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Streszczenie

Duzym wyzwaniem, przed jakim staje obecnie ludzkos¢, jest odpowiedz na pytanie: jak
zapewni¢ zrownowazony rozwoj stale powigkszajacej si¢ populacji bez negatywnego wplywu
na srodowisko naturalne? Jedng z odpowiedzi na tak postawione pytanie jest wdrazanie zasad
tak zwanej gospodarki cyrkularnej, tzn. odzyskiwanie cennych surowcow oraz jak najszersze
ponowne wykorzystanie odpadéw powstajacych w czasie dzialalnosci czlowieka. Jedna
z drog, jakimi realizowane sa zasady gospodarki cyrkularnej, jest szeroko rozumiana
bioremediacja, a ostatnio takze bedaca jej cze¢sciag — entomoremediacja. Proces ten mozna
zdefiniowa¢ jako wykorzystywanie wyspecjalizowanych owaddéw oraz towarzyszacych
im mikroorganizméw do utylizacji, ekstrakcji, sekwestracji i/lub detoksykacji zanieczyszczen
z gleby, osadow oraz biomasy.

Owady to gromada zwierzat, ktéra jest najbardziej zréznicowana gatunkowo. Zasiedlaja
one zaréwno $rodowisko lgdowe, jak i wodne we wszystkich strefach klimatycznych.
Ich znaczenie przyrodnicze jest trudne do przecenienia. Owady pelnig takze bardzo wazne role
w gospodarce cztowieka i wtym aspekcie mozna moéwi¢ o owadach pozytecznych
i szkodnikach. Jakkolwiek nalezy pamigtaé, ze gospodarczy punkt widzenia nie musi pokrywaé
si¢ z przyrodniczym i owad, ktory jest szkodnikiem dla cztowieka, moze odgrywac (i zwykle
odgrywa) wazng role w przyrodzie. W ostatnich latach owady wykorzystywane
sg do zagospodarowywania odpadow. Dobrym przyktadem sg uzywane w tymze celu larwy
Hermetia illucens, co powigzane jest z ich wysokim wskaznikiem biokonwersji.

H. illucens, nazywana tez czarng muchg lub black soldier fly (BSF), nalezy do owadow
holometabolicznych. Jej cykl rozwojowy sklada si¢ z nastepujacych stadiow: jaj, larw,
poczwarek oraz osobnikow dorostych. H. illucens pierwotnie wystgpowata na terenie
obu Ameryk. Obecnie gatunek ten mozna spotka¢ na terenach o klimacie subtropikalnym,
tropikalnym i cieptym. W kontekscie niniejszej rozprawy istotne sa larwy, ktore sg saprofagami
(zywig si¢ martwg materig organiczng taka jak np.: resztki zywnos$ci czy obornik zwierzecy).
Ich biomasa zawiera 32-58% biatka oraz 15-39% lipidow w przeliczeniu na suchg masg.
Larwy moga stanowi¢ cenne zrddto sktadnikéw pokarmowych do produkcji pasz np. dla trzody
chlewnej, ryb czy drobiu oraz gadéw i ptazoéw bedacych zwierzetami domowymi. Karma
dla psow zawierajaca biatko H. illucens jest obecnie dostgpna komercyjnie i polecana
szczegblnie przy wystepowaniu alergii pokarmowych na biatka innych zwierzat, np. drobiu.
Egzoszkielety tzw. wylinki pozostajace po wylegnigciu osobnika dorostego (muchy)
z poczwarki moga sta¢ sie¢ alternatywnym zrédtem chityny oraz chitozanu. Dodatkowo

4



wykazano, ze peptydy wytwarzane przez larwy H. illucens maja wlasciwosci
przeciwdrobnoustrojowe.

Niniejsza rozprawa podejmuje temat zagospodarowania ucigzliwych odpadow, ktorymi
sg komunalne osady $cickowe, przy wykorzystaniu larw H. illucens. Badania skupiaty
si¢ na okresleniu stopnia bioakumulacji mikro—, makroelementow i pierwiastkéw toksycznych
W poszczegblnych etapach rozwoju owada H. illucens, a takze w wylince. Rozprawa sklada
si¢ z trzech prac, z ktorych dwie zostal juz opublikowane, a trzecia jest na etapie recenzji.
Pierwsza praca dotyczyta okreslenia potencjatu bioakumulacyjnego H. illucens hodowanej
z uzyciem optymalnej dla larw paszy. W badaniach tych po raz pierwszy wykazano zdolno$¢
H. illucens do bioakumulacji takich pierwiastkow jak Ba, Bi i Ga. Bioakumulacja Cu, Fe, Hg,
Mg, Mo, Se, Zn wystgpowata we wszystkich stadiach rozwojowych owadow oraz w wylince.
Ponadto Ca, Cd, Ga, Mn, P i S byty bioakumulowane tylko w niektorych stadiach rozwojowych
owada, natomiast H. illucens nie wykazywata zdolnosci do bioakumulacji Al, As, Co, K, Pb
I Si.

W drugiej publikacji zaproponowano nowy wskaznik do okreslania stopnia bioakumulacji
pierwiastkow — nazwany indeksem bioakumulacji (bioaccumulation index, BAI). Pomyst
ten powstal podczas pierwszych badan, poniewaz szeroko znany wskaznik bioakumulacji
(bioaccumulation factor, BAF) w pewnych przypadkach moégt prowadzi¢ do biedow
interpretacyjnych. Zaproponowana miara bioakumulacji bierze pod uwage poczatkowe st¢zenie
pierwiastkéw w mtodych larwach wzietych do doswiadczen, dzieki temu pozwala ona okresli¢
takze sytuacje, w ktorej nastgpowato zmniejszenie zawartos$ci danego pierwiastka w organizmie
larwy w trakcie jej wzrostu. Dotychczas stosowany wskaznik — BAF, nie uwzglednia takiej
sytuacji.

Trzecia publikacja (bedaca na etapie recenzji) zawiera wyniki badan biokonwersji
komunalnych, przefermentowanych osadow $ciekowych przez larwy H. illucens. Sprawdzono
rowniez, czy niewielki dodatek karmy optymalnej wplynie na efektywnos¢ utylizacji osadu
scickowego, parametry przezyciowe larw oraz bioakumulacje pierwiastkow. Bioakumulacja
opisana zostala dwoma wskaznikami: tradycyjnym BAF oraz nowym, zaproponowanym
w drugiej pracy, BAIL. Tylko niewielka liczba pierwiastkow w tym: Ag, Ca, Cd, K, Mg i Mn
ulegta bioakumulacji w larwach H. illucens, wedtug wskaznika BAF. Natomiast BAI wykazat
bioakumulacje 22 pierwiastkow z wyjatkiem: B, Cr, K, Mg, Mn, P, S i Si. Dodatek paszy
optymalnej (20%) spowodowat okoto 1,35—krotny wzrost utylizacji odpadu.
stowa kluczowe: czarna mucha, rewaloryzacja, gospodarka cyrkularna, gospodarka odpadami,

entomoremediacja, osad $cieckowy, bioakumulacja, pierwiastki
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Abstract

A major challenge facing mankind today is how to ensure the sustainable development
of an ever—increasing population without adversely affecting the environment. One answer
to this question is to implement the principles of the so called circular economy,
i.e., the recovery of valuable raw materials and the widest possible reuse of waste generated
by human activity. One of the ways in which the principles of the circular economy
are implemented is broadly understood bioremediation — recently also entomoremediation, as
a part of this. This process can be defined as the use of specialized insects and associated
microorganisms to utilize, extract, sequester and/or detoxify contaminants from soil, sediment
and biomass.

Insects are a group of animals that are the most species—diverse. They inhabit both
terrestrial and aquatic environments in all climatic zones. Their natural importance can hardly
be overestimated. Insects also play a very important role in the human economy in this latter
aspect, one can speak of beneficial insects or pests. However, it should be remembered
that the economic point of view does not necessarily coincide with the natural one, and an insect
that is considered a pest to man can (and usually does) play an important role in nature. In recent
years, insects have been used in waste management. A good example is the larvae of Hermetia
illucens used for this purpose, which are linked to their high rate of bioconversion.

H. illucens, also known as the black fly or black soldier fly (BSF), belongs
to holometabolous insects. Its developmental cycle consists of several stages: eggs, larvae,
pupae and adults. H. illucens was originally found in the Americas. Currently, the species
can be found in areas with subtropical, tropical and warm climates. Relevant to the scope
of the dissertation are the larvae, which are saprophages (feed on dead organic matter,
such as food scraps, animal dung or human excrement). Their biomass contains 32-58% protein
and 15-39% lipids on a dry weight basis. The larvae can be a valuable source of nutrients
for the production of feed, for example, for pigs, fish or poultry, as well as for pets
such as reptiles and amphibians. Dog food containing H. illucens protein is now commercially
available and is recommended, especially in the presence of food allergies to proteins
from other animals, such as poultry. The exuviae (puparia) remaining after the adults (flies)
hatch from the pupae may become an alternative source of chitin and chitosan. In addition,
peptides produced by H. illucens larvae have been shown to have antimicrobial properties.

This dissertation deals with the management of nuisance waste, which is municipal sewage
sludge, and its treatment with H. illucens larvae. The research focused on determining
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the degree of bioaccumulation of micro—, macronutrients, and toxic elements in the different
developmental stages of the insect H. illucens, as well as in the pupae exuviae. The dissertation
consists of three articles, two of them have already been published and the third is at the review
stage. The first study was concerned with determining the bioaccumulation potential
of H. illucens on an optimal feed for the larvae, which also allowed a more accurate
determination of the insect's survival parameters during rearing. In this study, the ability
of H. illucens to bioaccumulate selected elements: Ba, Bi and Ga was demonstrated for the first
time. Bioaccumulation of Cu, Fe, Hg, Mg, Mo, Se, Zn occurred in all insect life stages
and in the exuviae, while H. illucens showed no ability to bioaccumulate Al, As, Co, K, Pb
and Si. In addition, Ca, Cd, Ga, Mn, P and S were bioaccumulated only in some developmental
stages of the insect.

