HI? co HI9 HI18 HI36
Fishmeal® 300 225 150 0
HI - 90 180 360
Soybean protein concentrate 75 75 75 75
Corn gluten meal 170 170 170 170
Soybean meal 150 150 150 150
Wheat meal 80 65 50 20
Merigel 60 60 60 60
Fish oil 60 60 60 60
Soybean oil 60 60 60 60
Vitamin mixture® 10 10 10 10
Mineral mistured 10 10 10 10
DL-Methionine 7 7 7 7
L-Lysine 8 8 8 8
Celite® 10 10 10 10
Proximate composition

Dry matter (g/100g) 91.0 94.3 94.9 94.5 94.8
Crude protein (g/100g) 54.5 44.8 45.2 44.7 451
Ether extract (9/100g) 8.5 18.9 18.2 18.9 17.4
Ash (g/100g) 7.6 8.7 8.6 8.1 7.4
Chitin (9/100g)® 5.34 - 0.47 0.97 1.93
Nitrogen-free extract (g/100g)’ 24.06 27.60 27.53 27.33 28.17
Gross energy (MJ/kg) 20.20 21.05 20.36 20.32 21.06

aDefatted Hermetia illucens larvae meal: PPurchased from Corpesca S.A.
(Santiago, Chile). Proximate composition (g/100g, as fed basis): 91.3 dry matter;
65.8 crude protein; 9.4 ether extract; and 15.5 ash; °Vitamin mixture (IU or mg kg~
diet): DL-a tocopherol acetate, 60 IU; sodium menadione bisulphate, 5 mg; retiny!
acetate, 15,000 IU; DL-cholecalciferol, 3000 IU; thiamin, 15 mg; riboflavin, 30 mg;
pyridoxine, 16 mg; B1o, 0.05 mg; nicotinic acid, 175 mg; folic acid, 500 mg; inositol,
7000 mg; biotin, 2.5 mg; calcium panthotenate, 50 mg (purchased from Granda
Zootecnici S.r.l., Cuneo, ltaly); ¥Mineral mixture (g or mg kg~ diet): dicalcium
phosphate, 500 g; calcium carbonate, 215 g; sodium salt 40, g; potassium
chloride, 90 g; magnesium chloride, 124 g; magnesium carbonate, 124 g, iron
sulphate, 20 g; zinc sulphate, 4 g; copper sulphate, 3 g; potassium iodide, 4 mg;
cobalt sulphate, 20 mg; manganese sulphate, 3 g; sodium fluoride, 1 g (purchased
from Granda Zootecnici S.r.l., Cuneo, ltaly); ®Estimated as described by Finke
(2007); f Calculated as 100 - (CP + EE + Ash + Chitin).

The feeding experiment was conducted in a recirculation
aquaculture system (total volume 11400 L), consisting of
fifteen 250-L round conical plastic tanks (black walls, white
bottom) connected to a mechanical drum filter (AEM 15, AEM-
Products V.O.F., Lienden, Netherlands), sedimentation tanks
(total volume 2600 1), a series of filtration sections (Bioakvacit
PPI10), and a moving bed bio-filter (volume 4700 1, media
BT10 Ratz Aqua & Polymer Technik, Remscheid, Germany),
under controlled rearing conditions, with water temperature of
23.1 £ 1.0°C, photoperiod of 12h light — 12h dark, light intensity
of 20-35 Lux, oxygen saturation of 98.4 £ 15.2%, and pH of
6.98 £ 0.28. Moreover, the concentration of nitrite-N, nitrate-N,
and ammonia-N concentration were maintained at 0.42 & 0.24,
48.8 £ 21.3, and 1.89 =+ 0.58 mg/], respectively.

The prepared diets were fed to triplicate groups of juvenile
pikeperch (initial body weight 68.7 £ 7.1 g, with 50 individuals
per tank) for 84 days. A combined feeding protocol of four meals
per day, provided at 07.00, 09.00, 11.00, 13.00, by automatic
feeders (EHEIM Twins, Deizisau, Germany), and one hand
feeding, at 15.00 was adopted during the trial. Any unconsumed
feeds were collected by siphoning and dried in an oven to
calculate the exact feed intake.

Sampling Procedures
Fish Biometry
At the start and the end of the feeding trial, fish were individually
weighed to calculate weight gain (WG) and feed conversion ratio
(FCR):

WG (g) = final body weight-initial body weight

FCR = total feed supplied (g, Dry Matter)/ WG

Antioxidative Enzyme and Histo-Morphological
Analysis

After 84 days of the experiment, a total of 45 fish (3
individuals/tank) were randomly sampled, after 24 h of feed
deprivation, and were euthanised by means of overdose
anaesthesia (MS222, 125 mg/1).

Dissected livers and intestines from 15 fish/group were stored
at —80°C for further antioxidative enzyme analysis. A similar
number of samples, taken from another 15 fish/group, were
fixed by immersion in a 10% buffered formalin solution for
histo-morphological analysis.

Intestinal Microbiota

At the end of the experiment, three fish were randomly
taken from each tank and euthanised by means of overdose
anaesthesia (MS222, 125 mg/l). In order to ensure that all
sampled fish had digesta throughout the intestinal tract,
fish were deprived of feeds 12 h prior to sampling time.
Fish exterior was wiped with 70% ethanol before abdomen
was opened, whole intestine from each fish was removed
from the abdominal cavity and digesta from proximal
to distal intestine was squeezed gently into a 1.5 ml
aseptic Eppendorf and immediately stored at —80°C for
further analysis.
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Analytical Methods

Diet Chemical Composition

Analysis of HI defatted meal and experimental diets for dry
matter, crude protein, crude lipid, ash, and fatty acids (FAs)
were performed as described elsewhere (Tran et al., 2021). Gross
energy was determined by mean of a calorimetric bomb (IKA
C7000, Stufen, Germany).

Oxidative Stress in Livers and Intestines

Oxidative stress biomarkers were evaluated in liver and intestine
of each fish sample by means of spectrophotometer analysis
(Varian Cary spectrophotometer, Santa Clara, CA, United States)
as previously described by Elia et al. (2018). Briefly, superoxide
dismutase (SOD) activity was measured in 50 mM Na;COs,
pH 10, 0.1 mM EDTA, 500 mM cytochrome C, and 1 mM
hypoxanthine and xanthine oxidase. Reduction of cytochrome
C by the xanthine/hypoxanthine system was measured versus a
standard curve of SOD units at 550 nm. Catalase (CAT) activity
was measured as the decrease in absorbance at 240 nm due
to the consumption of H,O,. The assay was performed in an
NaH,POj4 + NayHPOy4 buffer (100 mM, pH 7) and 12 mM H,0,.
Glutathione peroxidase (SeGPx’s) activities were measured by
following the oxidation of NADPH at 340 nm and using 0.6 mM
H,0; or 0.8 mM cumene hydroperoxides (tot GPx) as substrates.
Glutathione S-transferase (GST) was measured at 340 nm using
as a substrate 1-chloro-2,4-dinitrobenzene (CDNB).

Histo-Morphological Analysis of Intestine and Liver

Samples of the anterior intestine were excised and flushed with
a 0.9% saline solution to remove all the content. The collected
samples were fixed in a 10% buffered formalin solution, routinely
embedded in paraffin wax blocks, sectioned at a 5 pum thickness,

mounted onto glass slides and stained with Haematoxylin &
Eosin (HE). One slide per intestinal segment was examined
by means of light microscopy and captured with a Nikon DS-
Fil digital camera, coupled to a Zeiss Axiophot microscope,
using a 2.5% objective lens. NIS-Elements F software was used
to capture images.

Morphometric analysis was performed using Image®-Pro Plus
software on ten well-oriented and intact villi. The evaluated
morphometric indices were villi height (from the villus tip to
submucosa) and villi width (across the base of the villus, but not
including the brush border).

The observed histopathological findings were evaluated in all
the organs, using a semi-quantitative scoring system as follows:
absent (score = 0), mild (score = 1), moderate (score = 2), and
severe (score = 3). Histopathological findings in intestine were
assessed separately for each segment for mucosa (inflammatory
infiltrates) and submucosa [inflammatory infiltrates and Gut-
Associated Lymphoid Tissue (GALT) activation]. The total score
of each gut segment was obtained by adding to the mucosa
and submucosa scores. All the slides were blind assessed by
two independent observers, and any discordant cases were re-
examined, using a multi-head microscope, until unanimous
consensus was reached.

Microbiome Analysis

DNA Extraction and 16S rRNA Amplicon Target
Sequencing

Nucleic acid was extracted from the intestine content (500 mg as
starting materials). Total DNA from the samples was extracted
using a RNeasy Power Microbiome KIT (Qiagen, Milan, Italy),
according to the manufacturer’s instructions. One microlitre of
RNase (Illumina Inc, San Diego, CA, United States) was added to

TABLE 2 | Fatty acid (FA) composition (as mg/g total FAs) of experimental diets.

*FAs Experimental diets
co HI9 HI18 HI36

C12:0 0.4+ 02 16.1 4+ 0.3° 25.7 +£0.7° 61.8 + 3.49
C14:0 17.24+0.18 20.1 +0.1° 21.2 £0.1° 27.5+0.79
C16:0 102.7 £ 0.52 106.8 + 0.3° 105.2 + 1.6° 106.2 + 0.9°
C16:1 23.7 £ 08 23.9 + 0% 24,0 £ 0.1° 241+ 0.1
C18:0 29.940.2 30.2+0.3 303+ 1.7 28.1+0.2
C18:1n9 201.3 4+ 0.8° 196 + 0.2° 195.6 + 0.3° 188.5 + 0.92
c18:1n7 206.2 + 3.5P 196 + 0.22 197.9 + 3.82 194.5 +0.92
C18:2n6 257.6 +0.9¢ 254.1 4 0.4° 251 4+ 1.8° 241.8 + 1.0
C18:3n3 38.9+0.2° 37.3+£0° 37 £0.2° 34.3+0.22
C20:1n9 33.0+0.3° 31.2+0.1° 31.0+0.2° 27.5+0.12
C20:5n3 (EPA) 3.20 + 0.01d 3.10 + 0.01° 3.00 + 0.01° 2.60 & 0.012
©22:6n3 (DHA) 48.2 +0.59 455+ 0.2° 39.1+£0.2° 26.7 £ 0.52
>n-3 91.4 +0.79 86.9 +0.3° 80.1 + 0.4° 64.4 + 0.62
Sn-6 268.1 + 1.04 264 +0.5° 250.8 + 1.8° 248.3 4+ 1.02
S SFA 164.6 4+ 0.92 190.6 + 0.7° 200 + 4.4° 239.5 + 4.49
S"MUFA 470.9 + 2.5° 453.6 +0.3° 454.8 + 3.6° 4402 +1.92
> PUFA 360 + 1.74 351.4 +£0.7° 340.4 +2.2° 316.0 + 4.92

*Only FAs > 10 mg/qg total FAs (except for EPA) are presented; Different letters denote significant differences among the experimental groups (P < 0.05).
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digest the RNA in the DNA samples for an incubation period of
1 hat 37°C. DNA was quantified using Qubit ds and standardised
at5ng/p L

DNA extracted directly from digesta samples was used to
assess the microbiota, through amplification of the V3-V4 region
of the 16S rRNA gene (Klindworth et al., 2012). The PCR
products were purified according to the Illumina metagenomic
standard procedure (Illumina Inc, San Diego, CA, United States).
Sequencing was performed with an MiSeq Illumina instrument,
with V3 chemistry, and 250 bp paired-end reads were generated
according to the manufacturer’s instructions.

Statistical Analysis

All data for antioxidative enzyme activities were tested for
homogeneity of variance using Cochran, Hartley, Bartlett
test. The effects of diet on oxidative stress in different
organs were analysed separately, by means of one-way
ANOVA, followed by Tukey test. Statistical analyses were
performed using STATISTICA 12.0, with P-value < 0.05 as the
significant difference.

Raw reads of microbiota were first joined, after sequencing,
using FLASH software (Mago¢ and Salzberg, 2011), with default
parameters, and were filtered, using QIIME 1.9.0 software
and the pipeline as recently described (Biasato et al., 2018).
Briefly, shorter reads (<300 bp) were discarded, using Prinseq.
USEARCH software (version 8.1) was used for chimera filtering,
and the Operational Taxonomic Units (OTUs) were picked,
at a threshold of 97% similarity, using UCLUST algorithms.
Taxonomy was assigned against 16S rRNA from Greengenes. The
OTU table was rarefied at 10,144 sequences/sample. The OTU
table displays the highest taxonomy resolution that was reached.
When the taxonomy assignment was not able to reach the genus
level, the family or phyla were displayed. R software was used
to calculate the alpha diversity, while Weighted and Unweighted
UniFrac distance matrix and OTUs table were used to find
differences between samples, using permutational multivariate
analysis of variance (Anosim) and analysis of similarity (Adonis)
statistical test, considering the same function in R environment.
Pairwise Wilcoxon test were used to determine any significant

differences in alpha diversity or OTU abundance as a function
of dietary insect meal. Principal component analysis (PCA)
were plotted, using the dudi.pca function, through the made4
package of R environment. Non-normally distributed variables
were presented as median values (interquartile range, IR), and
box plots represented the interquartile range between the first
and the third quartile, with the error bars showing the lowest and
the highest value. Pairwise Kruskal-Wallis tests were used to find
any significant differences in microbial taxa abundance according
to the dietary treatment. P-values were adjusted for multiple
testing, and a false discovery rate (FDR) < 0.05 was considered as
significant. The data generated from sequencing were deposited
in the NCBI Sequence Read Archive (SRA) and are available
under the BioProject Accession Number PRJNA704237.

GraphPad Prism® software (version 8.0) was used to perform
statistical analysis, for histo-morphometrical investigations. The
Shapiro-Wilk test was used to test the normality of the data
distribution before statistical analyses. Data were described
by mean and standard deviation (SD), or median and IR
depending on data distribution. Bivariate analysis was performed,
by means of one way-ANOVA or Kruskall Wallis tests, to
compare the intestine morphology and organs histopathology
among different diet groups. P-values < 0.05 were considered
statistically significant.