In a second publication, a new index was proposed for determining the degree
of bioaccumulation of elements — called the bioaccumulation index (BAI). The idea originated
during the first study because the widely known bioaccumulation factor (BAF) could lead
to interpretation errors in some cases. The proposed bioaccumulation index takes into account
the initial concentration of metals in young larvae taken for experiments, and additionally
allows determining the reduction of the content of a given element in the larvae bodies during
the growth of the larvae, which the BAF does not allow.

The third publication (which is in the review stage) contains the results of studies
of the bioconversion of sewage sludge by H. illucens larvae. It was also tested whether a small
addition of optimal feed would affect the efficiency of sewage sludge utilization, the survival
parameters of the larvae, and bioaccumulation of elements. The bioaccumulation of elements
was described by two indices: the traditional BAF and the new BAI, proposed in the second
article. Only a small number of elements were included: Ag, Ca, Cd, K, Mg and Mn
bioaccumulated in H. illucens larvae, according to the BAF factor. In contrast, BAIl showed
bioaccumulation of 22 elements except: B, Cr, K, Mg, Mn, P, S and Si. The addition of optimal
feed (20%) resulted in an approximately 1.35—fold increase in waste utilization.
keywords: black soldier fly, revalorization, circular economy, waste management,

entomoremediation, sewage sludge, bioaccumulation, elements
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1. Wprowadzenie

1.1 Gospodarcze znaczenie owadow

Owady, jako najbardziej zr6znicowana gatunkowo gromada zwierzat, zasiedlaja niemalze
wszystkie strefy klimatyczne. Pelnig wazng rolg w zachowaniu rownowagi ekologicznej
W przyrodzie i utrzymaniu $rodowiska naturalnego na odpowiednim poziomie. Organizmy
te zamieszkuja $rodowisko ladowe, przystosowaty si¢ réwniez wtornie do egzystowania
w srodowisku wodnym. Liczba gatunkow owadoéw szacowana jest na ponad 5,5 miliona,
z czego 80% pozostaje nadal do odkrycia (Stork 2018). Owady wyrdzniaja si¢ zdolno$cia
adaptacji do srodowiska, potrafig szybko si¢ rozmnaza¢, a takze sa zarloczne. Wiele gatunkow
posiada réwniez umiejetnos¢ latania. Wazna cechg adaptacyjng owadow jest ich umiejgtnosé
przystosowywania si¢ do zmiennych warunkéw $rodowiska, przez co tatwo opanowuja nowe
tereny. Nie mniej istotny jest fakt, ze w wigkszo$ci majg one niewielkie rozmiary, co ulatwia
im ekspansj¢ i zwigksza mozliwos¢ zasiedlania kolejnych nisz srodowiskowych (Perez i Aron
2020).

Znaczenie przyrodnicze owaddw jest niebagatelne. Dbaja o zachowanie rownowagi
biocenotycznej bedac roslinozercami, drapieznikami, saprofagami, pasozytami a takze same
jednoczesnie sg pokarmem dla innych zwierzat. Owady przyczyniaja si¢ réwniez do rozwoju
wielu ro$lin poprzez zapylanie kwiatdow oraz zbieranie nektaru, stanowia tez ochrone
biologiczng upraw (Knutelski 1 Knutelska 2020). Owady biorg rowniez udziat w poprawianiu
jakosci gleby m.in. przez spulchnianie jej czy czynny udzial w rozktadaniu produktow
organicznych (np. padliny czy opadtych roslin) (Rohacek i Hora 2013).

Od wielu lat owady sa zpowodzeniem wykorzystywane w gospodarce, petnigc
W niej znaczaca rolg. Niektore gatunki owadow znajduja zastosowanie w przemysle
spozywczym przy produkcji miodow, zywicy naturalnej (tzw. szelak) oraz barwnika
spozywczego — kwasu karminowego (koszenila, karmina) (Chimenos i in. 2003). Analizujac
przydatnos¢ owadoéw, zazwyczaj bierze si¢ pod uwage aspekt gospodarczy,
ktory nie we wszystkich przypadkach musi pokrywac si¢ z przyrodniczym punktem widzenia.
Nierzadko owad, ktory jest dla cztowieka szkodnikiem, w przyrodzie peini wazng role. Wérod
upraw rolniczych, w ogrodach, szklarniach czy sadach wystepuja tysigce gatunkoéw
organizmoéw powigzanych ze sobg r6znymi czynnikami i zalezno$ciami.

Biorac pod uwagg, ze: 1) biatko owaddw jest bardzo tatwo przyswajalne 1 zawiera wszystkie

potrzebne cztowiekowi aminokwasy, ii) produkcja owadow wymaga znacznie mniejszych
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naktadéw wody, energii, miejsca oraz naktadéw finansowych, iii) pokarmem dla owadéw moga
by¢ czesto bioodpady pochodzace z innych gatezi produkeji rolniczej, iv) w czasie
tejze produkcji emitowane sg znaczaco mniejsze ilosci gazow cieplarnianych, to nie dziwi
fakt, ze owady moga sta¢ si¢ znaczacym zrodlem pozywienia dla duzej liczby populacji.
Jednakze pewnym ograniczeniem w tym zakresie sg nawyki I kwestie kulturowe (Kostecka
I in. 2017).

Przyktadem moze by¢ wigkszo$¢ krajow europejskich, gdzie spozywanie owadow
nie jest popularne i zazwyczaj nie jest pozytywnie odbierane przez spoteczenstwo. Kultura
jedzenia czy przyzwyczajenie si¢ do okreslonego sposobu spozywania positkow sprawia,
ze W wigkszosci krajow lezacych w strefie umiarkowanej spozywanie owadow uznawane
jest za ekstrawagancje (Kostecka i in. 2017, Krzyzaniak i in. 2022). Jednakze trzeba zauwazy¢,
ze spozywanie owadoéw przez ludzi (entomofagia) jest szeroko rozpowszechnione
na wszystkich innych kontynentach oprocz Europy (i silag rzeczy Antarktydy, gdzie
nie wystepuja owady na tyle duze, by mogty stanowié¢ zrodto pozywienia) (Chung i in. 2002).
Bioragc pod uwagg ich wartosci odzywcze, prostote hodowli, konieczno$¢ poszukiwania
alternatywnych Zrodet biatka i obnizenie wydatkéw energetycznych i sSrodowiskowych, nalezy
oczekiwac, ze spozycie owadow bedzie rosto (Rumpold i Schliiter 2013).

Potwierdzeniem tego kierunku rozwoju, jako przysztosciowego zabezpieczenia zywnosSci
dla ludzi oraz paszy dla zwierzat domowych, sg r6zne migdzynarodowe programy badawcze.
W ich realizacje zaangazowana jest Swiatowa Organizacja ds. Wyzywienia i Rolnictwa ONZ
(Vantomme iin. 2012). Dodatkowo juz i w Unii Europejskiej wiele gatunkéw owadow
hodowanych jest na skale przemystowa. Siedem z tych gatunkéw speilnia warunki
bezpieczenstwa dla celoéw paszowych. Zaliczy¢ do nich mozna gatunki takie jak: czarna mucha
(Hermetia illucens (Linnaeus, 1758)), mucha domowa (Musca domestica (Linnaeus, 1758)),
macznik miynarek (Tenebrio molitor (Linnaeus, 1758)), plesniakowiec ztocisty (Alphitobius
diaperinus (Panzer, 1797)), $wierszcz domowy (Acheta domesticus (Linnaeus, 1758)),
swierszcz bananowy (Gryllodes sigillatus (Walker F., 1869)) i §wierszcz kubanski (Gryllus
assimilis (Fabricius, 1775)) (Rozporzadzenie Komisji (UE) 2017/893).

Niezaleznie od tego, na mocy Rozporzadzenia Parlamentu Europejskiego i Rady Unii
Europejskiej nr 2015/2283, dopuszczono na rynek tak zwang ,,nowa zywno$¢” (ang. novel
food), w ktorej wilaczono niektore owady oraz ich czesci. Wykorzystywano produkty
pochodzace z trzech owadow: i) suszone larwy macznika miynarka (Tenebrio molitor),
i) mrozong, suszong 1 sproszkowang szarancz¢ wedrowng (Locusta migratoria)

oraz iii) mrozonego, suszonego i sproszkowanego $wierszcza domowego (Acheta domesticus)
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(Rozporzadzenie Wykonawcze Komisji (UE) 2021/882, Rozporzadzenie Wykonawcze
Komisji (UE) 2021/1975, Rozporzadzenie Wykonawcze Komisji (UE) 2022/188).

Analizujgc prawodawstwo europejskie, nalezy tez wymieni¢ Rozporzadzenie Komisji (UE)
2021/1372 z dnia 17 sierpnia 2021 r. zmieniajace zatgcznik IV do rozporzadzenia (WE)
nr 999/2001 Parlamentu Europejskiego i Rady w odniesieniu do zakazu karmienia zwierzat
gospodarskich, innych niz przezuwacze i zwierzeta futerkowe, biatkiem pochodzacym
od zwierzat. W rozporzadzeniu tym dopuszczono karmienie zwierzat akwakultury, trzody
chlewnej oraz drobiu przetworzonym biatkiem pochodzacym od owadow gospodarskich
(m. in. Hermetia illucens) (Fowles i in. 2019). Biorac pod uwagg zmieniajace si¢ podejscie
do rynku wysokobiatkowych substratow paszowych, H. illucens zaczyna by¢ realng
alternatywa zywienia zwierzat. Owad ten moze by¢ wykorzystywany w formie zywej, suszonej
czy przetworzonej (maczka owadzia) (Akhtar i in. 2018).

Istnieje wiele innych zastosowan tego owada poza wykorzystywaniem na cele paszowe.
Nasycone kwasy tluszczowe wystepujace w maczce wykorzystywane sa w zywieniu zwierzat,
produkcji biodiesla, przemysle kosmetycznym czy chemicznym (Elsayed i1 in. 2020, Wong
iin.2020). Kwas laurynowy i peptydy przeciwdrobnoustrojowe maja wlasciwosci
wzmacniajace odpornos¢. Moga by¢ wykorzystywane jako alternatywa do antybiotykéw (Choi
I in. 2018, Moretta i in. 2020). Chityna i chitozan pozyskiwane z larw owadow jest cennym
produktem posiadajacym zastosowanie komercyjne (Wasko 1 in. 2016, Wang i in. 2020).
Istnieja rowniez badania dotyczace potencjalnego wykorzystania bioaktywnych zwigzkow
owada w pielegnacji skory (Almeida i in. 2020, Franco i in. 2021). Biatka H. ilucens
mogg by¢ wykorzystywane tez do produkcji bioplastikow (Setti i in. 2020, Nuvoli i in. 2021).

Nalezy takze wspomnie¢, ze odpady po produkcji owadéw moga by¢ wykorzystane
w rolnictwie jako nawoz (Klammsteiner i in. 2020, Schmitt i in. 2020) lub znaleZ¢ zastosowanie
do produkcji biogazu (Bulak i in. 2020, Czekata i in. 2020). Jednym z waznych kierunkéw
wykorzystania owadow, istotnym w kontekScie niniejszej pracy, jest wykorzystanie ich w

szeroko rozumianej bioremediacji (Bulak i in. 2018, Meijer i in. 2019, Fan i in. 2020).

1.2 Entomoremediacja jako jeden ze sposobéw wykorzystania owadow

Istnieje wiele definicji bioremediacji, jednakze w praktyce opisujg one ten sam proces.
Na potrzeby niniejszej pracy mozna przywota¢ definicje podang przez Wesseler i in. (2022),

ktorzy bioremediacj¢ okreslili jako wykorzystanie proceséw biologicznych lub aktywnosci
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organizmow do przeksztalcenia zanieczyszczen w substancje oboj¢tne, co czyni
je niereaktywnymi lub nieaktywnymi w reakcjach chemicznych.

Biorgc pod uwage, jakie organizmy sa wykorzystywane, bioremediacj¢ mozna podzieli¢
m.in. na: fitoremediacje (Shen i in. 2022), mykoremediacj¢ (Muszynska i in. 2017),
wermiremediacj¢ (Bai i Vijayalakshmi 2002), remediacj¢ z wykorzystaniem mikroorganizmow
(Singh i in. 2011) oraz entomoremediacj¢ (Bulak i in. 2018).

W literaturze termin entomoremediacja, po raz pierwszy zostat uzyty przez Ewuima (2013).
Autor nie przedstawit wynikow eksperymentéw, ale zdefiniowat entomoremediacje
jako technike, w ktorej owady moga by¢ wykorzystane do oczyszczania z metali cigzkich
zdegradowanej gleby. Zaproponowat on mrowki, chrzaszcze i termity jako owady,
ktore mogag by¢ wykorzystane do przeprowadzenia tego procesu. Obecnie najbardziej aktualna
definicja tego procesu brzmi nastepujaco: entomoremediacja (z gr. entomon —owad,
Z tac. remedium — oczyszczanie lub  przywracanie) jest to  wykorzystywanie
wyspecjalizowanych owaddéw oraz towarzyszacych im mikroorganizméow do utylizacji,
ekstrakcji, sekwestracji i/lub detoksykacji zanieczyszczen z gleby, osadow oraz biomasy.
Za entomoremediacj¢ mozna wigc takze uzna¢ wykorzystanie owadéw do redukcji odpadowej

biomasy, ktora nie nadaje si¢ lub jest trudna do zagospodarowania w inny sposob.

1.3 Hermetiaillucens jako owad o coraz wi¢kszym znaczeniu gospodarczym

H. illucens jest gatunkiem muchowki (Diptera) z rodziny lwinkowatych (Stratiomyidae).
Pierwotnie owad ten zasiedlal obszary o cieptym klimacie (migdzy 46°N a 42°S szerokosci
geograficznej) (Ustiiner i in. 2003). Pierwsze $lady na temat wystepowania H. illucens znalez¢
mozna w literaturze z 1914 roku (Oliviera i in. 2015). W srodowisku naturalnym zazwyczaj
wystepuje w miejscach produkeji rolnej, w otoczeniu skladowisk odpaddéw organicznych
(miejsc zerowania gatunku w stadium larwalnym). Mozna je rowniez spotka¢ w miastach,
w okolicach $mietnikéw czy kompostownikow. Przez dziatalnos¢ cztowieka w ostatnim czasie
gatunek ten jest obserwowany w stanie dzikim w krajach Europy Zachodniej (Czechy, Francja
czy Niemcy) (Rohacek i Hora 2013). Owad ten przez dtugi czas nie posiadatl polskiej nazwy
gatunkowej, jednakze obecnie w Polsce utrwalila si¢ nazwa czarna mucha. Nawigzuje
ona do angielskiej nazwy black soldier fly i najprawdopodobniej po raz pierwszy zostala uzyta
w tlumaczeniu rozporzadzenia Komisji Europejskiej 2017/2470, dopuszczajacej hodowle
H. illucens na cele paszowe. W poréwnaniu do typowych much domowych, nie przenosi

chor6b zakaznych — z punktu widzenia srodowiskowego jest ona niegrozna (Joosten i in. 2020).
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Zwrocono na nig uwage ze wzgledu na jej umiejetno$é przetwarzania odpadow — bardzo
zartoczne larwy utylizuja biomasg, pomagajac w redukcji emisji zwigzkow lotnych i przykrego
zapachu oraz zmniejszajac emisje gazow cieplarnianych (Joly i in. 2019, Gligorescu i in. 2020).

Jaja czarnej muchy zazwyczaj sg sklejone ze sobg sluzem (by nie tracity wilgotnosci),
tworzac zwarte pakiety. Sg dlugosci ok. 1,0-1,4 mm. Maja eliptyczny ksztalt, przypominajacy
ziarna ryzu. Ich kolor jest uzalezniony od wieku jaja (od mlecznego do zottego). Larwy
H. ilucens siegajg dlugosci ok. 1,5-2,0 cm. Majg budowe segmentowg z mata wystajgca glowa
(Pendyurin i in. 2021). Ostatnie stadium larwalne — prepoczwarka, ma dlugos¢ w przyblizeniu
2,2 cm, a jej ciato jest wydtuzone i sptaszczone. Prepoczwarki przyjmuja kolor ciemnoszaro—
brazowy i stronig od wilgotnych miejsc. Gdy przedostang si¢ do odpowiedniego miejsca,
ich egzoszkielet twardnieje i poczwarka staje si¢ nieruchoma. Z takiej poczwarki wydostaje
si¢ dorosta posta¢, pozostawiajac po wyjsciu wylinke. Doroste osobniki majg wielkos¢ ok. 1,5—
2,0 cm. Jej czarne ubarwienie w §wietle mieni si¢ odcieniami zotci, zieleni i biekitu (Bonelli
i in. 2019). H. illucens jest owadem holometabolicznym — podlega przeobrazeniu zupelnemu
tzn. w cyklu zycia wystepuja poczwarki (Rys. 1). Jej pelny cykl rozwojowy, w optymalnych
warunkach, zamyka si¢ w 40—45 dniach, z czego potowa tego czasu przypada na stadium

larwalne.

D ik = @ o

jaja larwa poczwarka

Rysunek 1. Stadia rozwoju H. illucens.

H. illucens jest coraz powszechniej hodowana w Unii Europejskiej (takze w Polsce)
na skalg przemystowa jako zwierzg gospodarcze — glownie na cele paszowe. Od 2017 roku,
zgodnie z Rozporzadzeniem Komisji (UE) 2017/893 dozwolone jest hodowanie tego gatunku
do zywienia ryb. Mozliwe jest wykorzystanie catych owadow, jak rowniez wytworzonych
z nich produktow, gtownie izolatu biatka czy thuszczu.

Do zalet hodowlanych H. illucens zaliczy¢ mozna krotki czas potrzebny na ukonczenie
cyklu zyciowego. Liczba sktadanych jaj przez osobniki doroste rowniez pozwala na sprawne
i szybkie ,,budowanie” hodowli. Ilo§¢ gazow cieplarnianych uwalnianych do atmosfery

w trakcie chowu czy zuzycie wody jest mniejsze niz w przypadku chowu innych zwierzat
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gospodarskich. Dzigki niewielkim rozmiarom owadéw powierzchnia wymagana do zalozenia
i utrzymania hodowli moze by¢ niewielka (Barrett i in. 2023). Do wytworzenia 1 kg biatka
z czarnej muchy potrzebne jest znacznie mniej paszy w stosunku do innych zwierzat
gospodarskich (Dzepe i in. 2021). Larwy i prepoczwarki czarnej muchy posiadajg dobry sktad
odzywczy, ktory mozna poréwnaé¢ do drobiu czy ryb (Barragan—-Fonseca i in. 2017).
Sa one bogate w biatko o korzystnym profilu aminokwasowym. Co wazne, H. illucens zawiera
takie sktadniki odzywcze, ktore w przypadku spozywania innych zwierzat trzeba
suplementowac (np. niektore pierwiastki czy witaminy) (Mertenat i in. 2019).