RESULTS

Diet Composition and Growth

Production of Pikeperch

Formulated diets had a similar proximate composition, except
for chitin which increased with the increase of HI inclusion
(Table 1). The inclusion of dietary HI significantly altered
the FA profile of experimental diets. As regards saturated
FAs (SFA), lauric (C12:0), myristic (C14:0), and palmitic acid
(C16:0) significantly increased with the increase of HI inclusion
(P < 0.05). Monounsaturated FAs (MUFA), dominated by
palmitoleic acid (C16:1), C18:1n9 and C18:1n7, were found to be
significantly higher in CO than H36 (P < 0.05), while MUFAs

TABLE 3 | Growth performances and histopathological traits divided by diet groups.

Experimental diets

co HI9 HI18 HI36 P-value
Growth performances
Weight gain (g), mean (SD) 85.32 (24.1) 84.82 (23.7) 83.22 (26.4) 62.8° (18.3) <0.001
FCR, mean (SD) 1.27° (0.06) 1.28° (0.07) 1.29° (0.03) 1.812 (0.15) <0.001
Anterior gut
Villi height (mm), mean (SD) 0.31(0.07) 0.32 (0.07) 0.29 (0.05) 0.28 (0.07) 0.979
Villi width (mm), mean (SD) 0.03 (0.005) 0.03 (0.006) 0.03 (0.008) 0.11(0.34) 0.065
Inflammation, mediian (IR) 0.00 (0.0-0.5) 0.00 (0.0-0.3) 0.00 (0.0-0.5) 0.00 (0.0-0.5) 0.967
Liver
Degeneration, median (IR) 3.00? (3.0-3.0) 3.00? (2.0-3.0) 2.50° (1.0-3.0) 2.50° (1.0-3.0) 0.015

Inflammation Absence of alterations

SD, standard deviation; FCR, feed conversion ratio; IR, interquartile range. Values in the same row not sharing common superscript letter are significantly different.
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in H9 and H18 remained comparable (P > 0.05). Increasing
inclusion level of HI significantly reduced polyunsaturated FAs
(PUFA) (P < 0.05). A similar trend was observed for EPA, DHA,
linoleic acid, alpha-linolenic acid (P < 0.05) (Table 2).

At the end of the feeding trial, WG in fish fed HI36 (62.8, mean
value) was significantly lower than the control group (85.3 g)
(P < 0.05), whereas pikeperch fed HI9 (84.8 g) and HI18 (83.2 g)
did not show significant difference with CO (P > 0.05). FCR of
the CO group (1.27) was comparable with that of HI9 (1.28) and
HI18 (1.29) (P > 0.05), but significantly lower than HI36 (1.81)
(P < 0.05) (Table 3).

Oxidative Stress in Liver and Intestine

The results of oxidative biomarkers, SOD, CAT, SeGPx, and GST,
in liver and intestine of pikeperch fed experimental diets are
depicted in Figure 1. Dietary HI did not alter the SOD activities in
either liver or intestine, CAT activities in liver, SeGPx activities in
intestine, or GST activities in liver of pikeperch (P > 0.05). No
significant difference was observed across experimental groups
(P > 0.05) for liver, as regards CAT activities, whereas this
biomarker was significantly lower in HI18 and HI36 than in HI9
(P < 0.05), but remained similar to CO (P > 0.05) in intestine.
Even if did not differ from the CO group, among fish fed HI-
containing diets, HI9 produced highest SeGPx activity in liver
(P < 0.05), while the lowest activity was found in HI36 group
(P < 0.05). A significant increase in the GST concentration
was observed in intestine of pikeperch fed HI-containing diets,
compared to CO (P < 0.05). Of the different insect-fed groups,
HI9 showed a higher GST than HI18 (P < 0.05), while HI36 was
remained intermediate position.

Histo-Morphology

Data regarding histopathological evaluation are reported in
Table 3. Only few differences were observed for morphometry
and histopathology of intestine among diet groups. Although
there was no significant difference, a trend could be observed
(P = 0.065) with HI36 group recording wider villi than the
other groups. Thus, dietary HI inclusion did not induce any
significant morphological changes in the pikeperch intestine,
thereby suggesting no negative influence of such dietary HI on
the physiological development of intestine.

Mild to severe multifocal to diffuse liver vacuolar degeneration
was recorded in all treatments, and it was found to be greater
in CO and HI9 group than in the HI18 and HI36 ones. Dietary
HI did not show any evidence of inflammation of the liver of
pikeperch (Table 3 and Figure 2).

Microbiota
The total number of high-quality paired-end sequences obtained
from 16S rRNA sequencing reached 1.916.822 raw reads. After
the filtering, 1.295.693 reads passed the filters applied by QIIME,
with a median value of 37.559 %+ 15.565 reads/sample, and a mean
sequence length of 443 bp. The rarefaction analysis and Good’s
coverage, expressed as a median percentage (97%), also indicated
satisfactory coverage of all samples.

The result of the OTUs analysis showed that there was no
significant difference in Shannon index (P > 0.05) among diet

groups, while alpha-diversity of intestinal bacteria, associated
with Chaol and observed OTUs, in fish fed HI18 significantly
increased relative to CO diet (P < 0.05) (Figure 3).

Adonis and Anosim statistical tests, based on weighted
and on unweighted UniFrac distance matrix using the OTUs
table, showed significant differences between diet groups as a
administration of HI (P < 0.002). These differences were also
observed when the PCA plot was produced at a genus level
(Figure 4). It was also possible to observe a certain degree of
separation, following diet groups. Microbiota of CO diet was near
to the insect meal inclusion of 9%, while the microbiota of fish fed
with 18 and 36% of HI was well separated (Figure 4).

The dominant OTUs, at the phyla level, were Firmicutes
(mean values, 45-75%), regardless to dietary HI. Perch
fed CO diet was enriched with Proteobacteria (26%), while
Bacteroidetes (7-13%) was the prevalent phyla in fish fed HI-
containing diets. As a result, Clostridiaceae, Enterococcaceae, and
Bacillaceae were found to be the predominant families across
fish fed diet groups. Clostridium, Acetobacter, Cetobacterium,
Plesiomonas, Acetobacter, Peptostreptococcaceae, Bacteroides, and
Oceanobacillus were, at the genus level, the most abundant genera
found in intestine of perch considered in our study (Figure 5).

Dietary HI positively affected relative abundance of almost
OTUs, compared with CO (FDR < 0.05), excepted for Bacillus,
Burkholderia, and Sporosarcina, which were dominant in the CO
group (Figure 6).

DISCUSSION

Oxidative Enzymes

Reactive oxygen species (ROS) is the production of aerobic
metabolism processes, including superoxide, hydrogen peroxide,
and lipid peroxides (Buetler et al, 2004). Excessive ROS
compounds cause cellular and tissue damages (Rosa et al,
2008). The balance of ROS production ensures the normal
physical function of any organism and is regulated by antioxidant
systems (Rosa et al, 2008) involving two mechanisms, (i)
enzymes that remove ROS, including SOD, CAT, and SeGPx;
and (ii) antioxidative compounds, i.e., ascorbate, glutathione,
scavenge free radicals (Passi et al., 2002). Antioxidative enzyme
activities were documented to be tissue-specific in pikeperch,
and liver was the most sensitive organ to the diet manipulation
under recirculating aquaculture system (Policar et al., 2016).
In the case of detoxification in the intestine, however, certain
enzymes such as SOD were known to play a vital role (Tang
et al, 2013). This study indicates that in liver of pikeperch
dietary HI did not alter the SOD, CAT, or GST oxidative
enzymes, while significantly reduced SeGPx activity, a result
that is in agreement with those of previous study (Elia et al,
2018), who performed a trial on rainbow trout fed dietary
HI. The significant reduction in the catalytic SeGPx efficiency
in liver of pikeperch fed dietary HI could be explained by
the presence of chitin (Elia et al., 2018). Indeed, increasing
inclusion levels of HI increased chitin levels in diets (Table 1).
In addition, declining in SeGPx activities, as a result of increasing
dietary HI, could be attributed to different dietary PUFA levels
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FIGURE 1 | Oxidative biomarkers in liver and intestine of pikeperch (Sander lucioperca) fed experimental diets. Values are presented as means + standard deviation.
Means with different letters are significantly different (P < 0.05) from each other.

(Table 2), which are highly susceptible to oxidation. In fact, FA hydroperoxides and hydrogen peroxide, will be also high
Tocher et al. (2002) reported that a high dietary PUFA content  (Passi et al., 2002).

increased lipid peroxidation in fish tissues, and consequently the The present study indicates that the CAT activity in
SeGPx enzyme activity involved in reducing peroxides, including  intestine of pikeperch was significantly higher for HI9 than
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FIGURE 2 | Histopathological alteration of liver of pikeperch considered in the present study. (A) Normal liver, Haematoxylin & Eosin (H-g) stain, 40x magnification,
for HI36 diet. (B) Mild and multifocal vacuolar degeneration (grade 1), H-e, 40x magnification, for HI18 diet. (C) Moderate and multifocal vacuolar degeneration
(grade 2), H-e, 40x magnification, for the HI9 diet. (D) Severe and diffuse vacuolar degeneration (grade 3), H-e, 40x magnification, for CO diet.

for HI18 and HI36 groups. A similar phenomenon was
reported for CAT activity in the intestine of rainbow trout
fed insect meal (T. molitor), where a substitution level of
25% fishmeal displayed higher activity than the 50% level
(Henry et al, 2018a). The CAT and SeGPx activities in the
present study were similar for CO and HI9, and lower than
for HI18, HI36 groups. This result indicates that substantial
substitution of fishmeal with HI reduced antioxidant enzyme
activities in pikeperch. This is in line with a previous
finding pertaining to rainbow trout (O. mykiss) (Elia et al,
2018). The decline of these biomarkers in HI18 and HI36
groups could be related to an imbalance between ROS
production and antioxidant capacity. A suitable concentration
of antioxidants, such as chitin and other bioactive compounds
(Ngo and Kim, 2014), may support antioxidant enzyme
activities in HI9 compared to the other HI-contained diets
(Henry et al., 2018a).

Glutathione S-transferase plays an essential role in scavenging
free radicals and xenobiotics detoxification (Aksnes and Njaa,
1981; Li et al,, 2010). Increased glutathione S-transferase activity
in intestine, but not liver, was observed across diet groups in
the present study (Figure 1), thus implicating that some of the
compounds in HI may have stimulated the biotransformation

pathway in intestine of pikeperch, which was also found in
liver of tilapia (Oreochromis niloticus) fed cricket-based feeds
(Ogunji et al., 2007). In fact, insect meals may contain harmful
substances, i.e., heavy metals and pesticides (van der Spiegel et al.,
2013). The absence of an alteration of the hepatic GST activities
after administration of HI could be the result of factors other
than xenobiotics (Collier and Varanasi, 1991) or tissue-specific
response (Martinez-Alvarez et al., 2005).

We also observed numerically higher oxidative biomarkers
in liver of pikeperch than in intestine (Figure 1), which was in
agreement with recent findings (Policar et al., 2016), reporting
that liver was one of the most susceptible tissue in response to
artificial nutrition and controlled conditions.

Histo-Morphology

Dietary HI in our study did not induce any morphological
or inflammatory changes in the intestine of pikeperch, a
result that is in agreement with previous studies conducted
on different fish species fed dietary insect meals (Elia et al,
2018; Zarantoniello et al., 2019; Zarantoniello et al., 2020a). The
absence of intestinal and hepatic inflammation could be linked
to anti-inflammatory properties regulated by dietary saturated
fatty acids content, especially lauric acid (C12:0) and chitin
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component (Henry etal., 2018b; Vargas-Abundez et al., 2019;
Zarantoniello et al., 2019; Gasco et al., 2020b,c) which were found
to be particularly high in HI and HI-containing diets in the
present study. Although there were no significant differences (at
P-value < 0.05), the villi were more expanded in the HI36 group
than in the other groups (Table 3), and this was attributed to
the presence of chitin. Chitin could stimulate the growth of villi
thickness in tilapia (O. niloticus), probably due to its viscosity
and water holding capacity (Kihara and Sakata, 1997). Chitin also
induced the production of short-chain fatty acids, such as acetate,
propionate and n-butyrate, and n-butyrate in particular was
observed in intestine of tilapia (Kihara and Sakata, 1997), thereby
increasing intestinal histo-morphology of fish, e.g., villi length
and weight (Dawood, 2021). The large quantity of Paenibacillus
genus in intestinal digesta of fish fed HI36 (Figure 6) could
act as a probiotic for aquatic animal species (Midhun et al,
2017; Chen et al, 2019; Amoah et al., 2020), consequently
enhancing intestinal health indices, including histomorphology
(Dawood, 2021).

In contrast to recent findings, which reported that an
increasing inclusion of insect meals induced a higher degree
of hepatic vacuolization degeneration in fish (Li et al, 2017;

Zarantoniello et al., 2019), the present study indicates that feeding
pikeperch with < 9% HI caused more severe hepatic degeneration
than 18 or 36% did (Table 3), which could be related to a fatty
liver status. Schulz et al. (2005) reported that a low level of
palmitic acid (C16:0) yielded a higher hepatic lipid content. In the
present study, the significantly lower palmitic acid in the control
group than in the HI-containing groups could partly explain
the hepatocellular vacuolization phenomenon. The mechanism
to which palmitic acid affecting hepatic tissues remained to be
elucidated. However, this FA promotes hepatocyte proliferation
(Wang et al., 2011) and possess anti-inflammatory and antiviral
effects (Libran-Pérez et al., 2019). On the other hand, the high
content of dietary lauric acid (C12:0), high oxidation and low
tissue deposition, was found to decrease liver lipid storage in
freshwater Atlantic salmon (Belghit et al., 2019). This could
explain the reduction in the adipose liver in pikeperch fed HI18
and HI36, compared to the control and HI9 diets (Table 3).
Two FAs, linoleic and oleic acids, were confirmed to induce
the occurrence of hepatic steatosis in sea bream (Sparus aurata)
(Caballero et al., 2004). Moreover, owing to large molecular
weight, oleic acid could produce a large lipid droplet while
inrush hepatocyte (Bradbury, 2006).These FAs were found to
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be significantly higher in CO than in HI18, HI36 (Table 2),
which could indicate severe steatosis in livers of the former
group (Table 3). High intakes of eicosapentaenoic acid (EPA) and

docosahexaenoic acid (DHA) are known to an inhibitor of lipid
accumulation in livers of sea bream (S. aurata) (Caballero et al.,
2004). Therefore, the change in the percentage of the different
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FIGURE 6 | Boxplots showing the relative abundance at the genus level of the OTUs in the intestine of perch fed experimental diets. Means with different letters are
significantly different (FDR < 0.05) from each other.

FAs in the experimental diets, due to the inclusion of HI, could
further explain the severity of hepatic vacuolization degeneration
observed in perch fed CO and H9 diets.

Microbiota

The present study reveals that dietary HI enhanced microbial
biodiversity indices in intestine of pikeperch, compared with
insect-free diet, a result that is in line with recent findings on
rainbow trout (Bruni et al., 2018; Huyben et al., 2019; Rimoldi
etal., 2019; Terova et al., 2019), thereby contributing to gut health
and health status of the host.

In agreement with previous studies on intestinal microbiota of
percid fish and freshwater species, the present study reveals that
Firmicutes, Proteobacteria, Bacteroidetes were the most dominant
phyla in the intestine of pikeperch, regardless of the HI inclusion
level (Li et al., 2014; Kashinskaya et al., 2018; Terova et al., 2019).

Our results show an abundance of Clostridium genus in
fish fed HI9 and HI18, which was even greater than those fed

CO and HI36. Members of the Clostridium genus are common
effective microorganism used as probiotics in aquaculture
(Nayak, 2010a,b). Clostridium butyricum has been shown to
possess a pathogenic inhibition capacity in farmed fishes (Pan
et al, 2008a,b; Gao et al, 2013), improve feed efficiency in
shrimp (Duan et al., 2017; Li et al.,, 2019), and to be suitable
for use as probiotics in farmed fish (Hai, 2015; Zorriehzahra
et al., 2016). The greater prevalence of Clostridium and other
probiotic-used bacteria in HI9, such as Lactobaccillus and
Bacillus genera, than in HI36, could explain the difference in
feed conversion ratio between these diets in present study.
The Bacteroides and Clostridium genera are known to be the
main taxa involved in production of fatty acids and vitamins
(Balcazar et al., 2006). The abundant presence of these taxa
could partially compensate for nutritional insufficiencies in HI-
containing diets, and consequently resulted in a comparable
growth rate among control, HI9 and HI18 diets, yet the offset may
be not efficient for HI36 group.
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It is worth noting that Cetobacterium, the most predominant
bacterium in intestine of natural pikeperch (Kashinskaya et al.,
2018) and other freshwater fish (Larsen et al, 2014), was
detected in our captive pikeperch fed dietary HI. Similar
findings were also observed in rainbow trout (Etyemez and
Balcdzar, 2015), common carp (van Kessel et al, 2011), and
giant arapaima (Ramirez et al., 2018) fed commercial aquafeeds.
It seems relevant that Cetobacterium is among the core
bacteria in pikeperch.

Insect meal, in general, is a chitin-rich ingredient. The
degradation and digestion of this substance require binary
enzymes, including chitinase and B—N—acetylglucosaminidase,
and involve various microbacteria derived from digestive tract
of fish with a chitinase-produced capacity (Ray et al., 2012;
Ringo et al., 2012). Among these chitin-degraded bacteria, the
Plesiomonas and Bacillus genus were detected across treatment
groups at a particularly low abundance (Figure 4). This finding
implicates that pikeperch may not be able to degrade chitin.
A limited presence of chitinase-producing bacteria was also
observed in rainbow trout (Bruni et al., 2018; Huyben et al., 2019;
Rimoldi et al., 2019; Terova et al., 2019) and this may help to
explain the low or absent chitin digestibility in this species (St-
Hilaire et al., 2007; Henry et al., 2015; Renna et al., 2017; Caimi
et al., 2020).

In conclusion, HI, fed as a partial or total replacement of
fishmeal did not induce any inflammation of liver or intestine,
or any intestine degeneration, but did show signs of severe
hepatic steatosis of pikeperch fed CO and HI9 groups. Dietary
HI promotes antioxidative enzyme activities of CAT, GPx and
GST, but not of SOD, in liver and, to a lesser extent, in
intestine of pikeperch. The inclusion of HI up to 18% or 50%
fishmeal replacement in pikeperch diets increased abundance of
Clostridium, Oceanobacillus, Bacteroides, and Faecalibacterium,
whereas the predominant bacterium, Cetobacterium was found
in the control and HI36 groups. Because of the absence of
inflammation in tissues, the evolution of antioxidative enzyme,
and modification of the favourable microbiota observed in the
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ARTICLE INFO ABSTRACT

Keywords: Stable isotope analysis was conducted to investigate stable isotope ratios of carbon (SISC) and nitrogen (615N),
Insect meal diet-tissue discrimination factors of carbon (A'3C) and nitrogen (ATSN). Bayesian mixing models were performed
Perch . to assess relative contribution of insect meal and other ingredients to the development of tissues of European
(S:bel:nlsompe perch (Perca fluviatilis). Accordingly, four experimental formulations, characterized by the increasing inclusion
Nitrogen levels of yellow mealworm (Tenebrio molitor) larvae meal (TM) at 0, 6.8, 13.5 and 20.3% as replacement for

fishmeal at 0 (TMO), 25 (TM25), 50 (TM50) and 75% (TM75), respectively, were fed to juvenile perch (initial
bodyweight, 20.81 + 3.36 g) in a recirculated aquaculture system for 105 days.

5'3C and 8'°N of TM were -16.75 and 3.53%o and significantly distinguished from other terrestrial and marine
feed components (P < 0.05). Inclusion of dietary TM did not affect A3C value in blood and liver (P > 0.05) but
did reduce in muscle (P < 0.05), whereas A°N was significantly increased with the increasing inclusion level of
TM in all tissues (P < 0.05). The growth of perch had a significant negative relationship with diet-muscle AN.
The contribution of TM to muscle (7.7 + 3.8%) was comparable to its dietary inclusion (6.8%) in TM25 but
double in the blood (13 + 6%). TM appeared to be an essential ingredient incorporated into liver, as its
contribution was consistent or higher than dietary inclusion (TM25: 25.4 + 12.1 vs. 6.8%; TM50: 31.1 + 14.9 vs.
13.5%; and TM75: 29.4 + 14.4 vs. 20.3%). The higher inclusion levels of TM (more than 6.8%) did not elevate its
contribution to muscle, blood, and liver (probability, Pgjc < 0.95) but significantly decreased that of fishmeal in
all tissues (Ppjc > 0.95). Soy-derived ingredients, soybean meal and soy protein, were an important ingredient in
the development of all tissues regardless of dietary TM.

The present study provided insightful information on the role of various diet components in perch tissues,
which could underlie further development of aquafeed formulations for emerging perch farming in Europe.

Proportional contribution

1. Introduction

European perch (Perca fluviatilis) has been identified as the promising
candidate for intensive aquaculture with excellent nutritional value,
especially beneficial fatty acids and increasing market demand (Stejskal
et al., 2011; Toner, 2015; Stejskal et al., 2020b). Production of perch is
mainly relied on re-circulating aquaculture systems and followed an
upward trend, reaching approximately 700 t in, 2018 (FAO, 2020).
Together with other percid fishes, perch farming moves towards an
established aquaculture sector in Europe (Policar et al., 2019). In perch
farming practice, salmonid aquafeeds and commercial perch feeds are

* Corresponding author.
E-mail address: htranquang@frov.jcu.cz (H.Q. Tran).

https://doi.org/10.1016/j.aquaculture.2021.737265

commonly used (Bochert, 2020). These feeds become critical for the
success of perch aquaculture with respect to profitability, meat quality
traits and health status of farmed perch (Policar et al., 2019). Aquafeeds
for carnivorous fish, including P. fluviatilis, require high protein sources,
fishmeal traditionally derived from marine fish resources (Langeland
et al., 2016). However, limited supply, continuous rise in price, and
unsustainability of this marine-derived ingredient (Naylor et al., 2000;
Foley et al., 2011; Tacon et al., 2011; Froehlich et al., 2018; Kok et al.,
2020) have challenged the expansion of ever-growing aquaculture
sector. Consequently, a number of alternatives aquafeed materials have
been investigated. Among them, insect meals and by-products from
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fishery and aquaculture represent the most promising candidates to
meet aquafeed demand over the next decades (Hua et al., 2019; Gasco
et al., 2020). Along with the rise in production of by-products which will
share approximately 35% global fishmeal production by 2030 (FAO,
2018), the output of insect meal production is on the global rise and
forecasted to be price-competitive with fishmeal by 2023 (Hua et al.,
2019).

Many insect meals have been investigated as replacement for fish-
meal in aquatic animal diets, in which the black soldier fly (Hemetia
illucens), common housefly (Musca domestica), and yellow mealworm
(Tenebrio molitor) has drawn the most attention in the research (Hua
et al., 2019; Fabrikov et al., 2020; Mastoraki et al., 2020). Gasco et al.
(2019), in their review, reported that dietary insect meals significantly
influenced growth performance, digestibility, and meat quality, espe-
cially the fatty acid profile of fed fish compared with insect-free diets. A
meta-analysis indicated that a moderate inclusion level of insect meal
was comparable with fishmeal diet in terms of growth performance,
while effects of higher level on the growth rate of fed fish were insect-
species-specific (Hua, 2021). Feeding European perch with 40% insect
meal (H. illucens) inclusion levels did not affect growth performance,
feed efficiency and hematological indices, but modified body fatty acid
profile and hepatic somatic index (Stejskal et al., 2020). Those investi-
gated indices mainly reflect integrated impacts of formulated diet,
which consist of different ingredients, whereas the critical role of indi-
vidual dietary components incorporated into fish and their tissues
remained fragmentary (Yu et al., 2015; Cyrus et al., 2020). Under-
standing the importance of each ingredient in aquafeed formula to the
development of particular tissues of fed organism could be informative
for diet improvement, especially for new aquaculture species or raw
materials. Stable isotope analysis could be a suitable way to address the
importance of these individual ingredients.

Stable isotope techniques have become a valuable tool to investigate
the diet proportion of various aquatic species in ecological studies (Post,
2002). Recently, the use of nitrogen and carbon stable isotope ratios
(3N and 8!3C, respectively) and the Bayesian isotope mixing models
(Parnell et al., 2013) has been employed in aquaculture nutrition
research to explore further insights into the contribution of each
ingredient in diet formula to the construction of particular tissues
(Gamboa-Delgado and Le Vay, 2009; Enyidi et al., 2013; Gamboa-Del-
gado et al., 2013; Yu et al., 2015; Gamboa-Delgado et al., 2016; Cyrus
et al., 2020; Nahon et al., 2020).

This study aimed to investigate the effects of T. molitor larvae meal as
a replacement for fishmeal using stable isotopic values of different tis-
sues by assessing diet-tissue isotopic discrimination factors, and
modeling the contribution of a particular ingredient to the growth of
three tissues, blood, liver and muscle, of juvenile perch.

2. Materials and methods
2.1. Ethics statement

The experimental procedures were conformed to the European
Communities Directive (No. 2010/63/EU) and authorized by the Czech
Ministry of Health (No. MSMT-6744/2018-2) regarding the protection
of animals used for scientific purposes.

2.2. Experimental facilities and procedures

Experimental facilities and procedures of the present study were
reported elsewhere (Tran et al., 2021). Briefly, four experimental diets,
including a control diet (TMO), and three diets with TM replacement for
fishmeal at 25, 50, and 75% (abbreviated diets as TM25, TM50, TM75).
The main ingredients of experimental diets are presented in Table 1.

Each diet was fed to quadruplicate 180-L tank groups held juvenile
European perch (bodyweight: 20.81 + 3.36 g) (82 fish/tank), connected
in a recirculating system. Parameters included photoperiod (12 h:12h L:
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Table 1
Ingredients and proximate composition of fishmeal, Tenebrio molitor larvae meal,
and experimental diets (Tran et al., 2021).

Experimental diets

Fishmeal TM T™MO0 TM25 TM50 TM75

Ingredients (g/kg)

Soybean concentrate 290 290 290 290
Fishmeal 271 203 135 68
Tenebrio molitor - 68 135 203
Soybean meal 145 145 145 145
Corn flour 97 97 97 97
Fish oil 77 77 77 77
Rapeseed oil 58 58 58 58
Methionine® 8 8 8 8
Lysine” 5 5 5 5
Valine® 2 2 2 2
L-Threonine* 0.5 0.5 0.5 0.5
Vitamins & minerals® 8 8 8 8
Additives' 40 40 40 40

Proximate composition (dry basis)

Dry matter (%) 96.5 95.0 948 957 95.6 95.6
Crude protein (%) 71.2 71.1 47.5 48.7 47.4 47.2
Crude lipid (%) 7.9 8.5 16.3 139 15.6 17.0
Ash (%) 14.0 7.1 8.9 9.0 8.3 7.6
Fibre (%) 1.24 2.8 2.0 2.0 2.2 2.3
Nitrogen-free extract 1.3 5.5 19.5 21.8 22.3 21.6
(%)*
Gross energy (Mj/kg)" 20.1 211 21.0 208 21.2 21.5
Chitin' - 4.8 - 0.33 0.65 0.97

2 Adisseo, China.

Y Inner Mongolia Eppen Biotech Co., Ltd.

¢ Ajinomoto Animal Nutrition Europe.

4 Ningxia Eppen Biotech, China.

¢ Aminovitan Sak, Trouw Nutrition Biofaktory s.r.o, Czech Republic.

f Feed limestone (0.5%); Pentasodium triphosphate (Fosfa a.s, Czech Repub-
lic) (0.5%) and binder (NutriBind, Adisseo, China) (3.0%).