Produkcja przemystowa, wykorzystujaca H. illucens, z roku na rok si¢ powigksza.
Pomiedzy 2014 a 2015 rokiem na $wiecie powstato 61 firm produkujacych czy sprzedajacych
owady oraz ich przetworzone formy (Dossey i in. 2016). Przewidywania ekonomistow
zaktadaja, ze rynek sprzedazy owadoéw na potrzeby zywieniowe do 2025 roku przekroczy
1,18 miliarda dolaréw (Statista 2019).

H. illucens jest szeroko wykorzystywana w wielu obszarach dziatalnosci cztowieka.
Omowienie tych obszarow mozna znalez¢ w ostatnio wydanej pracy przegladowej (Kaczor
iin.2023). Fakt, ze H. illucens moze by¢é 2z powodzeniem wykorzystywana
w entomoremediacji, wynika ze wspomnianej powyzej zdolnosci zerowania na réoznorodnej

odpadowej biomasie i zdolnosciach do bioakumulacji lub biodegradacji zanieczyszczen.

1.4 Osady sciekowe jako ucigzliwy odpad komunalny

Scieki z gospodarstw domowych, placéwek publicznych, przemystowych zawierajg
subtancje organiczne i pierwiastki biogenne, jak rowniez szereg zanieczyszczen poprzez metale
ciezkie, substancje tokstyczne czy mikroorganizmy. Scieki te trafiaja do oczyszalni $ciekow,
gdzie podczas procesu ich oczyszczania jako produkt uboczny powstaje osad (Lagod
i in. 2019). Osady s$ciekowe zawieraja ponad potowg zanieczyszczen, ktore ze $ciekami
surowymi docieraja do oczyszczalni. Ilo$ci osadow S$ciekowych z kazdym rokiem rosnie,
w szczeg6lnosci w krajach wysoko zaawansowanych technologicznie (Cieslik i in. 2015).
Wedhug danych Eurostatu w samej UE produkowanych jest okolo 7 min ton osadow
sciekowych rocznie.

Zgodnie z ustawa z 14 grudnia 2012 r. o odpadach (DZ. U. 2022, poz 699), osady sciekowe
powinny by¢ poddawane przerdbce, po czym odpowiednio wykorzystane, zagospodarowane
badz unieszkodliwione. Sama przerdbka osadow sktada si¢ z nastepujacych po sobie etapow:

1) zageszczanie osadow surowych (odwodnienie ich do poziomu 94-96%), ii) rozktad ok. 50%
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suchej masy substancji organicznych zawartych w osadzie, wykorzystujac procesy stabilizacji
tlenowej lub beztlenowe;j, iii) kolejne odwodnienie osaddéw ustabilizowanych tak, by koncowa
zawartos© wody wynosita 75-60% (zaleznie od technologii osuszania czy przeznaczenia
osadu), iv) usunigcie osadu z oczyszczalni (Kacprzak i in. 2017).

Sktad osadu opuszczajacego oczyszczalni¢ jest uzalezniony od technologii stosowanych
na roznych etapach procesu prowadzonego w oczyszczalni, takich jak np. kogeneracja biogazu,
kofermentacja badz usuwanie azotu z osadéw (Liu i in. 2013, Pastor i in. 2013).
Do oczyszczania $ciekéw komunalnych, w szczegdlnosci w wiekszych miastach, najczesciej
wykorzystywane jest oczyszczanie przeptywowe (mechaniczno-biologiczne). W takich
oczyszczalniach osad z osadnikéw wstgpnych wymieszany z 0sadem nadmiernym poddawany
jest fermentacji metanowej (Jaromin—Glen i in. 2015). Dla odroznienia od pozostatych
rodzajow osadow, bedzie on dalej nazywany osadem pofermentacyjnym.

Osad pofermentacyjny zawiera zwykle kilkadziesigt procent wegla (w stosunku do suche;j
masy), pie¢ procent azotu oraz okoto szesciu procent fosforu (Fytili i Zabaniotou 2008).
Jednakze bioragc pod uwage, ze na wczesniejszych etapach oczyszczania S$ciekow
(przy wykorzystaniu osadu czynnego oraz w czasie fermentacji metanowej w wydzielonych
komorach fermentacji) tatwo dostepny wegiel zostat wykorzystany, ten, ktoéry pozostat
w osadzie pofermentacyjnym, jest dla organizmow zdecydowanie trudniej dostepny.

W przypadku, Kiedy stezenia metali cigzkich w osadach pofermentacyjnych jest ponizej
dopuszczalnych  limitow  okreslonych w  Rozporzadzeniu  Ministra  Srodowiska
(Dz.U.2015.257), to osady takie mozna stosowa¢ do celéow rolniczych. Jednak wielkokrotne
stosowanie osadow $ciekowych w celach nawozowych (nawet w przypadku gdy stezenia metali
sa w dopuszczalnych granicach) moze doprowadzi¢ do nagromadzenia si¢ 1 zwigkszenia stezen
np. metali cigzkich, co moze negatywnie wpltywaé na zmiany zyzno$ci gleb, obnizajac
przez to ilos¢ 1 jako$¢ plondéw, co w konsekwencji moze stanowi¢ zagrozenie dla rolnictwa.
W tym przypadku jedyny sposob utylizacji osadow pofermentacyjnych z takich oczyszczalni
polega na spaleniu ich 1 odzyskaniu energii (co oczywiscie generuje gazy cieplarniane)
(Nakakubo i in. 2012). W niektorych krajach dopuszczalne jest tez wywiezienie na sktadowisko
odpadow, co z kolei, szczegdlnie w perspektywie paradygmatu gospodarki cyrkularnej
i ochrony $rodowiska, jest skrajnie niepozadang formg ich zagospodarowania (Kelessidis

I Stasinakis 2012).
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2. Cel rozprawy doktorskiej oraz hipotezy badawcze

Zasadniczy cel rozprawy doktorskiej byl tozsamy z jej tytulem i dotyczyl oceny
mozliwo$ci wykorzystania Hermetia illucens w entomoremediacji osadow po oczyszczaniu

Sciekow komunalnych.

Realizacja celu gtbwnego mozliwa byta poprzez realizacje¢ celow czastkowych:

e C1. Ocena potencjatu do bioakumulacji wybranych pierwiastkéw w organizmie H. illucens

na roéznych etapach jej rozwoju w warunkach optymalnych,

e C2. Ocena mozliwosci wykorzystania osadu pofermentacyjnego po oczyszczaniu §ciekéw

komunalnych jako substratu dla larw H. illucens,

e C3.Ocena bioakumulacji pierwiastkdbw wystepujacych w osadzie pofermentacyjnym
po oczyszczaniu $ciekow komunalnych w organizmie H. illucens na réznych etapach

jej rozwoju.

Postawienie przed sobg celu gléwnego oraz celow czastkowych mozliwe byto na podstawie

przyjetych hipotez badawczych:

v' H1. H. illucens akumuluje niektoére pierwiastki w swojej biomasie podczas zerowania

na karmie zawierajacej te pierwiastki,
v' H2. Stezenia zakumulowanych pierwiastkow mogg by¢ rozne w larwach, poczwarkach,
wylinkach i imago,

v' H3. W przypadku, gdy H. illucens nie akumuluje danego pierwiastka, to jego stezenie
po zerowaniu larw zwiekszy si¢ w pozostatosci ze wzgledu na utylizacj¢ materii organicznej

przez larwy,

v' H4. Larwy H. illucens s w stanie przezy¢, zywigc si¢ przefermentowanym osadem
po procesie oczyszczania $ciekow, przez co moga zredukowac jego ilo$¢ 1 zakumulowac

niektore pierwiastki w nim zawarte.
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Wiedza i do§wiadczenie pozyskane w trakcie realizacji pracy (publikacji P.1) doprowadzito
do wniosku, ze wykorzystywana powszechnie w publikacjach wielko$¢ fizyczna opisujaca
poziom bioakumulacji (tzw. BAF — bioaccumulation factor) nie jest w petni odpowiednia
dla warunkéw doswiadczen prowadzonych w dalszych czeSciach pracy. Dlatego dodano

jeszcze jeden cel czastkowy, ktéry mozna sformutowaé w sposéb nastepujacy:

o C4. Zaproponowanie  nowej  wielkosci  fizycznej  opisujacej  bioakumulacje
w doswiadczeniach laboratoryjnych, w ktorych organizmy najpierw hodowane

byty na jednej karmie, a nastepnie przeniesione i hodowane na inne;j.

Hipoteza badawcza lezaca u podstaw niniejszego celu czastkowego byta nastepujaca:

v H5. W momencie przygotowania organizmu do wlasciwego doswiadczenia nastepuje

akumulacja réznych pierwiastkow wystepujacych w karmie uzywanej na tym etapie.

W kontekscie powyzszych celow nalezy odnie$¢ sie do zdania zawartego w tytule
publikacji P.1 tj. frazy ,,Implications for feed and food production”. Z tego sformutowania
moze wynika¢, ze ta publikacja nie taczy si¢ z tematyka niniejszej rozprawy. Wytlumaczenie
tego faktu jest nastepujace: do tego etapu badan postanowiono wzig¢ karme, ktora bedzie
optymalna do skarmiania H. illucens, ale bedzie miata jak najmniejsza zawarto$¢ metali
cigzkich. Wybodr padt na karm¢ wykorzystywana do hodowli ryb (skuteczno$¢ tej karmy
potwierdzono w badaniach wstgpnych). Dzigki matym stezeniom metali cigzkich mozna
byto zaobserwowa¢, w stosunku do ktorych pierwiastkow wystepuje potencjal bioakumulacji
— realizacja pierwszego celu czastkowego. Natomiast dodanie tej informacji odnoszacej
si¢ do producentow pasz i zywnoSci poszerzyto krag potencjalnych odbiorcow wynikow

zawartych w P.1.
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3. Materialy i metody

3.1. Hermetia illucens

Larwy H. illucens uzyte do do$wiadczen pozyskano ze stabilnej hodowli matecznej
prowadzonej w Instytucie Agrofizyki Polskiej Akademii Nauk w Lublinie. Hodowla mateczna
prowadzona byta w ciemnosci w larwarium, na podtozu z wtdkna kokosowego, umieszczona
w inkubatorze laboratoryjnym w temperaturze 26 + 1 °C przy wilgotnosci podtoza 70 + 10%
(Rys. 2).