8 Nitrogen-free extracts (NFE) = dry matter - (crude protein + crude lipid +
ash + fibre).

M Gross energy (MJ/kg) as gross energy content of protein (23.6 MJ/kg), lipid
(39.5 MJ/kg) and NFE (17.2 MJ/kg).

! Estimated from Basto et al. (2020) for defatted TM.

D), light intensity 58.6 1x, water temperature 22.44 £+ 0.66 °C, pH 7.00
+ 0.29, oxygen saturation 80.41 + 8.02%, ammonia-N 0.28 + 0.16 mg/
L, and nitrite nitrogen <0.45 mg/L were maintained throughout
experimental period.

Fish were fed five times daily at 7.00, 9.00, 11.00, 13.00, and 15.00
with an excessive amount, using automatic feeders (EHEIM Twins,
Deizisau, Germany). Fifteen minutes following each feeding, uncon-
sumed feed was flushed from the funnel-like tank bottom and dried to
determine feed intake. Fish mortality in each tank was recorded daily.

2.3. Sample collection and calculations

After 105 days, following 24 h starvation, fish from each tank were
inspected for biometry, and thermal growth coefficient (TGC) was
calculated with the formula: TGC = ((Wfl/ 3_ Wil/ 3) / (T x t)) x 1000,
where Wrand Wj are final and initial weight (g), respectively, and T and
t are water temperature (°C) and experimental duration (105 days),
respectively.

Subsequently, three fish from each tank (12 fish/diet group) were
randomly selected and sacrificed with an overdose (125 mg/L) Tricaine
methanesulfonate (MS222, Sigma-Aldrich Chemicals, St Louis, MO,
USA). Approximately 1 mL blood, and small piece of liver and dorsal
muscle were sampled.

Experimental diets, ingredients, and perch’s tissues were freeze-
dried (Alpha 2-4 LSCplus, Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) and ground to a fine powder using
an agate mortar and pestle. The samples were subsequently analyzed for



H.Q. Tran et al.

stable isotope ratios according to procedures described by Kiljunen et al.
(2020). Briefly, approximately 0.5 mg sample was prepared in tin cups
(D4057 Elemental Microanalysis, Okehampton, UK) and analyzed at the
University of Jyvaskyla (Jyvaskyla, Finland) using a Thermo Finnigan
DELTAP"“*Advantage mass spectrometer (Thermo Electron Corporation,
Waltham, MA, USA) connected to a FlashEA 1112 Elementar Analyzer.
Northern pike (Esox lucius) tissue and birch leaves (Betula pendula) were
used as internal standards. The results were presented as standard &
notation (6130, 615N) as parts per thousand (%o) differences from the
international standard. The percentage of carbon (%C), nitrogen content
(%N), and C:N ratio (by weight) of samples were also derived from
analysis.

Stable isotopes of carbon in animal tissue are 'C depleted with the
presence of lipid content in the samples (Post et al., 2007). Therefore,
513C values of fish tissues (except for muscle) were corrected according
to Kiljunen et al. (2006) when the C:N ratio of specimens is greater than
3.5 (Skinner et al., 2016), and §13C values of ingredients and diets were
corrected as described previously (Post et al., 2007), diet to tissue
discrimination factors (A'°N and A'3C) were calculated as follows: AX
= 8Xtissue — OXdier, Where X = §'3C or 8'°N.

Bayesian mixing model framework (Parnell et al., 2013) in the simmr
package of R environment (Parnell, 2016) was employed to estimate the
contribution of feed ingredients to tissues of European perch. The mix-
ing model employing simmr package has recently been used to estimate
the proportional contribution of feed ingredients to rainbow trout fry
tissue (Nahon et al., 2020). We performed Markov Chain Monte Carlo
(MCMC) methods in the simmr package (Parnell et al., 2010) by running
for 100,000 iterations, 10,000 burn-in rate, 100 thinning, and 4 chains.
The model convergence was confirmed using Gelman-Rubin diagnostics
(Gelman and Rubin, 1992). Due to the comparable isotopic ratios of soy
protein and soybean meal (Table 2), we combined them as one source as
previously recommended (Phillips et al., 2005). Other sources in the
model consisted of fishmeal, TM and corn meal. The contribution of
ingredients within diet groups and each ingredient across diet groups
was compared, using the “compare_groups” and ‘“compare_sources”
function, respectively, in simmr package. The probability value (Pgic)
from comparison functions is considered a significant difference with
Pgic > 0.95 (Masson, 2011; Santana et al., 2020).

The mixing model assumes that the isotopic equilibrium of consumer
tissue and its diets is reached (Gamboa-Delgado and Le Vay, 2009).
Recent publications on aquatic species have reported that the muscle
was in isotopic equilibrium with its feed ingredients within 10-90 days
(Table 3). Blood and liver were reported to be faster than muscle in
reflecting isotopic ratios of diet (Phillips and Eldridge, 2006). Therefore,
our 105-days feeding trial of perch was long enough for feed ingredients
to isotopically equilibrate with perch tissues.

The estimation of isotopically distinct feed components to the fish
tissues using the isotopic mixing models requires corrected ingredient to
tissue discrimination factors (Gamboa-Delgado and Le Vay, 2009; Par-
nell et al., 2010). The values for perch’s tissue (A13C (%o) and AN (%0))

Table 2
Stable isotope ratios, carbon (C) and nitrogen (N) concentration of main in-
gredients used in the experimental diets.

Soy Fishmeal TM Soy meal  Corn SEM
protein meal
5'%c -25.10¢ —20.07° -16.75" -25519  —12.44° 1.33
(%o)
5'°N 1.48¢ 10.57% 3.53° 1.96¢ 2.85° 0.89
(%0)
C (%) 45.28° 47.17% 47.54% 41.60" 45.212 0.06
N (%) 10.58° 12.27% 11.49° 6.76% 1.12¢ 1.10
CN 4.28° 3.85° 4.14° 6.16° 40.96° 3.94

ratio

Different superscripts indicate significant differences for specific rows. SEM,
standard error of mean.
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was calculated according to Caut et al. (2009): A3C = —0.248 x
8"3Cingredient — 3-477; AN = —0.281 x 5" Ningredient + 5.879 (for
muscle); A'*C = 0.77 + 0.30 and A'SN = 1.61 £ 0.34 (for liver), and
A3C =1.0 + 0.1 and A'®N = 1.3 + 0.2 for blood according to Matley
et al. (2016), reporting for leopard coral grouper (Plectropomus leop-
ardus), the same Perciformes order as perch in present study. The
ingredient to tissue discrimination factors used in the mixing model are
presented in Table 4.

2.4. Statistical analyses

Data were checked for normal distribution (Shapiro-Wilks’s test) and
homogeneity of variances (Levene’s test). The correlation between
explanatory variables (diet-muscle discrimination of nitrogen and car-
bon) and TGC of fish were tested using Im function. ANOVA was used to
test the differences, followed by Tukey’s post-hoc test, when appro-
priate. All statistical analyses were performed using the R Statistic
Package, R Development Core Team 2009-2021. Differences were
regarded as significant at P < 0.05.

3. Results

The TGC of European perch exhibited a significant difference among
diet treatments after a 105-day feeding trial. Fish fed TMO and TM25
showed highest TGC (0.65 + 0.02 and 0.65 + 0.03, mean + standard
deviation, respectively), which is significantly higher than that of TM50
(0.56 + 0.01) and TM75 (0.41 £ 0.01) (P < 0.05).

Isotope ratios of main feed ingredients used in experimental formu-
lations were significantly different (P < 0.05), except soy protein and
soy meal (Table 2). Carbon isotope 813C did not differ among experi-
mental diets (P > 0.05), while increasing replacement levels of fishmeal
by TM significantly reduce 515N value (P < 0.05) (Fig. 1).

Fishmeal replacement by TM significantly reduced §'°N values (P <
0.05) in all tissues but increased 8'3C values in muscle and blood (P <
0.05). 513C in liver remained insect-dose independent (P > 0.05)
(Fig. 1). Muscle was more enriched in I5N than in blood and liver. The
enrichment of 13C was more pronounced in liver than blood and fillet
(Fig. 1).

Diet-tissue discrimination factor, A'3C in blood (0.54-0.65%0) and
liver (2.65-3.35%o) of European perch were not significantly affected by
dietary treatments (P > 0.05). However, A'3C in muscle was signifi-
cantly lower in TM-containing diets than TMO (P < 0.05). European
perch fed with each of the four experimental diets showed higher diet-
tissue discriminations in liver than other tissues (P < 0.05). Dietary
TM significantly increased discrimination of AN in all tissues of Eu-
ropean perch (P < 0.05). Muscle of perch exhibited highest A>N among
other tissues (P < 0.05) (Fig. 2).

The correlation test indicated that there was a significant linear
relationship between diet-muscle A5N and TGC of perch (TGC = —0.03
AN +0.57, P < 0.0001, adjusted R-squared = 0.83, F-statistic: 74.05),
while there was no significant correlation between TGC and A'3C in
muscle (P = 0.16, adjusted R-squared = 0.07, F-statistic: 2.15).

After correcting for ingredient-tissue discrimination factor, the iso-
topic values of three tissues fell within mixing polygons mapped out by
four main ingredients (Fig. 3), providing a sound basis for mixing
models, and all important feedstuff were well incorporated in the model.
Muscle values tended to fall closely to soy ingredients, while those of
liver did to the center of the mixing polygons.

There was considerable variability in diet contribution estimates of
the simmr model outputs among tissues and across diet treatments
(Tables S1, Fig. 4). Regarding muscle development, soy ingredients were
predicted to contribute most (63.8-80.3%, mean values) over other feed
ingredients in all tissues (Pgc > 0.95) (Fig. 4, Table S1). The contribu-
tion of soy was also notably higher than its proportion (43.5%) in
experimental diets (Table 1). As expected, increasing replacement of
fishmeal with TM significantly reduced the contribution of fishmeal
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Table 3
Time (days) for feed ingredients reach isotopic equilibrium in muscle of aquatic animals in the literature.
Ingredients Species Life stage Isotopic equilibrium (days) Reference
Fish meal Shrimp (Litopenaeus vannamei) Postlarvae 22 Martinez-Rocha et al., 2013
Pea meal
Fish meal Shrimp (L. vannamei) Postlarvae 30 Gamboa-Delgado et al., 2014
Poultry by-products
Fish meal Shrimp (L. vannamei) Postlarvae, juvenile 15 Gamboa-Delgado and Le Vay, 2009
Soy concentrate
Fish meal Catfish (Ictalurus puncatus) Juvenile 30 Garcia-Pérez et al., 2018
Poultry by-products
Fishmeal Catfish (I gariepinus) Larvae 30 Enyidi et al., 2013
Corn meal
Fishmeal Catfish (I. gariepinus) Larvae 28 Enyidi, 2012
Soybean meal
Fish meal Cobia (Rachycentron canadum) Juvenile 24 Zhou et al., 2016
Soybean meal
Beer yeast meal
Corn gluten meal
Fish meal Rainbow trout (Oncorhynchus mykiss) Fingerling 90 Beltran et al., 2009
Fish meal Rainbow trout (O. mykiss) Fry 36 Nahon et al., 2020
Corn gluten meal
Rotifers Red drum (Sciaenops ocellatus) Larvae 10 Herzka and Holt, 2000
Krill Sockeye salmon (O. nerka) Age 1" 40 Sakano et al., 2005
(9.5-15.3 g)
Fish meal Tilapia (Oreochromis niloticus) Fry 56 Zhou and Gu, 2020

Soybean meal

Table 4
Discrimination factor (%) of feed ingredients and tissues of perch used in the
Bayesian mixing model.

Ingredient  Muscle Liver Blood
AISN A13C AISN AISC AISN A13C
Fishmeal 291 + 1.50 £ 1.61 + 0.77 + 1.3+ 1.0 +
0.02 0.01 0.34 0.30 0.2 0.1
Soy 5.40 + 2.80 +
0.02 0.03
Corn 5.08 + —0.39 +
0.06 0.02
T. molitor 4.89 + 0.68 +
0.03 0.02

(Pgic > 0.95) but did not elevate that of the latter (Pgc < 0.95)
(Table S1). The estimated contribution of these animal-derived in-
gredients in muscle was considerably lower than their dietary inclusion
levels. Except for TMO, corn meal appeared to be a less important
ingredient in perch muscle as its contribution remained low (5.7-6.8%)
regardless of dietary TM (Ppi¢ < 0.95) (Fig. 4, Table S1).

The development of liver of perch fed TMO received the most sig-
nificant contribution from corn meal (66.4 + 3.5%) and significantly
higher than fishmeal (30.5 + 3.6%) and soy (3.1 + 1.4%) (Pgic > 0.95)
(Fig. 4, Table S1). TM made up the second-largest proportion to perch
liver (25.4-31.1%), following soy (32.5-38.5%), and there is no sig-
nificant difference in the contribution of these ingredients across TM-
containing diets (Pgic < 0.95). In similarity to muscle tissue,
increasing replacement fishmeal by TM accompanied statistical reduc-
tion in proportional contribution of the former to perch liver (Pgic >
0.95), yet nonstatistical evidence for the latter (Pgjc < 0.95). The share
of corn meal to the perch liver’s growth (16.6-18.7%) was comparable
with fishmeal across TM-containing diets.

Fishmeal, in the absence of dietary insect meal, was assimilated in
the blood of perch (45.5 + 4.2%) significantly more than that of soy
(30.7 + 1.8%) and corn meal (23.9 + 5.2%) (Pgc > 0.95). In the TM-
containing diets treatments, soy had an immense contribution (Pgjc >
0.95), followed by fishmeal. TM, together with corn meal, remained a
minor contributor to blood composition of perch fed with TMO, TM25
and TM50, but while fed with TM75, TM and fishmeal displayed an
equal contribution (Pgc < 0.95).

4. Discussion

This was the first study investigating isotopic signatures and pro-
portional contribution of feed components to tissues of fish fed experi-
mental formulations where fishmeal was partially substituted by insect
meal. The study provided insightful findings on the importance of
particular ingredients to the construction of perch tissues, a result un-
derlies the effects of diet treatments on the production performance and
nutrient assimilation in farmed perch. The outputs could offer an addi-
tional protein source choice for the future growing percid aquaculture
sector (Policar et al., 2019; Stejskal et al., 2020; Tran et al., 2021). Our
findings highlighted that there was a negative correlation between diet-
muscle A'®N and fish growth performance. Insect meal (T. molitor)
seemed not favorable for perch muscle and blood as its contribution to
growth of these tissues was disproportional with increasing inclusion
levels. In contrast, the share of TM in the liver remained significant in
perch fed TM-containing diets. The present study also proposed helpful
information for the ecological study of perch. Accordingly, a non-lethal
sample of blood could be useful tissue for investigating food sources and,
to a lesser extent, trophic position.

For isotope modeling purposes, dietary sources should obtain
distinct isotope values. TM exhibited distinguishable isotope ratios
compared to fishmeal and plant ingredients. In farming practice,
T. molitor is the primary consumer of various plant substrates (Cortes
Ortiz et al., 2016) and therefore more enriched in '°N and '3C from those
diets (DeNiro and Epstein, 1978, 1981). This could explain a signifi-
cantly higher nitrogenous isotopic signature of TM than soy and corn
meal, which are classified as primary producers. On the other hand,
fishmeal derived from marine catch enriches a substantial >N from
marine food sources (Kusche et al., 2018).

Isotopic values of tested tissues strongly reflected those of respective
diets, especially for 8'°N, while 5!C was slightly modified across tissues
from respective diets. Diet-tissue AN for liver (ranged, 1.8-2.84%o)
and muscle (2.97-4.63%) in the present study was similar to an
empirical study on Totoaba macdonaldi fed compound feeds under
controlled conditions (2.8-4.9%o and 1.2-4.4%o, respectively) (Zapata
et al., 2016). Vollaire et al. (2007) reported that AN of 2.88%c was
observed in muscle of perch fed commercial feed, which is in our re-
ported range, but that in liver (0.65%0) was slightly lower than the
1.80-2.84%0 observed in the present study. Regarding diet-tissue A'*Cin
muscle and liver, our results, ranged 0.47-0.74%o. and 2.65-3.35%o,
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Fig. 1. Isotopic signatures (5'3C and 8'°N) of fillet, liver, and blood of European perch fed four experimental diets. Data were present as mean + SD. Different
lowercases and uppercases within the tissue group indicate significant differences in 8'C and 5'°N values, respectively.

respectively, indicated relatively lower than published data (4.02%o. and
3.44%o, respectively) (Vollaire et al., 2007). The discrepancies could be
due to several factors, including food quality (e.g., protein quality, di-
etary isotopic values, C/N), physiological status of tested animals, and
diet kinetic effects (Vollaire et al., 2007; Kadye et al., 2020; Zhou and
Gu, 2020).

The present study also investigated diet-blood discrimination values
for both isotopic signatures and found in the range of 1.90-3.00%o for
AN and 0.54-0.65%0 for A'3C, which is in consent with Cherel et al.
(2005) for captive penguins fed fish, and with the published review
(Caut et al., 2009) for mammals. Caut et al. (2009) indicated negative
relationships between diet-tissue discrimination and respective dietary
isotopic values. This was particularly found in our study where the
highest §!°N value in TMO resulted in narrow discrimination of AN in
somatic tissues, a similar phenomenon was observed for §'3C isotopic
values in tissues of perch fed TM25. While fish fed low dietary isotopes
led to enlarge discrimination values. Moreover, the protein quality of
diets strongly influenced nitrogen stable isotope incorporation, thereby
A'®N discrimination (Mohan et al., 2016; Kadye et al., 2020). In the
present study, the high nitrogen diet-tissue isotopic differences in all
somatic tissues associated with increasing dietary TM could be due to
the presence of chitin, which was reported to impair protein digestibility
in insect-containing diets (Gasco et al., 2016). This evidence could also
explain the negative relationship between growth performance as indi-
cated by TGC of perch and nitrogenous diet-muscle discrimination,
which is in agreement with earlier publications (Trueman et al., 2005;
Beltran et al., 2009; Lefebvre and Dubois, 2016).

In comparison with blood and liver in perch fed the same diet,
muscle was found to be the most fractionated in diet-tissue nitrogen,
which concurs with previous studies (Suzuki et al., 2005; Malpica-Cru-
zLuis et al., 2012; Xia et al., 2013; Mohan et al., 2016; Zapata et al.,
2016). The discrepancy in AN among tissues could be ascribed to a

higher accumulation of heavier isotope in muscle than other tissues
(Gamboa-Delgado et al., 2020), more essential amino acids contained in
the latter than in the former tissues (Mohan et al., 2016), and typical
traits of muscle relative to other tissues in fish (Pinnegar and Polunin,
1999).

The higher diet-tissue A'3C in liver than other tissues regardless of
dietary TM observed in our study was in agreement with previously
published work (Pinnegar and Polunin, 1999). DeNiro and Epstein
(1978) suggested that the magnitude of carbon discrimination primarily
relied on tissue’s biochemical fractions (lipid, protein and carbohy-
drate). Liver of perch contained a greater proportion of lipid and
glycogen than other tissues (Vollaire et al., 2007), which could explain
the high departure of 5'3C in perch liver from respective diets in the
present study. Our mixing model indicated that liver of perch received a
high proportional contribution from TM and corn meal, which are
distinguished from FM and soy ingredients, the main contributors to
blood and muscle. In addition, we applied carbon isotopic correction
(Kiljunen et al., 2006; Skinner et al., 2016) for liver tissue, as lipid
synthesis in this tissue depleted the heavy carbon isotope at the expense
of the lighter one (DeNiro and Epstein, 1978), this consequently leads to
the convergence of §'3C in liver, and thereby of A'3C. Our study,
therefore, implicated that blood and muscle, but not liver, are suitable
tissues for evaluating the diet source since it was weekly 13C enriched.
Whereas muscle was particularly enriched in '°N, rather than liver and
blood, thereby this tissue will be useful for determining the trophic
levels of perch (Caut et al., 2009). The present study also found that
feeding insect-containing diets resulted in significantly lower diet-liver
A'3C than insect-free diet did, which could be linked to diet quality,
thereby fish catabolized fatty acid storage in the !3C-depleted form
(Nahon et al., 2020).

The present study provided insights into the incorporation of
different ingredients into fish tissues with the presence or absence of



H.Q. Tran et al.

4"C (%0)

- Sy
T L

Blood Muscle Liver

Aquaculture 545 (2021) 737265

AN (%0)
1Y

Blood Muscle Liver

B3 ™m0 BB T™M25 B TMso Bl TM7S

Fig. 2. Discrimination factors, A'C (left) and AN (right) of European perch’s tissues and experimental diets. The black “x” represents mean value. The horizontal
line inside each boxplot represents the median separating the interquartile range. Different lower cases within tissue group indicate significant difference across diet
treatments (P < 0.05). The red asterisks within diet group indicate significant difference (P < 0.05) compared to the other tissues. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

insect meal (T. molitor). The simmr package, a stable isotope mixing
model within a Bayesian framework, has been used in the ecological
study and aquaculture nutrition to estimate the proportional contribu-
tion of ingredients to fish tissue (Nahon et al., 2020). Outputs of the
mixing model are highly sensitive and require precise values of
ingredient-tissue discrimination factor (Phillips and Gregg, 2001). In the
present study, ingredient-muscle discrimination factors were corrected
according to the decision diagram described by Caut et al. (2009). A
similar approach was reported earlier while estimate ingredient
contribution to tissue of cobia (R. canadum) (Zhou et al., 2016). A pre-
vious study (Nahon et al., 2020) recommended using different carbon
and nitrogen discrimination factors in muscle for animal—/plant-
derived ingredients. The distinction of our discrimination factors in
muscle for animal and plant feedstuff, therefore, fits that assumption. All
stable isotope values of perch tissues laid within the mixing polygons,
indicating the sound reliability of simmr Bayesian mixing model. Over-
all, the model output showed that soy components, including soy protein
and soybean meal, significantly contributed to all tissues, regardless of
dietary TM. Indeed, these ingredients were included at a significant
proportion in all experimental diets (43.5%). The previous study evi-
denced that ingredients with a high dietary proportion commonly
accompanied a high contribution to sea cucumber due to opportunistic
ingestion (Yu et al., 2015). On the other hand, high protein intake was
documented to increase protein synthesis in vertebrates (Tsahar et al.,
2008).

Perch fed 6.8% TM inclusion in diet received a matching contribu-
tion to muscle (7.7 + 3.8%), but the utilization of TM in this tissue did
not proportionally increase with its higher inclusion in TM50 and TM75
diets. A similar pattern regarding disproportion between dietary inclu-
sion and predicted contribution of TM in blood and liver was observed.
This phenomenon could be attributed to the presence of polysaccharides

fraction, namely chitin (Table 1) and the limited ability of perch to
degrade this non-protein nitrogen component (Langeland et al., 2016).
The earlier study (Yu et al., 2015) has indicated that higher cellulose,
one of polysaccharides fraction, and low cellulase activities in the
digestive tract impaired seaweed (Sargassum thunbergia) utilization by
sea cucumber. The unchanged contribution of TM to muscle, despite
increased dietary inclusion, could also be linked to amino acid defi-
ciency (Gamboa-Delgado and Le Vay, 2009). The amino acid profile of
insect meal of T. molitor was found to be imbalanced, as indicated by the
essential to non-essential amino acid ratio, being less than 1 (Nogales-
Mérida et al., 2019).

Muscle has been confirmed to reflect the majority of isotopic com-
positions in whole-body fish (Zhou et al., 2016). Therefore, the growth
of perch fed dietary groups could be closely linked to the proportional
contribution of individual ingredients to muscle. Perch fed TM25, con-
sisting of 45.3% soy ingredients and 6.8% TM, equivalent to propor-
tional contribution to muscle of 79.9 £+ 1.5% and 7.7 + 3.8%,
respectively, supported growth of perch relative to TMO. It appears to be
apparent that the nutritional complement among ingredients in TM25
yielded comparable nutritional compositions, e.g., fatty acid profile
(Tran et al., 2021), with TMO, thereby supporting the performance of
perch. The higher administration of TM accompanying lower fishmeal
contribution to muscle, resulted in growth delay of perch compared with
TM-free diet. Soy protein has been known to be methionine and lysine
deficient (Li et al., 2015), which can affect protein synthesis in fish
muscle, thereby depressing fish growth (Abimorad et al., 2014). This
suggests that soy, TM and corn meal could not cover the nutritional
requirements of perch at the lower fishmeal availability.

Liver of perch tended to assimilate a large amount of corn meal (66.4
+ 3.5%) in the absence of TM, despite low dietary inclusion level (9.7%)
and was significantly higher than that of fishmeal and soy. Lipid and
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tissues (muscle (A), liver (B) and blood (C)) of European perch fed for experi-
mental diets.

glycogen were found the be more abundant in liver than other tissues in
perch (Vollaire et al., 2007), which are resulted from glucose production
(gluconeogenesis) and lipid synthesis (lipogenesis), with amino acids are
the primary source of carbon (Ballantyne, 2001). Earlier studies have
observed the important role of serine, glycine and alanine, leucine, and
valine in these synthesis processes (French et al., 1981; Henderson and
Sargent, 1981; Li et al., 2009). Although corn meal provided a compa-
rable carbon quantity with fishmeal, the former contained a relatively
higher content of the abovementioned essential amino acids than the
latter ingredient (Al-Gaby, 1998; Allan et al., 2000; Herath et al., 2016;
Moreno-Arias et al., 2018). Our result may elucidate the higher incor-
poration of corn meal than fishmeal in perch liver. TM represented a
significant contribution to the composition of perch liver and higher
compared to its dietary inclusion. This suggests the important role of TM
in liver function, which may attribute to its carbon source and some
amino acids necessary for the synthesis of biochemical fractions. In
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addition, fatty acids, especially oleic and linoleic, which are presented at
approximately 60% total fatty acids in defatted TM observed in the
present study (Tran et al., 2021), have been reported to be easily
incorporated or act as an essential precursor for desaturation and
elongation of fatty acid products (Xu et al., 2001; Xu and Kestemont,
2002). The disproportion between higher inclusion levels of TM and its
contribution to liver could be explained by the deficiency of highly
polyunsaturated fatty acids such as DHA and EPA, found in defatted TM
(Nogales-Meérida et al., 2019; Tran et al., 2021). The high dietary insect
meal was evidenced to induce lipid peroxidation and hepatic damage (Li
et al., 2017).

Unlikely muscle and liver extracted from the lethal specimens. Blood
has recently gained attention as a non-lethal sampling approach for bulk
stable isotope analyses. The transport of amino acids derived from di-
etary protein plays an essential function in blood of fish (Barst et al.,
2021) and protein was found at a great proportion in the blood of perch
(Velisek et al., 2009; Tran et al., 2021). Therefore, protein content,
particularly amino acids, of individual ingredients underlie the relative
contribution to blood composition. The present study indicated that
fishmeal, at the absence of insect meal, made up 45.5 + 4.2% share,
followed by soy and cornmeal to the blood composition of perch. The
superior amino acid profile of fishmeal over soy could demonstrate this
phenomenon (Nogales-Mérida et al., 2019). However, soy ingredients
surpassed fishmeal in terms of relative contribution to blood of perch, at
the presence of insect meal. It is speculated that the combination of
insect meal and soy ingredient at an appropriate ratio could stimulate
the utilization of the latter in blood circulation. The encouragement of
soy products in the blood of perch could be linked to the availability of
specific amino acids. Leucine and phenylalanine amino acids are known
to boost the assimilation and synthesis of protein in animal tissues
(Gamboa-Delgado et al., 2020), which was found to be abundant in soy-
derived ingredients (Deng et al., 2006) and insect meal (T. molitor)
(Nogales-Meérida et al., 2019). The limited essential amino acids of TM,
especially lysine and methionine, could be the reason that impairs the
higher incorporation of TM into blood of perch.