Rysunek 2. Larwarium (pojemnik ze szkta akrylowego (plexi) umieszczony w inkubatorze
laboratoryjnym).

W celu uzyskania wystandaryzowanych larw do wszystkich do$wiadczen, hodowla
mateczna skarmiana byta karma dla ryb zakupiong od producenta (Euroeco Beszczynski,
Polska). Karma sktadata si¢ ze $ruty poekstrakcyjnej rzepakowej, ekstrudowanego koncentratu
biatka roslinnego, $ruty biatkowej ekstrakcyjnej z roslin oleistych, $ruty zbozowej
oraz produktow przetworstwa zbdz i olejow roslinnych. Zawierata: 52,0% weglowodanow,
3,5% tluszczu, 24,0% bialka, 7,0% witdkna, 7,0% popiotu oraz 6,5% sacharydéw. Wartos¢
energetyczna deklarowana przez producenta wynosita 12,85 MJ-kg?. Pozostate podstawowe

wilasciwos$ci karmy przedstawiono w Tab. 1.
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Tabela 1. Podstawowe wiasciwosci karmy stosowanej do skarmiania hodowli matecznej,
wykorzystane w publikacji P.1 oraz P.3. W tabeli podano wartosci $rednie (n = 3) oraz odchylenia

standardowe.
Wielko$¢é charakteryzujaca karme Warto$¢ parametru
PHH20 (Wiv 1:20) 6,22+ 0,01
Sucha masa (105 °C/24 h) 91,516 £ 0,098%
Wegiel catkowity 43,917 £ 0,395%
Azot catkowity 2,302 £0,352%
C:N 19,387 + 3,041

Aby otrzyma¢ larwy rownej wielko$ci, mtode siedmiodniowe larwy oddzielono od podtoza
za pomocy sita 0 oczkach 500 pm i pozostawiono na 24 godziny do opréznienia jelit. Nastepnie
larwy przeptukano kilkakrotnie woda destylowana i wysuszono na r¢cznikach papierowych

W celu usunigcia pozostatosci podtoza.

3.2. Osad $ciekowy

Pofermentacyjne osady S$cickowe pozyskano z miejskiej oczyszczalni $ciekow
w Hajdowie, bedacej mechaniczno-biologiczng oczyszczalnig przeptywowa miasta Lublin
i okolic. Podstawowe wlasciwosci osadu oraz osadu wzbogaconego karmg dla ryb (karma

wykorzystana w P.1) przedstawiono w Tab.2.

Tabela 2. Podstawowe wlasciwo$ci osadu i osadu wzbogaconego karma dla ryb wykorzystane w
publikacji P.3. W tabeli podano warto$ci $rednie (n = 3) oraz odchylenia standardowe.

Substrat
Wielkos¢ Przefermentowany komunaln P;Z?f?rlinentowiny komunlflny
charakteryzujaca z . W lzl u y OSZ | scleb owytf WZ (lzgacony arma
substrat osad $ciekowy a ryb w stosunku wagowym
80:20
Wartos¢ parametru
PHH20 (W/v 1:20) 8,41 +0,01 8,18 + 0,02

Sucha masa (105 °C/24 h) 22,317 +0,173% 26,122 +1,333%

Wegiel catkowity 35,430 =3,091% 35,629 £ 1,517%

Azot catkowity 3,996 + 0,340% 4,062 +0,197%

C:N 8,953 + 1,542 8,775+ 0,223
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3.3. Uklad eksperymentalny

Poszczegdlne doswiadczenia (P.1 i P.3) przeprowadzono w trzech powtorzeniach
w plastikowych pojemnikach z pokrywkami o wymiarach 23 cm X 15 cm x 10 cm.
Temperatura, w ktérej prowadzono doswiadczenia, byta taka sama jak dla hodowli matecznej
(26 £ 1 °C). W kazdym pudetku umieszczano po sto larw.

W publikacji P.1 byta to ta sama karma, co w hodowli matecznej (czyli komercyjna pasza
dla ryb) w ilosci 100 g suchej masy (s.m.) paszy na 100 larw. W publikacji P.3 zastosowano
dwa warianty skarmiania: przefermentowany komunalny osad $ciekowy (POS)
oraz jego mieszaning z pasza dla ryb w stosunku 80:20 w przeliczeniu na suchg masg
(POS+KD). Wariant wzbogacony karma przygotowano poprzez zmielenie paszy dla ryb
mikserem laboratoryjnym na jednorodny pyl, nastepnie do osadu $cieckowego dodano
odpowiednig ilos¢ tak, aby zachowaé zaplanowany stosunek wagowy, a nastgpnie mieszaning
ponownie zmielono do uzyskania homogenicznej masy. Podobnie jak w przypadku
P.1 zastosowano dawke 1gs.m. osadu S$cieckowego na jedna larwe. Wilgotnosci
W poszczegdlnych wariantach dostosowano doswiadczalnie tak, aby karma uzyskata
konsystencje¢ mokrej papki (optymalne dla skarmiania H. illucens), co nastgpito przy wartosci
ok. 70 £ 5% (w/w).

W celu usunigcia gazéw powstatych na skutek przemiany materii przez larwy H. illucens
oraz mikroorganizmy obecne w substracie, powietrze z pudetek byto systematycznie
wymieniane przy pomocy pomp napowietrzajacych (Oxyboost APR 300, Aquael, Polska).
Kazda pompa miata wydajnos¢ 300 dm3-h*t. Dodatkowo codziennie otwierano pojemniki
i substrat delikatnie mieszano bagietka szklang. Poniewaz w czasie napowietrzania zloze
(karma z larwami) przesuszalo si¢, cyklicznie dodawano odpowiednig ilo$¢ wody,
aby wilgotno$¢ pozostata na zadanym poziomie.

Eksperymenty konczono kiedy 50% larw uleglo przepoczwarzeniu. Warunek ten przyjeto
po to, by mdc przeprowadzi¢ analizy we wszystkich stadiach rozwojowych owadow.
Doswiadczenie opisane w P.1 trwato 19 dni, natomiast dos§wiadczenia opisane w P.3 trwaty
113 dni i 28 dni w wariantach odpowiednio POS i POS+KD.

Wszystkie zebrane larwy 1 poczwarki zostaty kilkukrotnie przemyte woda destylowana,
po czym przemyte trzy razy 1 mM roztworem Na;EDTA w wodzie destylowanej, ponownie

przeplukane w wodzie destylowanej i umieszczone w pustych pojemnikach na 24 godziny
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W celu opréznienia uktadu pokarmowego. Po tym czasie procedur¢ mycia powtdrzono.
Do uzyskania imago czg¢s¢ poczwarek oddzielono, przeniesiono do czystych pojemnikow
i inkubowano w temp. 26 = 1 °C . Opisana wyzej procedura mycia zostata zastosowana rowniez
do wylinek i imago.

Probki owadzie do analiz instrumentalnych, po wczesniejszym osuszeniu w recznikach
papierowych, zostaly zamrozone w temperaturze -60°C. Pozostalosci substratow

po eksperymentach zostaly wysuszone w 105 °C przez 24 godziny.

3.4. Metody analityczne

Zawarto$¢ catkowita wegla i azotu mierzono przy uzyciu analizatora pierwiastkéw Flash
2000 (Thermo Scientific, USA). pH substratéw mierzono potencjometrycznie (HQ40D multi,
Hach Lange, USA) w wodzie destylowanej (1:20 w/v) po 30 min. stabilizacji w temperaturze
pokojowe;j.

Stopien utylizacji substratow obliczono za pomocg nastepujacego rOwnania:

. *(DW},—DW
Utylizacja [%] = %‘?\/e) Rownanie 1
b

gdzie:
DWh — sucha masa danego sktadnika analitycznego na poczatku doswiadczenia, DWe — sucha
masa danego sktadnika analitycznego na koncu do$wiadczenia.

Dtugos$¢ owada okreslono za pomocg recznej linijki, a mas¢ 0znaczono za pomocg wagi
laboratoryjnej (EX224M, OHAUS CORPORATION, USA).

Smiertelnos$¢ okreslono na koniec eksperymentu w oparciu o rbwnanie:

. ., 100-(bL—cL ,
Smiertelnosc larw [%] = % Rownanie 2

gdzie:
bL — poczatkowa liczba larw, cL — liczba zyjacych larw + liczba zywych poczwarek pod koniec

eksperymentu.
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Bioaccumulation Factor — wielko$¢ bioakumulacj (BAF) byta liczona zgodnie z formuta

zaproponowang przez Walkera (1990):

stezenie w organizmie B .
BAF = — Réwnanie 3
stezenie w matrycy

gdzie:
matryca w P.1 to karma dla ryb, a w P.3 to przefermentowany osad z oczyszczalni oraz ten sam

osad wzbogacony karma.

Bioaccumulation Index — wielkos¢ bioakumulacji (BAI) byta liczona zgodnie z formuta
(Proc i in. 2020):

__ stezenie w organizmie po eksperymencie — stezenie w organizmie przed eksperymentem

BAI

stezenie w organizmie przed eksperymentem

Rownanie 4

Wszystkie stezenia pierwiastkow zostaty podane w mg-kg™.

Przygotowujac probki do analizy pierwiastkowej w doswiadczeniu opisanym w P.1 i P.3,
karme dla ryb, osady $ciekowe i osady Sciekowe wzbogacone karma dla ryb jak rowniez
wszystkie pozostatosci po doswiadczeniach mineralizowano przy uzyciu HC1 + HNOs i HF,
natomiast probki owadow traktowano HNO3z i H202. Proces mineralizacji przeprowadzono
w czterech etapach (Bulak i in. 2018): i) 15 min ogrzewanie od temperatury pokojowej
do 140 °C; ii) 5 minut w 140 °C; iii) ogrzewanie przez 5 minut od 140 ° do 180 °; oraz iv)
15 minut w 180 °C. Cisnienie podczas procesu nie przekraczato 15 bar.

Stezenie pierwiastkoOw oznaczano z wykorzystaniem ICP—OES (iCAP Series 6500, Thermo
Scientific, USA). Do okreslenia poszczegdlnych pierwiastkOw zastosowano nastepujace
dhugosci fal (nm): Ag 243,779; Al 396,152; As 189,042; B 208,959; Ba 493,409; Bi 190,234;
Ca 184,006; Cd 226,502; Co 228,616; Cr 267,716; Cu 324,754; Fe 261,187; Ga 417,206;
K 766.490; Mg 285,213; Mn 259,373; Mo 204,598; Ni 231,604; P 178,284; Pb 220,353;
S 180,731; Sb 206,833; Se 196.,090; Si 251,611; V 310,230 i Zn 206,200. Do wszystkich
probek dodano wzorzec wewnetrzny Y o wartosci 5 ppm. Wzorce pierwiastkowe zostaty

zakupione od Inorganic Ventures (Stany Zjednoczone).
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3.5. Analiza statystyczna

Doswiadczenia przeprowadzono w trzech niezaleznych powtoérzeniach biologicznych,
a analizy statystyczne wykonano przy uzyciu programu Statistica 13.1. Istotno$¢ statystyczng
okreslono za pomoca testu t-Studenta (p < 0,05). Zawartos¢ pierwiastkow przedstawiono
jako srednie + SD (n = 3). Parametry fizykochemiczne substratow (n = 3) oraz morfologiczne
owadow P.1 (n=30) i w P.3 (n=19-68) przedstawiono jako $rednie + SD.

3.6. Publikacja teoretyczna

W P.2 nie prowadzono eksperymentéw. Zeby pokaza¢ uniwersalnoéé zaproponowanej
nowej miary bioakumulacji, przeszukano dane literaturowe pod katem publikacji, w ktorych
autorzy przedstawiali wyniki zawartosci pierwiastkow w milodych larwach H. illucens
przed doswiadczeniem zasadniczym. Wytypowano publikacje Tschirner i Simon (2015),
jako ze zbiér danych pozwalat na najbardziej obrazowe wykazanie réznic pomigdzy BAF,

a obliczonym na ich podstawie BAL.
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4. Oméwienie wynikow publikacji oraz dyskusja

Celem tej cze$ci rozprawy doktorskiej jest wykazanie powigzania tematycznego
opublikowanych artykutow naukowych oraz manuskryptu przygotowanej publikacji, dlatego
w tym rozdziale zostang przedstawione wyniki bezposrednio dotyczace celu zasadniczego
oraz celow czastkowych. Natomiast pozostate wyniki oraz dyskusja zostaly zamieszczone

w zalgczonych publikacjach P.1 i P.2 oraz w manuskrypcie P.3.

4.1 P.1 Hermetia illucens wykazuje potencjal bioakumulacyjny 15 r6znych
pierwiastkow — implikacje dla produkcji pasz i zywnos$ci (Hermetia
illucens exhibits bioaccumulative potential for 15 different elements
— implications for feed and food production)

Celem prac przedstawionych w publikacji P.1 byta odpowiedZ na pytanie, jakie pierwiastki
moga podlega¢ bioakumulacji w biomasie H. illucens oraz czy bioakumulacja ta rdzni
si¢ W zaleznosci od stadium rozwoju osobnika. Gléwny nacisk zostat potozony na makro—
i mikroelementy, wybrane toksyczne metale cigzkie oraz kilka pierwiastkow nieistotnych
fizjologicznie. Celem byto rowniez przetestowanie potencjatu bioakumulacyjnego H. illucens
ze zrddta pokarmowego o niskich lub umiarkowanych stezeniach pierwiastkéw i znalezienie
odpowiedzi na pytanie, czy bioakumulacja réwniez bedzie zachodzita w warunkach, kiedy
stezenie pierwiastkow jest niewielkie.

Do dos$wiadczenia wykorzystano karme¢ dla ryb, ktéra jest rutynowo wykorzystywana
W hodowli matecznej prowadzonej] w Instytucie Agrofizyki PAN. Wybor tej karmy
zapewnienia wystandaryzowanie (z punktu widzenia sktadu chemicznego organizmu) larw
do prowadzonych badan.

Po 19 dniach trwania doswiadczenia stwierdzono spadek zawartosci suchej masy karmy
0 ponad 64%. Jest to warto$¢ porownywalna do tych raportowanych w literaturze, na przyktad
Gobbi (2012) uzyskat ok. 70% utylizacji suchej masy paszy dla kur. Diener i in. (2009)
obserwowali utylizacje suchej masy réwniez paszy dla kur na poziomie dochodzacym do 42%.
Wiyniki publikacji P.1 wykazaty 70% utylizacj¢ wegla catkowitego. Redukcja zawartosci azotu
catkowitego byla nizsza i osiggneta 40%. W konsekwencji zmniejszeniu ulegt stosunek

C:N — poczatkowy wynosit ok. 19,3, a koncowy byt prawie dwukrotnie nizszy (10,0).

26



Smiertelno$¢ owadow wyniosta ok. 7%, co potwierdza, Ze zastosowana pasza oraz warunki
wzrostu podczas eksperymentu byly odpowiednie dla larw H. illucens. Oonincx i in. (2015),
hodujac H. illucens przez 21 dni na paszy dla kur, obserwowali duzo wyzsza $Smiertelnosé
— na poziomie 25%. W ciggu trwania do$wiadczenia (19 dni) larwy zwiekszyly swojg Swiezg
mas¢ okoto 32—krotnie, co korespondowato z 3,5-krotnym zwigkszeniem dtugosci ich ciat.
W przeliczeniu na suchg mas¢ biomasa larwalna wzrosta 1,6—krotnie. Przegladajac literature
mozna wskazaé, ze sucha masa larw H. illucens zawiera si¢ w przedziale od 20% do 44%,
w zaleznos$ci od pozywienia i wieku larw (Sheppard i in. 2007, Diener i in. 2009, Rachmawati
I in. 2010, Finke 2012). W doswiadczeniu opisanym w P.1 sucha masa larw na koniec
doswiadczenia osiagneta 29%.

Pierwsze  przepoczwarzenie  zaobserwowano w 15  dniu  eksperymentu,
co przy uwzglednieniu wieku poczatkowego larw wzietych do doswiadczenia wykazuje,
ze nastapito ono w 19 dniu zycia larwy. Wedtug zrodet literaturowych na karmie optymalne;j
dhugos¢ okresu larwalnego wynosi 24,6 + 6,2 dni (Tomberlin i Sheppard 2001, Gobbi 2012)
i byla porownywalna ze $rednim czasem rozwoju larwalnego obserwowanego
w tym dos$wiadczeniu, ktory wyniost 23 dni.

Zbadano stezenia pierwiastkow oraz ich bioakumulacj¢ (wyrazong jako BAF) na r6znych
etapach rozwoju H. illucens i w wylinkach. Bioakumulacja mikro— i makroelementow,
toksycznych metali cigzkich i fizjologicznie nieistotnych pierwiastkow wykazaly wyrazne
roznice (Tab. 3). Nalezy takze zauwazy¢, ze stezenie niektorych pierwiastkéw (tych ktore
nie akumulowatly lub akumulowaly w biomasie owadow w stosunkowo niewielkim stopniu)
W pozostatosciach bylo wyzsze niz w paszy na poczatku doswiadczenia. Stato si¢ tak na skutek
tego, ze w wyniku zerowania larw ubylo materii organicznej, dlatego pierwiastki ulegty
zatezaniu w pozostatosciach. Zjawisko takie bylo rowniez raportowane w literaturze (Diener
i in. 2015).

W pracy P.1 po raz pierwszy wykazano zdolno$¢ H. illucens do bioakumulacji
pierwiastkow nieistotnych fizjologicznie takich jak Ba, Bi i Ga. Bioakumulacja Cu, Fe, Hg,
Mg, Mo, Se i Zn wystepowata na wszystkich etapach rozwoju owaddéw oraz w wylinkach.
Ponadto Ca, Cd, Ga, Mn, P i S byly bioakumulowane tylko w niektorych stadiach rozwojowych
owadow. Najwyzsze wielkosci bioakumulacji — BAF uzyskano dla Ca i Mn w wylinkach
—odpowiednio 38 i21. Wyniki te moga by¢ przydatne w kontekscie entomoremediacji.
Nie wykazano natomiast bioakumulacji Al, As, Co, K, Pb i Si.

Z punktu widzenia produkcji pasz oczywiste jest, ze zawarto$¢ toksycznych metali ciezkich

powinna by¢ kontrolowana i powinny by¢ one obecne jedynie w ilo$ciach dopuszczalnych
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przez przepisy prawa, ale nalezy rowniez zwroci¢ uwage na pierwiastki nieistotne
fizjologicznie, jak np. Bi, dla ktéorego BAF w larwach wyniost 3,29. W duzych stezeniach
pierwiastki te mogg wywolywac toksyczne efekty, natomiast przepisy nie wymagaja kontroli
ich zawarto$ci.