5. Conclusion

The present study indicated that yellow mealworm (Tenebrio molitor)
larvae meal had distinct isotopic signatures from fish meal, C3 (soy-
derived ingredients) and C4 plant ingredients (corn meal), which can be
employed in further studies using isotopic mixing models. For aqua-
culture and ecological studies, diet-tissue discrimination of nitrogen
could be a valuable proxy to evaluate the protein quality of aquafeeds,
trophic level investigation and the performance of fed organisms
whereby muscle is a preferable tissue. In contrast, blood and muscle
should be considered important tissues for exploring diet sources for
European perch.

An inclusion level of 6.8% or 25% fishmeal replacement with insect
meal (T. molitor) is recommended in diets for perch to ensure production
performance and liver health. The further inclusion did not encourage
its relative contribution to the development of three tissues (muscle,
liver and blood), thereby impairing growth production. TM appeared to
be less critical to the construction of muscle and blood as its dietary
inclusion was disproportionally correlated with the relative contribution
to these tissues. The role of TM was significant in liver by providing
carbon source and important fatty acid, such as oleic and linoleic acids,
but substantial inclusion of TM may induce liver damage for perch. The
present study’s findings revealed that the presence of non-nitrogen
protein, chitin were critical factors affecting nutritional assimilation of
insect meal in the growth of perch tissue and that the nutritionally
complement among feed ingredients could be an important consider-
ation for future feed formulation for perch farming. Our study also
hinted at further studies to combine potential insect ingredients, or to
supplement insect-containing diets with chitinase-produced bacteria to
enhance the benefits of insect meals in aquafeeds.
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ABSTRACT

We assessed swimming capacity, energy expenditure, and physiological responses of European perch (Perca
fluviatilis) fed four isonitrogenous and isoenergetic diets containing yellow mealworm (Tenebrio molitor) larvae
meal at 0, 25, 50, and 75% substitution for fishmeal (abbreviated diets, TM0, TM25, TM50, and TM75). Each diet
was fed to quadruplicate group of perch (initial biometrics, body weight 20.81 + 3.36 g, total length 11.77 +
0.72 cm) for 119 days. At the terminal of feeding trial following 24 h starvation, eighty fish (20 fish/diet group)
were individually selected for swimming performance tests, which were conducted in a 10 L enclosed swimming
tunnel with velocity increased from 5 cm/s in 2 cm/s increments every 60 s. Exercised fish, fish experienced
swimming tests, and non-exercised fish, fish not involved in swimming tests were, at the same time, sampled for
serum biochemistry, muscle traits. Whole-body of non-exercised fish were also analyzed for proximate compo-
sition and fatty acid profile.

Critical swimming speed (Ucit, cm/s and body length/s), oxygen consumption (MOg, mg/kg/h), and energy
cost of transport (COT, J/kg/m) of perch did not differ among diet treatments. Exercised perch significantly
increased serum glucose and cortisol compared to non-exercised fish. Substitution of fishmeal by T. molitor larvae
meal induced significant changes in aspartate aminotransferase across treatment groups, lactate dehydrogenase
in TMO and TM75, K* concentration in fish fed TM75, and muscle water content in TM50 of exercised compared
to non-exercised perch. Oleic acid of whole-body fish had a significant linear correlation with the critical
swimming speed of European perch. Since fish swimming behavior is an indicator of animal welfare, our findings
suggest that dietary insect meals could ensure the welfare of farmed fish.

1. Introduction

mealworm (Tenebrio molitor) have received the most interests of
research (Mastoraki et al., 2020; Hua, 2021).

The continuous growth of aquaculture industry as a consequence of
increasing global seafood demand has pressured aquafeed ingredient
inputs, which traditionally rely on finite marine fish for dietary protein
sources (Froehlich et al., 2018; FAO, 2020). Insect meal possesses
essential properties, namely good nutritional content, environmental
suitability, consumer acceptance, scalability, and price competition, and
thereby has been identified as the greatest potential as protein sources
for aquafeeds over the next decades (Hua et al., 2019; Gasco et al.,
2020b; Gasco et al., 2020a). Among seven insect species (two flies, two
worms, and three crickets) approved for use in aquafeeds by the Euro-
pean Commission (Regulation 2017/893, 24 May 2017), black soldier
fly (Hemetia illucens), common housefly (Musca domestica), and yellow

* Corresponding author.
E-mail address: stejskal@frov.jcu.cz (V. Stejskal).

https://doi.org/10.1016/j.aquaculture.2021.736610

The use of T. molitor larvae meal (TM) in fish feed has been inves-
tigated extensively. Substantial replacement of fishmeal by TM without
detrimental impact on growth performance or feed conversion ratio has
been reported, for example, red sea bream (Pagrus major) (100% sub-
stitution) (Ido et al., 2019), whiteleg shrimp (Litopenaeus vannamei)
(100%) (Panini et al., 2017), African catfish (Clarias gariepinus) (80%)
(Ngetal., 2001), yellow catfish (Pelteobagrus fulvidraco) (75%) (Su et al.,
2017), and rainbow trout (Oncorhynchus mykiss) (67%) (Belforti et al.,
2015). Dietary TM has been shown to alter fish immune responses (Su
et al., 2017; Henry et al., 2018b; Henry et al., 2018a; Sankian et al.,
2018; Song et al., 2018), gut microbiota diversity (Antonopoulou et al.,
2019; Jozefiak et al., 2019) and meat traits, including fatty acid profile,
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in mandarin fish (Siniperca scherzeri) (Sankian et al., 2018), rainbow
trout (Belforti et al., 2015; Iaconisi et al., 2018), P. bogaraveo (Iaconisi
et al., 2017), Nile tilapia (Oreochromis niloticus) (Sanchez-Muros et al.,
2016), and European sea bass (Dicentrarchus labrax) (Gasco et al., 2016).
Consequently, these alterations may influence the physiology of insect
meal-fed aquatic animals. Swimming performance and metabolic ac-
tivity assessment are considered important proxy for the physiological
traits of fishes (Allen et al., 2021). The former variable is commonly
assessed via critical swimming speed (Ugit) (Brett, 1964), while oxygen
consumption (MO3) is the measurement of the latter, and of other
metallic endpoints, such as cost of transport (COT), the energy cost to
transport unit of body mass over one unit of distance (McPhee and Janz,
2014). Those variables are sensitive indicators of physiological stress
(Brett, 1972), dietary nutrition (Martos-Sitcha et al., 2018), and meat
trait alteration of fish (Hammer, 1995; McKenzie et al., 1998; Wagner
et al.,, 2004; Chatelier et al., 2006). In particular, muscle fatty acid
profile was reported to affect swimming performance of Atlantic salmon
(Salmo salar) (McKenzie et al., 1998; Wagner et al., 2004), European
seabass (Chatelier et al., 2006), and Arctic charr (Salvelinus alpinus)
(Pettersson et al., 2010). In addition, the fast-growing of aquaculture has
placed the importance of introducing new farmed candidates and animal
welfare, physiological indicators of swimming performance and meta-
bolic rate are, therefore, beneficial for aquaculture guidelines, such as
system design, towards better growth, health, and welfare (Martins
et al., 2012; Allen et al., 2021).

European perch (Perca fluviatilis) is a novel candidate for aquaculture
diversification in Europe and, along with other percids fish species, will
promptly become an established aquaculture sector in Europe (Policar
et al., 2019). Fillets of intensively cultured perch have excellent nutri-
tional value, particularly beneficial fatty acids (Stejskal et al., 2011).
Dietary insect meal (Hermetia illucens) was reported to significantly
modify meat quality, especially the fatty acid profile of European perch
relative to insect-free diet (Stejskal et al., 2020), which could alter the
above-mentioned physiological indicators. These indicators become
more critical for grow-out production of percids mainly held in re-
circulated aquaculture system (RAS), which is moving towards
optimal operation system (Steenfeldt et al., 2015; Policar et al., 2019).

Thus far, the measure of swimming performance, metabolic activities
of insect meal-fed European perch could provide useful information for
the future farming practice of percid fish, especially RAS designed sys-
tem and for other insect-fed fish species. The goal of the present study
was to determine critical swimming speed, oxygen consumption, cost of
transport, and physiological response of European perch fed dietary
defatted mealworm T. molitor larvae meal. We also explored predictable
factors which may influence the swimming performance of European
perch.

2. Materials and methods
2.1. Ethics statement

The experimental procedures were performed under guidelines of
the European Communities Directive (No. 2010/63/EU) on the protec-
tion of animals used for scientific purposes and have been approved by
the Czech Ministry of Health (MSMT-6744/2018-2).

2.2. Experimental diets

Defatted TM was obtained from a commercial source (NovoProtein,
FISHAG EDELHOF GmbH, Wien, Austria). Nutritional composition and
fatty acid profile of TM are presented in Tables 1, 3.

Four isonitrogenous and isoenergetic diets were formulated, with the
control diet (TMO) containing fishmeal as the main protein source and
three diets with TM larvae substituted for fishmeal at 25, 50, and 75%
(TM25, TM50, TM75) (Table 1). The experimental diets were produced
at the EXOT HOBBY s.r.o0., Czech Republic, using a commercial twin-
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Table 1
Ingredients and proximate composition of Tenebrio molitor larvae meal and
experimental diets.

Fishmeal TM T™O0 TM25 TM50 TM75

Ingredients (%)

Soybean concentrate 29.0 29.0 29.0 29.0
Fishmeal 27.1  20.3 13.5 6.8
Tenebrio molitor 0.0 6.8 13.5 20.3
Soybean meal 145 145 14.5 14.5
Corn flour 9.7 9.7 9.7 9.7
Fish oil 7.7 7.7 7.7 7.7
Rapeseed oil 5.8 5.8 5.8 5.8
Methionine” 0.8 0.8 0.8 0.8
Lysine” 0.5 0.5 0.5 0.5
Valine® 0.2 0.2 0.2 0.2
L-Threonine* 0.05 0.05  0.05 0.05
Vitamins & minerals® 0.8 0.8 0.8 0.8
Additives' 40 4.0 4.0 4.0
Proximate composition (dry basis)

Dry matter (%) 96.5 95.0 948 957 95.6 95.6
Crude protein (%) 71.2 71.1 47.5 48.7 47.4 47.2
Crude lipid (%) 7.9 8.5 16.3 139 15.6 17.0
Ash (%) 14.0 7.1 8.9 9.0 8.3 7.6
Fibre (%) 1.24 2.8 2.0 2.0 2.2 2.3
Nitrogen-free extract 1.3 5.5 19.5 21.8 22.3 21.6

(%)*
Gross energy (Mj/kg)" 20.1 21.1 21.0 20.8 21.2 21.5

2 Adisseo, China.

b Inner Mongolia Eppen Biotech Co., Ltd.

¢ Ajinomoto Animal Nutrition Europe.

d Ningxia Eppen Biotech, China.

¢ Aminovitan Sak, Trouw Nutrition Biofaktory s.r.o, Czech Republic.

f Feed limestone (0.5%); Pentasodium triphosphate (Fosfa a.s, Czech Repub-
lic) (0.5%) and binder (NutriBind, Adisseo, China) (3.0%).

8 Nitrogen-free extracts (NFE) = dry matter - (crude protein + crude lipid +
ash -+ fibre).

' Gross energy (MJ/kg) as gross energy content of protein (23.6 MJ/kg), lipid
(39.5 MJ/kg) and NFE (17.2 MJ/kg).

screw extruder (Saibainuo, China). All finely grounded ingredients
were mixed in a feed mixer HLJ-700/C (Saibainuo, China), followed by
adding oil and water to form a mixture, subsequently extruded with 2-
mm diameter pellets. Temperature during the extrusion process
ranged 96-106 °C.

2.3. Fish and rearing facilities

European perch juveniles were obtained by artificial propagation
(Anapartner, Prague, Czech Republic) and transported in oxygenated 1
m® tanks to the Research Institute of Fish Culture and Hydrobiology.
Fish underwent two weeks of adaptation to the experimental facility and
were fed a commercial diet.

Eighty-two fish (body weight 20.81 + 3.36 g, total length 11.77 +
0.72 cm) were randomly assigned to each of sixteen black circular 180 L
tanks (four per diet) connected in RAS. Water inflow of 6.5 L/min in
combination with stone aeration created a constant clockwise flow of
4.6 cm/s. Other parameters included photoperiod of 12 h:12 h (light:
dark), light intensity 58.6 1x, water temperature 22.44 + 0.66 °C, pH
7.00 £ 0.29, oxygen saturation 80.41 + 8.02%, ammonia-N 0.28 + 0.16
mg/L, nitrite nitrogen <0.45 mg/L.

Fish were fed daily at 7.00, 9.00, 11.00, 13.00, and 15.00 using
automatic feeders (EHEIM Twins, Deizisau, Germany) for 119 days.
Unconsumed feed was removed after each feeding and dried to calculate
daily feed intake.

2.4. Swimming experiment

At the conclusion of rearing, evaluation of swimming performance
was conducted ina 10 L 40 x 10 x 10 cm swimming tunnel respirometer
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(Loligo systems, Tjele, Denmark) submerged in a buffer tank that was
connected to an aerated temperature-controlled 100 L reservoir tank
allowing continuous water exchange. To ensure adequate dissolved
oxygen concentration during swimming performance testing, the
swimming chamber was connected to a buffer tank via a flush pump (20
L/min, Eheim GmbH, Deizisau, Germany). Throughout the swimming
trial, dissolved oxygen remained above 70%, ensuring sufficient oxygen
during swimming test (Hammer, 1995; Tudorache et al., 2008; Thomas
and Janz, 2011). Dissolved oxygen and temperature in the swimming
chamber were continuously recorded, using a fibreoptic oxygen probe
and a temperature probe connected to a Witrox 1 (Loligo Systems, Tjele,
Denmark). Water temperature was maintained at 23 4 0.15 °C and light
intensity at ~60 Lx at the surface of the swimming system. Because of
the sensitivity of perch to external stressors (Jentoft et al., 2005; Lan-
geland et al., 2016), the system was covered by black plastic sheeting to
prevent disturbance from surroundings. The system was connected to
AutoResp© software (Loligo systems, Tjele, Denmark) to control and
record water velocity and dissolved oxygen in the swimming chamber.