Bioakumulacja pierwiastkow jest zalezna od rodzaju pozywienia i ich stezen. H. illucens
jest znana z tego, ze potrafi bioakumulowa¢ niektére toksyczne metale cigzkie jak Cd, Hg
czy Pb (Diener i in. 2015, Gao i in. 2017, Purschke i in. 2017). Z wynikoéw przedstawionych
w pracy P.1 wynika, ze rte¢ byta jedynym toksycznym metalem cigzkim, ktory bioakumulowat
si¢ we wszystkich stadiach rozwojowych owada oraz w wylince. Zakres bioakumulacji
Hg wynosit 1,43-2,14. BAF dla innych metali cigzkich (As, Cd i Pb) pozostawal w zakresach
raportowanych w literaturze (Diener i in. 2015, Van Der Fels-Klerx i in. 2016, Purschke
i in. 2017). Najwyzsze wartosci BAF zostaty odnotowane dla Ca: w larwach (11,52), wylinkach
(37,93) i w poczwarkach (12,02) oraz dla Mn w larwach (6,75), wylinkach (20,84)
I w poczwarkach (5,95).

Podsumowujac wyniki przedstawione w publikacji P.1, mozna potwierdzi¢, ze sg one

zwigzane z realizacjg celu czastkowego C1 oraz potwierdzaja hipotezy H1 i H2.
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Tabela. 3. Stezenia pierwiastkow (mg-kg? suchej masy) w karmie, pozostatosciach i owadach oraz wielkos¢ bioakumulacji (BAF) w stadiach
rozwojowych H. illucens i w wylinkach (srednie = SD; n = 3). BAF wigksze niz 1 sg pogrubione. Statystycznie istotne roznice zaznaczono
* (p < 0.05, t-Student test).

Pozostalosci Larwy na Larwy na BAF L BAF . BAF BAF
Karma . , Wylinki . Poczwarki Imago .

po hodowli poczatku koncu larw wylinek poczwarek imago

Ca 1123,00  2510,00 5718,00 12940,00 11,52 41346,67 37,93 13496,67 12,02 792,25 0,56
+1,78 + 73,90* +5,71 +918,21* +£0,82 +£3062,37 +1,92 + 981,50 +0,87  +10575 +0,05

Co 0,04 0,15 0,05 0,03 0,78 0,04 0,96 0,03 0,60 0,01 0,08
+ 0,00 +0,02* +0,01 + 0,00 +0,01 +0,01 +0,28 +0,01 +0,11 +£0,00 £0,00

Cu 5,70 22,52 11,73 12,00 2,10 11,02 1,93 13,54 2,37 16,71 2,93
+0,10 +1,43* +0,17 +1,18 +0,21 +1,85 +0,32 +0,78 +0,14 +0,17 +0,03

Fe 58,02 1593,00 84,19 129,03 2,22 91,76 1,58 132,00 2,38 175,80 3,03
+0,11 +59,00* +0,17 +10,89* +0,19 + 8,37 +0,14 +10,55 +0,02 +4,16  +£0,07

K 5861,00 11083,33  11990,00 5019,33 0,86 2668,67 0,43 4316,33 0,74 4104,00 0,70
> +42,75 +£705,01* +112,10 +436,26* £0,07 +299,22 + 0,01 + 244,44 +0,04 +£208,03 +0,04
S M 1540,00 622,00 4588,00 2856,00 1,86 4029,33 2,67 3290,33 2,14 2611,00 1,70
E g 4 6,40 + 3,00%* + 33,07 +199,31* +£0,13 +155,10 + 0,04 +252,13 +0,16 +4822 +0,03
§ Mn 61,78 177,70 190,10 417,23 6,75 1287,33 20,84 367,65 5,95 20,00 0,32
< + 0,07 +9,33* +0,48 +8,61% +0,14 + 35,23 +0,57 +9,15 +0,15 + 1,58 + 0,03
2 Mo 0,86 13,54 0,84 1,03 1,20 0,87 1,01 0,96 1,12 0,95 1,11
+0,02 +1,08%* + 0,04 +0,01* +0,01 +0,12 +0,10 + 0,07 +0,08 +0,01 +0,01

p 5297,00 23470,00 14520,00 8732,00 1,65 4195,00 0,84 8554,00 1,64 11525,00 2,07
+7,15 +£1802,03* +81,97 +155,24*  +£0,03 +494,08 +0,00 + 57,00 +0,05 +45,00 +0,18

S 2207,00  6443,33 5477,00 4720,00 2,14 1677,33 0,76 4376,67 1,98 6000,50 2,67
+6,00 +£409,91* + 5,64 +125,49*  +£0,06 +181,95 + 0,08 +17,62 + 0,01 +17,50 +0,01

Se 0,53 0,91 1,23 1,51 2,84 1,83 3,45 1,29 2,43 1,15 2,16
+0,26 +0,03 +0,03 +0,42 +0,78 +0,19 +0,35 + 0,08 +0,15 +0,23  +£043

7n 58,40 218,57 285,50 146,90 2,52 155,70 2,67 177,97 3,05 204,10 3,54

+0,13  +1527%  +£0,44 +16,90%* +029  +12,60 +022  +£10,58 +0,18  £996 +021




0€

Al 2738 100,04 51,70 4,73 0,17 13,46 0,49 9,58 0,35 3,35 0,13
@ +0,10  +£4,52% +0,12 +0,29%  +0,01  £1,59 + 0,06 +3,70 +0,14 +0,56  +0,01
S, Ba 499 10,29 11,51 7,18 1,44 14,06 2,82 8,57 1,72 6,04 1,21
22 +0,01  +0,56% +0,01 +0,40*  +0,08  +0,05 +0,01 +0,17 +0,03 +0,43  +0,09
—_ N
S8 o 07 0,56 0,28 0,56 3,29 0,67 3,03 0,65 4,51 0,60 3,34
== +0,02  +0,12* +0,01 +0,04%*  +023  £0,15 +0,17 +0,22 +0,82 +0,05 +0,13
g ) ca 023 0,75 0,44 0,28 1,18 0,15 0,66 0,26 1,10 0,32 1,38
5 +0,17 +0,08 +0,14 +£0,04 017  +0,06 + 0,24 +0,03 +0,11 +0,00 +0,00
o g 6108 385,43 48,88 1,60 0,03 231 0,04 1,73 0,03 0,34 0,01
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§ 9 10,00 +0,03 +0,01 +0,01 +0,08  +0,01 +0,12 +0,02 +0,19 +0,01  +0,10
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o +0,67 + 0,06 +0.21 +0,01 +0,03  +0,11 +0,01 +0,03 + 0,00 +£0,02  +0,02




42 P.2 Nowe podejscie do ilosSciowego okreslania bioakumulacji
pierwiastkbw w procesach biologicznych (A new approach to
guantifying bioaccumulation of elements in biological processes)

Jak wynika z informacji przedstawionych w publikacji P.1, larwy zerujace nawet
na nieskazonej biomasie akumulujg w swoim organizmie niektore pierwiastki. Bioakumulacja
pierwiastkow (np. metali ci¢zkich) w organizmach zywych (np. zwierzgtach) jest niezwykle
wazna z co najmniej dwoch punktéw widzenia: wzrostu irozwoju samych organizmow
oraz remediacji zanieczyszczonego srodowiska. Proces ten jest zjawiskiem szeroko badanym
w ekosystemach, jak i w skali laboratoryjnej. Dotychczas bioakumulacja byta charakteryzowa
na przez wielko$¢ bioakumulacji (BAF), ktora jest stosunkiem stezenia pierwiastkow
w organizmie do stezenia w matrycy $rodowiskowej (woda, gleba, itp.) —Rownanie 3.
Wielko$¢ ta jest dobrg miarg bioakumulacji w ekosystemach, w ktérych badany organizm zyje
od poczatku swojego zycia do momentu badania. Natomiast w celu przeprowadzenia
eksperymentu w laboratorium do do§wiadczenia wprowadzane sg organizmy, ktoére wczesniej
wzrastaty zwykle w hodowli matecznej, zerujac na innej karmie niz ta, ktora bedzie uzyta
we wlasciwym do$wiadczeniu. Innymi stowy, po jakim$ czasie sg one przenoszone do uktadu
eksperymentalnego, gdzie wykorzystuje si¢ inng karme (np. jak w przypadku P.3 byt to osad
Sciekowy oraz mieszanina osadu z karmg dla ryb), ktéra zawiera inne st¢zenia pierwiastkoOw
niz karma we wczesniejszej hodowli. Wraz z masg larw do uktadu eksperymentalnego
wprowadza si¢ wiec tadunki pierwiastkow, ktore zakumulowaty si¢ w niej na wczesniejszym
etapie wzrostu. BAF jako miara bioakumulacji nie uwzglgdnia obecnos$ci tego poczatkowego
tadunku, dlatego jego uzycie czasami doprowadza do sytuacji, w ktorej stwierdza
si¢ bioakumulacje danego pierwiastka —podczas gdy przy pordwnaniu jego stezenia
w organizmie przed i1 po doswiadczeniu widaé, ze bioakumulacja nie wystgpita lub nawet
stezenie tego pierwiastka spadto. Taka sytuacja moze prowadzi¢ do btednych wnioskow.