Eighty fish (20 fish/diet group) were used in swimming tests
following 24 h without feeding. Fish were selected rotationally among
diet treatments as described previously (Wagner et al., 2004) to mini-
mize time differences and any potential additional growth among
groups.

Fish were lightly anesthetized with MS 222 (50 mg/L), and body
weight was measured to the nearest 0.01 g and total length, width, and
depth to the nearest 0.01 cm (Table 2). Individual fish were immediately
transferred to the swimming tunnel and acclimated to test conditions for
30 mins with water flow velocity of 5 cm/s, which closely approximated
that of the rearing tank.

At the start of the swimming test, the tunnel was completely closed
(no water exchange with the surrounding bath). The initial velocity was
set at 5 cm/s and increased in 2 cm/s increments every 60 s until fatigue.
The small increments of velocity and time in our protocol were set to
minimize stress of tested fish. A similar protocol has been conducted by
Peterson (1974). The swimming test was terminated when the fish
remained at the rear grid for more than 10 s.

Critical swimming speed (Ui, cm/s) was calculated according to
Brett (1964):

Ucrit = Umax + (Tmax/Tinterval * Uinterva), Where Upay is highest ve-
locity recorded at fatigue (cm/s); Ujnterval iS Velocity interval (2 cm/s);
Tmax is spent time at fatigued velocity; and Tipterval is the time interval
(60 s).

Oxygen consumption (MO3, mg/kg/h) was calculated as.

MO = ([O2]t0 — [O2]n1) * (V/1) * (1/BW), where [O2lyo is oxygen
concentration at the start of the swimming test (mg O/L), [O2ly; is
oxygen concentration at the terminal of the swimming test (fish fatigue)
(mg 0y/L); V is volume of swimming chamber minus volume of fish (L).
In fish, 1 kg is equivalent to 1 L (Boldsen et al., 2013); t =t1 - t0 (hours);
BW, body weight.

Cost of transport (COT, J/kg/m) was calculated as described by
McPhee and Janz (2014).

COT = (MO3 * 14.2)/Ugyim, where oxycaloric value of 14.1 J/mg O;
Uswim is corresponding swimming speed (m/s).

Table 2
Morphometrics (Mean + SD, n = 20/group) of European perch fed experimental
diets for 119 days used in the swimming performance test.

Diets Body weight g Total length cm Condition factor®
TMO 84.22 + 9.85% 18.40 + 0.62% 1.35 £ 0.08
TM25 84.82 + 10.33% 18.19 + 0.72° 1.41 £ 0.11
TM50 82.86 + 10.25% 18.03 + 0.60% 1.41 £0.10
™75 70.70 + 8.01° 17.16 + 0.56" 1.40 +0.11

Different superscripts within a column indicate significant difference at P <
0.05.
*Condition factor = (Body weight/total length®) x 100.
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2.5. Sampling procedures

After a 119-day feeding trial fish not used for swimming tests,
hereafter non-exercised fish, and fish experienced swimming tests till
fatigue, hereafter exercised fish, were sampled as following procedures:

Twelve non-exercised fish (12 fish/diet group) and exercised fish (20
fish/diet group) were euthanized using an overdose of 125 mg/L (Dez-
fuli et al., 2013) MS222. Approximate 1 mL of blood was drawn from the
caudal vein and centrifuged at 3000 RPM for 10 min with obtained
serum was held at —80 °C for further analysis. Subsequently, those fish
were dissected for assay of post-mortem pH and water content. Fish
muscle was assessed for pH using Testo 206-pH 2 (Testo Inc., Lenzkirch,
Germany) inserting into muscle, then scale-off muscle was ground in a
mincer (IKA Mill A1l Basic, Staufen, Germany), subsequently oven-
dried (105 °C) to constant weight for water content.

Forty-eight non-exercised fish (12 fish/group) were taken and stored
at —20 °C for subsequent analysis of whole-body proximate
composition.

2.6. Chemical and biochemical analyses

Feed samples were finely ground (IKA Mill A1l Basic, Staufen,
Germany) and analyzed for dry matter (AOAC, n. 934.01), crude protein
(AOAC, n. 984.13), crude fibre by the Henneberg -Stohmann method
(AOAC, n. 920.86), and ash content (AOAC, n. 942.05) according to
(AOAC, 2000). Lipid and fatty acid profiles in both diets and whole-body
fish were determined according to the methodology described by Mraz
and Pickova (2009).

Serum biochemical parameters and blood ions (Na*, K, C17) were
analyzed using an auto-analyzer Architect c4000 (Abbott Laboratories,
Illinois, USA) with commercial reagent kits (Abbott Diagnostics, Illinois,
USA). Cortisol concentration was analyzed using a reagent kit and
automated immune-analyzer Immulite 2000 XPi (Siemens Healthineers,
Siemens Healthcare GmbH, Erlangen, Germany).

2.7. Statistical analyses

All statistical analyses were performed using the R Statistic Package;
R Development Core Team 2009-2019, available at www.r-project.org/.
All data were assessed for normality using Shapiro-Wilk test and ho-
mogeneity of variance using Levene’s test. Effect of fish weight, length,
width, depth on critical swimming speed, oxygen consumption, and cost
of transport was tested with Covariance Analysis (ANCOVA), and no
significant influence [Ugi;, (weight: F-statistic = 0.85, P-value = 0.36;
length: 0.75, 0.39; width: 0.36, 0.55; depth: 1.49, 0.23); MO, (weight:
2.97, 0.09; length: 0.34, 0.94, width: 2.0, 0.16; depth: 1.56, 0.22), COT
(weight: 0.77, 0.08; length: 0.75, 0.39; width: 0.54, 0.37; depth: 0.36,
0.87)] was found. Significant differences in swimming speed, oxygen
consumption, cost of transport, blood biochemistry, meat traits, diet
composition among diet treatments were verified using one-way
ANOVA followed Tukey’s honestly significant difference (HSD) as a
post hoc test, when appropriate. Student’s t-tests were used to test sig-
nificant differences in blood biochemistry, muscle traits between exer-
cised and non-exercised groups. Correlation matrix analysis with respect
to critical swimming speed was performed on ‘ggcorrplot’ package
(Kassambara, 2019). Correlation between nutritional composition (of
diets, fish muscle, and whole-body fish) vs. U as well as between MO2,
COT vs. Ugjr were assessed with linear models using ‘lm’ function.
Significantly differences were considered at P < 0.05.

3. Results
3.1. Fish growth and proximate composition

After a 119-day feeding trial, fish fed experimental diets had a
similar survival rate, ranged 98.48-99.09%. Morphometrics of fish used
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in swimming tests is shown in Table 2. European perch fed TM75
showed significantly lower growth performance than other treatment
groups (P < 0.05). Although fish growth was impaired when T. molitor
larvae meal was substituted for 75% of fishmeal, condition factor did not
differ among dietary treatments (P > 0.05). Feed conversion ratio
significantly higher in fish fed TM75 diet (1.77) than does TMO (1.15),
TM25 (1.19), and TM50 (1.33) (standard error of the mean, 0.07).

TM contained a high amount of monounsaturated constitute of oleic
acid, accounting for 35.10% total fatty acids, while possessed low levels
of essential fatty acids, docosahexaenoic acid (DHA) (0.01%) and eico-
sapentaenoic acid (EPA) (0.04%) (Table 3). Replacement fishmeal by
TM significantly increased oleic acid (OA), linoleic acid (LA), and
decreased EPA, DHA (P < 0.05) (Table 3).

There was no significant difference (P > 0.05) on proximate
composition of whole-body perch fed experimental diets, except for
moisture, palmitic acid, and total saturated fatty acids (Table 4).
Feeding perch with 50% fishmeal replaced by TM resulted in signifi-
cantly higher moisture content compared to the fishmeal group (P <
0.05) and significantly reduced C16:0 and total SFA (P < 0.05). (See
Table 5.)

Water content and pH were not statistically different in both spec-
imen groups across diet treatments (P > 0.05) (Table 5).

3.2. Swimming performance

Critical swimming speed, both in cm/s and BL/s, did not differ across
treatment groups (P > 0.05) (Fig. 1). The values of U in the present
study were 106.4 cm/s (interquartile range, 97.42-117.23) and 5.94
BL/s (5.43-6.49).

3.3. Oxygen consumption and cost of transport

No significant difference on MOy and COT across diet treatments was
found (P > 0.05). There was a positive quadratic relationship (P <
0.001, F = 36.01, adjusted R-square = 0.47) for oxygen consumption
and respected critical swimming speed. In contrast, negative quadratic
model (P < 0.001, F = 169.5, adjusted R-square = 0.81) was observed
for cost of transport (Fig. 2).

3.4. Physiological responses

Serum biochemistry indices of exercised and non-exercised fish fed
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Table 4

Whole-body composition (% as wet weight) and fatty acid profile (as a per-
centage of total fatty acid) of European perch Perca fluviatilis fed experimental
diets for 119 days.

TMO TM25 TM50 T™M75 SEM
Moisture 66.66" 67.27%" 68.81% 67.92°° 0.27
Crude protein 19.66 19.71 19.82 19.07 0.24
Crude lipid 11.85 11.57 10.85 11.80 0.24
Ash 3.58 3.27 3.42 3.25 0.10
Fatty acid profile

C16:0 14.43% 15.86° 14.92°° 13.25° 0.33
c16:1 6.30 7.51 7.26 6.23 0.27
C18:0 1.22 1.20 1.24 0.99 0.04
C18:1n9 44.07 42.10 41.52 39.08 0.92
C18:2n6 14.74 14.56 15.07 15.14 0.11
C18:3n3 3.03 3.26 3.10 3.16 0.22
C20:5n3 (EPA) 1.79 1.74 1.96 1.69 0.07
C22:6n3 (DHA) 6.82 6.27 6.98 5.88 0.28
SFA 19.08%° 20.44% 19.61%° 17.14° 0.46
MUFA 52.24 51.50 50.78 47.18 1.19
PUFA 27.87 27.31 28.61 35.23 1.62
n-3 11.87 11.48 12.23 10.90 0.40
n-6 16.00 15.82 16.39 24.33 1.94
PUFA/SFA 1.46 1.34 1.46 2.22 0.17
n-3/n-6 0.74 0.73 0.75 0.59 0.04

Fatty acids with less than 1% total fatty acids in experimental diets (C10:0,
C12:0, C13:0, C14:1, C15:0, C15:1, C17:0, C17:1, C16:3, C18:1n9 trans,
C18:1n7, C18:2n6 trans, C18:3n6, C20:0, C21:0, C20:3n6, C20:3n3, C20:4n6,
C22:0, C24:0, C24:1n9, C22:5n6) were not presented in the table but included in
fatty acids group calculation. Data are means and pooled standard error of the
mean (SEM). Means in the same row with different superscript letters differ
significantly (P < 0.05).

experimental diets were found insect meal-dose independent (P > 0.05),
except serum Cl~ where exercised fish fed TM75 showed significantly
higher concentration than does control group (P < 0.05) (Fig. 3).

The fatigued swimmers significantly increased serum AST, glucose,
and cortisol regardless of dietary treatment compared to non-swimmers
(P < 0.05). This was also observed for serum K concentration in TM50
(P < 0.05). Exercised fish fed TMO and TM75 also significantly elevated
LDH serum activities relative to non-exercised specimens (P < 0.05),
while this pattern was not significant in TM25 and TM50 groups (P >
0.05).

Exercised fish significantly increased muscle water content
compared with non-exercised fish fed TM50 (P < 0.05).

Table 3
Fatty acid composition (as a percentage of total fatty acid) of fishmeal, defatted Tenebrio molitor larvae meal and experimental diets.

Fishmeal® ™ TMO TM25 TM50 T™75 SEM
C14:0 7.9 1.30 1.57 1.57 1.49 1.47 0.03
C16:0 23.0 20.68 9.30 9.18 8.95 9.14 0.07
c16:1 2.05 2.04 2.00 1.94 1.98 0.02
C18:0 5.3 9.08 2.68 2.57 2.59 2.69 0.03
C18:1n9 (OA) 8.4 35.10 46.65" 46.07° 47.27% 49.77° 0.52
C18:2n6 (LA) 1.1 25.02 17.14° 17.43° 17.80° 18.89° 0.22
C18:3n3 (LNA) 0.2 0.96 6.19 6.07 6.23 4.31 0.51
C20:1n9 0.3 0.26 3.02° 2.92° 2.03%° 0.41° 0.36
C20:5n3 (EPA) 14.1 0.04 2.54° 2.38° 2.15¢ 2.06¢ 0.06
C22:6n3 (DHA) 16.1 0.01 4.26° 3.96° 3.43¢ 3.23¢ 0.13
SFA 36.1 33.32 15.25 14.96 14.62 14.95 0.12
MUFA 20.6 38.95 52.70 53.06 53.63 54.42 0.35
PUFA 37.3 26.55 31.89 31.51 31.01 29.90 0.45
n-3 34.7 1.05 13.26 12.67 12.08 9.88 0.57
n-6 2.7 25.50 18.63" 18.84° 18.93" 20.01° 0.17
PUFA/SFA 1.03 0.77 1.69 1.70 1.69 1.71 0.04
n-3/n-6 12.9 0.04 0.71 0.67 0.64 0.49 0.03

@ Barroso et al. (2014) (Proximate composition (% dry matter), crude protein: 73%; ether extract: 8.2%; ash: 18%; nitrogen-free extract: 0.8%). Fatty acids with less
than 1% total fatty acids in experimental diets (C10:0, C12:0, C13:0, C14:1, C15:0, C15:1, C17:0, C17:1, C16:3, C18:1n9 trans, C18:1n7, C18:2n6 trans, C18:3n6,
C20:0, C21:0, C20:3n6, C20:3n3, C20:4n6, C22:0, C24:0, C24:1n9, C22:5n6) were not presented in the table but included in fatty acids group calculation. LNA:
linolenic acid; SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids. Data are means and pooled standard error of the
mean (SEM). Means in the same row with different superscripts letters differ significantly (P < 0.05).
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Table 5

Muscle properties of exercised (n = 48) and non-exercised (n = 48) European
perch fed T. molitor larvae meal diets. Data are mean + SD.

Variable Experimental diets

TMO TM25 TMS50 TM75
pH
Non-exercised ~ 6.74 & 0.04 6.74 + 0.06 6.77 + 0.04 6.80 + 0.01
Exercised 6.77 £ 0.03 6.71 £ 0.10 6.78 + 0.01 6.73 £ 0.10
Water content (%)
Non-exercised ~ 74.44 +0.16  74.27 £0.36 7472+ 0.54°  73.96 + 1.98
Exercised 74.76 £0.64 7553 +1.06  75.61 +0.59  75.28 £ 0.81

Superscripts indicate significant differences between exercised and non-
exercised perch within a diet group (P < 0.05).
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Fig. 1. Critical swimming speed (Ui, cm/s and BL/s) of European perch
(Perca fluviatilis) fed experimental diets. The black ‘x’ in boxes represents the
mean value, the horizontal line within boxes represents median separating
interquartile range (upper quartile and lower quartile).

3.5. Correlation matrix between nutritional factors and critical swimming
speed

A significant correlation in both diet and whole-body composition
relative to swimming performance was observed (Fig. 4). Three factors
that influenced the perch’s swimming performance in the present study
included DHA, EPA, and MUFA matrixes. There was a negative linear
correlation between DHA and Uy; (estimated correlation = —0.96, P =
0.04), similar model was found EPA (estimated correlation = —0.96, P
= 0.04). While U increased linearly with increasing dietary MUFA
(estimated correlation = 0.96, P = 0.04). No significant relationship
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Fig. 2. Oxygen consumption (MO,, mg/kg/h) and cost of transport (COT, J/
kg/h) with respect to critical swimming speed of European perch (Perca flu-
vialtilis) fed experimental diets.

among other dietary composition (protein, lipid, gross energy) on crit-
ical swimming speed (P > 0.05). We found a significant and strong linear
correlation between oleic acid in whole-body fish and swimming ca-
pacity (estimated correlation = —0.98, P = 0.02). Other whole-body
proximate composition did not significantly influence fish swimming
(P > 0.05) (Fig. 4).

4. Discussion

As a part of many published works investigating the effects of insect
meals as the alternative protein source in diets for aquatic animals, our
work contributed findings on swimming performance, metabolism rate,
cost of transport of European perch, which was insect meal levels in-
dependent. This could be an important implication for future percid
aquaculture gearing towards established aquaculture sector in Europe
(Policar et al., 2019), since swimming performance of fish represents a
useful indicator of farmed fish welfare (Martins et al., 2012), the use of
insect meals in aquafeeds could benefit future aquaculture industry in
term of animal welfare. We also explored insights on dietary and fish
composition factors which could influence swimming capacity of fish
and found that fatty acids rather than other macronutrients in diets and
fish body significantly was the significant influencers.

In accordance with our results, previous studies have confirmed that
dietary protein sources did not affect swimming capacity (Wilson et al.,
2007; Chai et al., 2013), cost of transport (Wilson et al., 2007), and
oxygen consumption (Gerile and Pirhonen, 2017) of fish. Known as a
long-distance migrant species, P. fluviatilis exhibited high swimming
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Fig. 3. Serum biochemistry of exercised (white boxplots) and non-exercised (grey boxplots) European perch (Perca fluviatilis) fed experimental diets. The black ‘=’

shows the significant difference between exercised and nonexercised fish (Studenr’s t-test, **P < 0.001, ***P < 0.0001; ****

P < 0.00001). Different lowercase letters

denote significant differences in serum biochemistry indices of exercised fish fed experimental diets (P < 0.01). Significant differences in serum biochemistry in non-
exercised perch were absent. AST = aspartate aminotransferase; LDH = lactate dehydrogenase.

speeds. Tudorache et al. (2008) evaluated the critical swimming speed
of 17.8 cm perch and reported a U of 113.04 cm/s or 6.35 BL/s. Our
findings were also consistent with recent findings (Cano-Barbacil et al.,
2020), reporting Uit of 97.7 cm/s or 5.97 BL/s for 16.37 cm length
perch, similar to our data (interquartile range, 97.42-117.23 cm/s or
5.43-6.49 BL/s). Stejskal et al. (2009) reported oxygen consumption of

European perch (48.3-333.6 g, body weight) at 23 °C was 261.9-279.7
mg Oo/kg/h. Similarly, perch (18.5-56.5 g) kept at the same tempera-
ture consumed 150.1-278.5 mg Os/kg/h (Zakes et al., 2003). Those
were aligned with our oxygen consumption results at 20% Uy, (inter-
quartile range, 265.2-302.0 mg/kg/h).

The contrasting trends, positive for MO, and negative for COT
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Fig. 4. Correlation matrix between critical swimming speed and nutritional composition of diet, whole-body fish. The red and blue boxes indicate significantly
negative and positive correlations, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

relative to critical swimming speed, in our study has also been reported
earlier in fish species (Brett, 1964; Thomas and Janz, 2011; Yan et al.,
2013; McPhee and Janz, 2014; Martos-Sitcha et al., 2018; Rubio-Gracia
et al., 2020). In any case, oxygen consumption increased with the ve-
locity acceleration of the swimmer in response to current flow drag
(Martos-Sitcha et al., 2018). This demonstrates that perch tended to take
up more oxygen when swimming against the higher water flow while
using less energy to transport one unit of body mass over one unit of
distance. The relationship between U: and MO in our study was well
described by a positive quadratic model, to which oxygen consumption
of perch sharply rocketed until reaching approximately 70-80% U.it
and then slightly increased till fatigue. This is a common trend for many
fishes to experience swimming exercise as there was a shift from aerobic
to anaerobic energy use at this critical swimming speed point (Webb,
1971; Moves and West, 1995; Burgetz et al., 1998).

During aerobic swimming, fish generate energy from triglyceride
catabolism up to about 80% critical swimming speed, while anaerobic
activities initiated, fuelling glycogen from glycogenolysis through
glucose, subsequently transited through circulation and distributed to
targeted tissues (Hammer, 1995; Moves and West, 1995). Therefore, the
measure of triglycerides and glucose in serum could provide a useful
explanation of how perch mediates energy during their swimming ex-
ercise. We found the concentration of triglycerides in serum was
consistent in non-exercised fish as well as in exercised groups, a similar
pattern was also observed for glucose. This could explain similar
swimming capacity of perch fed dietary insect meal. In addition, the
high swimming capacity of fish across diet groups could also be attrib-
uted to continuous exposure to mild water velocity of 4.6 cm/s for 119
days of experimental fish, as this form of training had a positive effect on
Uerit (Hammer, 1995).

At the dietary level, our matrix analysis indicated that critical
swimming speed is dietary protein, lipid independent (Fig. 4). The
studies on the effect of protein and lipid sources on swimming capacity
strongly supported our findings (Wilson et al., 2007; Regan et al., 2010;
Gerile and Pirhonen, 2017). We also highlighted that dietary fatty acids,
particularly DHA, EPA, and monounsaturated fatty acids, rather than
other macro-nutrients, significantly affected European perch swimming

performance. This is consistent with a previous study on Atlantic salmon
(McKenzie et al., 1998). The negative relationship of dietary n-3 PUFA
relative to swimming speed in our study is unexpected and contradicts
with the result from Wagner et al. (2004). In fact, diet-mediated alter-
ations in the fatty acid composition of fish were documented to signif-
icantly affect physiological performance, including critical swimming
capacity in seabass (Chatelier et al., 2006). Fatty acid composition of fish
generally mirrors that of diet (Turchini et al., 2009), but the extent to
which this occurs depends on the number of factors. The present study,
however, found slightly modified DHA, EPA, and some MUFA consti-
tutes of whole-body fish from the respective diet (Tables 3, 4). This was
because European perch exhibited a high capacity of biosynthesis of
DHA from EPA and C18 precursors (Xu et al., 2001; Xu and Kestemont,
2002). Consequently, a considerable increase in DHA, and a remarked
decrease in EPA and linolenic acid in whole-body perch compared to
respective diets (Tables 3, 4) were observed. McKenzie et al. (1998)
suggested that 18 carbon unsaturated fatty acids were responsible for
altering the swimming capacity of salmon. Our correlation analysis
indicated that oleic acid strongly influenced exercise activities of Eu-
ropean perch, following a negative correlation, which is in agreement
with the finding of Wagner et al. (2004). Accordingly, oleic acid may, in
combination with other fatty acids, impair carnitine palmitoyl trans-
ferase activities - the enzyme enhancing fatty acid metabolism in the red
muscle (Wagner et al., 2004).

Fish after exposure to exhaustive exercise or stressors, regulated
assortment of physiological changes involving primary, secondary, and
tertiary response (Barton, 2002). The primary response was the eleva-
tion of cortisol level from the head kidney into blood, while the second
response resulted in alteration in blood chemistry, tissue composition,
ion concentrations, and increased glucose, and the whole-body organ-
ism performance was referred to as the third response (Eissa and Wang,
2016). As expected, exercised perch in our study showed nearly double
glucose and ten-fold the cortisol concentration of non-exercised perch
(Fig. 3). The previous studies on perch P. fluviatilis following acute stress
also reported significant elevation of these products (Acerete et al.,
2004; Jentoft et al., 2005). Cortisol levels of non-exercised perch in our
study (interquartile, 46.9-116.0) were comparable with the 45 ng/mL
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(124 mmol/L) reported by Acerete et al. (2004) and relatively higher
than the basal level in fish (Barton, 2002). This suggests the high sus-
ceptibility of European perch with stressors and low capacity of accli-
matization. Increase glucose concentration in blood excreted from the
liver is a typical stress response of fish to source fuel energy during
exercise (Moves and West, 1995).

Electrolyte Na™ was consistent across diet treatments and within fish
treatment group, while K¥ in fish fed TM75 diet was significantly
increased in exercised compared to non-exercised fish. Increased po-
tassium concentration has been recorded in exercised rainbow trout,
possibly resulting from loss of K" from swimming-involved muscles
during depolarization, which replaces K™ with NHZ, and subsequent K*
take-up by erythrocytes (Nielsen and Lykkeboe, 1992; Wicks et al.,
2002). This elevation could also be related to decreased blood pH and
oxygen pressure (Cnaani et al., 2014) and osmoregulatory dysfunction
(Imanpoor et al., 2017). We also observed significant elevation on Cl™
concentration in exercised groups fed TM75 compared to TMO. This may
be due to the absorption of C1™ during lactate and/or anion in the white
muscle (Wood, 1991).

In the present study, the independence of hematological indices on
dietary mealworm meal supports previous studies of common carp
(Cyprinus carpio var. Jian) (total protein, AST, glucose, and triglyceride)
(Li et al., 2017), D. labrax (glucose, protein, and triglyceride) (Mag-
alhaes et al., 2017), S. scherzeri (total protein, AST, and triglyceride)
(Sankian et al., 2018), rockfish (Sebastes schlegeli) (triglyceride, protein,
and AST) (Khosravi et al., 2018), and O. niloticus (total protein, glucose)
(Tubin et al., 2020). Aspartate aminotransferase is a non-plasma-specific
enzyme used as a proxy for liver damage (Gharaei et al., 2011), involved
in protein synthesis (Masola et al., 2008) and glucose production via
gluconeogenesis (Tejpal et al., 2009). We evaluated aminotransferase
activity in serum of exercised and non-exercised perch and found
fatigued perch fed experimental diets significantly elevated AST activ-
ities relative to non-exercised specimens (Fig. 3). The present work also
showed no significant effects on hematological glucose or protein con-
centration of either exercised or non-exercised perch fed diet treatments.
Therefore, the source of AST’s elevation could be hepatic cell damage,
with subsequent release into the blood circulation. Acute exercise
induced hepatic injury, thereby increased AST enzyme activity in
mammals (Zhao et al., 2010; Ruhee et al., 2020). This, in conjunction
with significantly higher lactate dehydrogenase, a biomarker of cell
injury (Gharaei et al., 2011), in TMO and TM75 (Fig. 4), could further
confirm the susceptibility of cells of perch fed fishmeal and insect meal
diets.

Dietary T. molitor meal had no significant effect on muscle water
content of non-exercised perch (Table 5), confirming results observed in
blackspot sea bream (laconisi et al., 2017), mandarin fish (Sankian et al.,
2018), rainbow trout (Iaconisi et al., 2018), and rockfish (Khosravi et al.,
2018). Similarly, muscle water content of fatigued perch did not differ
among experimental diets (Table 5). This is in agreement with Regan
et al. (2010), who reported no significant effect of diet on muscle water
content of exercised chinook salmon held in freshwater. The significant
difference in muscle water content of two groups of perch fed TM50
could be linked to lipid depletion, as they show an inverse relationship
(Kause et al., 2002). The muscle pH of non-exercised perch in the present
study was similar to that reported by (Komolka et al., 2020) for farmed
European perch. Our diets did not affect muscle pH, which is similar to
observations of rainbow trout (Iaconisi et al., 2018), but Iaconisi et al.
(2017) reported significantly lower pH in the muscle of sea bream fed a
diet containing 50% T. molitor replacement of fishmeal compared to a
fishmeal diet. Basal pH value is species-specific as well as associated
with dietary stressors, anaerobic glycolysis, and buffer substances or free
amino acid retention in exercised fish (Bugeon et al., 2003; Iaconisi
et al., 2017; Komolka et al., 2020).

Our study suggests the potential use of insect meal as an aquafeed
ingredient for farmed fish welfare. Future aquaculture of percid fish
could consider the high swimming behavior and susceptibility of
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European perch to stressors for an adequately designed and operated
RAS system. Attention should also be paid to diet formulation, especially
for the fatty acid profile, which was the critical factor that affects critical
swimming speed of European perch.
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