Zaproponowana W P.2 nowa miara, nazwana indeksem bioakumulacji (BAI), uwzglednia
poczatkowy tadunek badanych pierwiastkow, ktore s3 wprowadzane do systemu
eksperymentalnego wraz z biomasg organizmu — Réwnanie 4. Umozliwia to lepsze okreslenie
wystepowania (lub nie) bioakumulacji, a ponadto ujawnia réwniez sytuacje, w ktorej dany
pierwiastek ulegl ,rozcienczaniu” w badanym organizmie. Natomiast BAF moze
przeszacowywaé¢ bioakumulacje, lub gdy dochodzi do rozcienczenia stgzenia pierwiastka
w trakcie wzrostu organizmu, nie jest w stanie tego wykry¢. Przyktadem takiej sytuacji moga

by¢ dane przedstawione w pracy Tschirner i Simon (2015), gdzie st¢zenie fosforu w larwach
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H. illucens byto nizsze po eksperymencie niz w mtodszych larwach przed eksperymentem.
Poniewaz jednoczesnie stezenie fosforu w paszy bylo niskie, BAF wskazywal na wysoka
bioakumulacje tego pierwiastka (BAF = 14,85). Natomiast wykorzystanie BAI (BAI = -0,32)
umozliwitlo wykazanie rzeczywiscie zachodzacego procesu tj. migracji fosforu z larw
do matrycy, co mozna okresli¢ jako rozcienczenie pierwiastka w biomasie H. illucens.
W Tab. 4 przedstawiono roznice w koncepcji i interpretacji réoznych wartosci progowych
obu miar bioakumulacji.

Gltoéwng wadg BALI jest to, ze nie pozwala na tatwe obliczenie bioakumulacji w sytuacji,
gdy biomasa organizmu rozdziela si¢ na dwa strumienie, co czg¢sto ma miejsce w przypadku
owadow W momencie przepoczwarzenia. Wowczas biomasa rozdziela si¢ na wylinke
i osobnika dorostego.

Podsumowujac, wyniki przedstawione w publikacji P.2 sa zwigzane z realizacjg

celu czastkowego C4 oraz potwierdzaja hipoteze H5.
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Tabela 4 . Roznica w koncepcji 1 interpretacji roznych wartosci progowych obu miar bioakumulacji.

BAF

BAI

Opis stosunku stezenia koncowego w
biomasie larw w odniesieniu do. . .

... stezenia w matrycy srodowiskowej
(np. w morzu, jeziorze, rzece).

.. . poczatkowego stezenia danego pierwiastka
w biomasie mlodego organizmu.

WartoSci progowe

BAF lub BAI > 1

Bioakumulacja. Stezenie danego pierwiastka
W biomasie organizmu bylo wyzsze niz w
matrycy.

Bioakumulacja. Stezenie danego pierwiastka
W biomasie organizmu po eksperymencie bylo wyzsze
niz w biomasie tego samego organizmu
przed eksperymentem. Wzgledne stezenie danego
pierwiastka wzrastato w czasie trwania eksperymentu.

BAF lub BAI =1

Bioindykacja. Stezenie danego pierwiastka
W biomasie organizmu byto réwne stezeniu
W matrycy i takie organizmy mozna traktowac
jako bioindykatory danego pierwiastka
w $rodowisku.

Bioakumulacja. Koncowe stezenie danego
pierwiastka w biomasie organizmu
(po eksperymencie) byto rowne dwukrotno$ci stezenia
poczatkowego. Nie moze by¢ mowy o bioindykacji,
poniewaz BAI nie odnosi si¢ do stezenia pierwiastka
w matrycy.

0 <BAF lub BAI <1

Brak bioakumulacji. Stezenie danego
pierwiastka w biomasie organizmu byto nizsze
niz W matrycy.

Bioakumulacja. Stopien bioakumulacji byt jednak
mniejszy; koncowe stezenie danego pierwiastka
W biomasie organizmu bylo wigksze niz stezenie
poczatkowe, ale mniejsze niz dwukrotno$¢ stezenia
poczatkowego.

Nie wystapita bioakumulacja, gdyz koncowe

BAF lub BAI =0 Nie dotyczy. stezenie danego pierwiastka w biomasie organizmu
byto réwne st¢zeniu poczatkowemu.
Zjawisko "rozcienczenia" pierwiastka wystgpito
w trakcie eksperymentu. Dany pierwiastek zostat
BAF lub BAI <0 Nie dotyczy. przeniesiony z biomasy organizmu do matrycy;

koncowe stgzenie w biomasie organizmu byto nizsze
niz warto$¢ poczatkowa.




4.3 P.3 Entomoremediacja komunalnych przefermentowanych osadow
sciekowych przez Hermetia illucens z dodatkiem paszy optymalnej i bez
niej (Entomoremediation of municipal digested sewage sludge by
Hermetia illucens with and without addition of optimal feed)

W momencie sktadania rozprawy doktorskiej publikacja ta byta na etapie recenzji, dlatego

zamieszczony ponizej opis tej pracy jest szerszy niz publikacji P.1 1 P.2.

4.3.1. Wstep

Jedng z glownych metod zagospodarowania komunalnych osadéw $ciekowych
jest nawozenie terendw uprawnych. Jednak osady Sciekowe moga zawiera¢ znaczne iloSci
metali cigzkich i wtedy ich wykorzystanie w rolnictwie lub rekultywacji $rodowiska
jest ograniczone przepisami prawa. Z drugiej strony, osady $cickowe nadal zawieraja zwigzki
organiczne, ktore mogg by¢ pokarmem dla owadow saprofagicznych. Celem pracy
przedstawionej w publikacji P.3 byta ocena mozliwosci wykorzystania osadu
pofermentacyjnego po oczyszczaniu $ciekow komunalnych jako substratu dla larw H. illucens
oraz sprawdzenie, czy dodatek optymalnej dla larw paszy (20% s.m.) zwickszy efektywnos¢
tego procesu. Dodatkowym celem byto wykazanie zdolnosci H. illucens — na r6znych etapach
jej rozwoju, do bioakumulacji pierwiastkéw wystepujacych w przefermentowanym osadzie
sciekowym.

Przeglad literatury wykazal, ze jest bardzo niewiele prac, w ktorych zastosowano
ustabilizowany, komunalny osad $ciekowy jako substrat dla larw H. illucens. W cze$ci
z tych publikacji nie byto informacji, ze osad byt poddany fermentacji. Do opisu tych osadow
autorzy postuzyli si¢ kodem odpadow 19 08 05. Kod ten opisany jest jako ,,Ustabilizowane
komunalne osady $ciekowe” (Rozporzadzenie Ministra Klimatu z dnia 2 stycznia 2020 r.
w sprawie katalogu odpadéw. Dz.U.2020.10). Stabilizacja osaddéw moze by¢ przeprowadzona
nie tylko poprzez fermentacje metanowa, jak rowniez kompostowanie czy wapnowanie.
Jednakze ze wzgledu na fakt, ze zdecydowana wigkszo$¢ komunalnych oczyszczalni $ciekow
jako etap stabilizacji wykorzystuje wydzielone komory fermentacyjne, przyjeto zatozenie,
ze opisane w tych pracach osady przeszty wczesniej etap fermentacji.

Badania Kalové i Borkovcova (2013) oraz Lalandera i in. (2019) skupialy si¢ wytacznie
na okresleniu stopnia wykorzystania substratu przez larwy oraz na zbadaniu parametrow

rozwojowych owadow, jednak w zadnej z tych publikacji nie badano zawartosci pierwiastkow

34



w osadach lub w owadach. Natomiast w publikacji Arnone i in. (2022) oprécz wymienionych
wyzej parametrow badano takze bioakumulacje wybranych pierwiastkow w larwach
(lecz bez kolejnych stadiow rozwojowych). Bohm i in. (2022) badali bioakumulacje
pierwiastkbw w H. illucens na substracie zlozonym 2z mieszaniny odwodnionego,
przefermentowanego, komunalnego osadu $ciekowego i otrgbéw pszennych w stosunku
75:25 (swieza masa). W dalszej dyskusji odniesiono si¢ takze do publikacji Liu i in. (2020).
W ich pracy pojawit si¢ jedynie termin ,,sewage sludge” 1 nie wiadomo, jaki z osadow
powstajacych w oczyszczalni byt przedmiotem ich badan.

Ogolnie jednak zagadnienie zwigzane z bioakumulacjg pierwiastkow w H. illucens
na osadach $ciekowych jest stabo zbadane. Zdolnos¢ larw do utylizacji (entomoremediacji)
osadu Sciekowego jest zagadnieniem nowym 1 innowacyjnym. Chcac osadzi¢ wyniki
przedstawione w P.3 w jak najszerszym kontek$cie dotychczas przeprowadzonych badan,
w kolejnej czesci dyskusji, poza przywotaniem badan, w ktéorych brano pod uwage
ten sam rodzaj podtoza, dokonono poréwnania z innymi rodzajami osadéw (osady biogazowe
Spranghers i in. (2017)) jak i z roznymi rodzajami biomasy (np. Diener i in. 2015, Gao
i in. 2017, Purschke i in. 2017).

4.3.2. Zmiany skladnikow analitycznych w substracie

W wariancie z osadem $ciekowym (POS) po 113 dniach prowadzenia do$wiadczenia
zmniejszenie ilosci suchej masy wyniosto 18,14%. W wariancie z osadem S$ciekowym
z dodatkiem karmy optymalnej POS+KD redukcja suchej masy wyniosta 24,5% po 28 dniach
doswiadczenia. Biorac pod uwage specyfike osadu jako pozywienia, nalezy ten wynik uzna¢
za dobry. Badaniami, z ktérymi bezposrednio mozna porownac te wyniki, sg nastgpujgce
publikacje. Lalander i in. (2019), w ktorej wykazali utylizacje komunalnego osadu $ciekowego
na poziomie 13,2% (brak jest danych dotyczacych czasu trwania do$§wiadczenia). Kalova
i Borkovcova (2013) odnotowali ubytek 18.4% s.m. osadu tego samego rodzaju po 35 dniach
trwania doswiadczenia. Arnone i in. (2022) osiagneli 29.9% ubytek $wiezej masy osadu
po 9 dniach, natomiast Bohm i in. (2022) po 20 dniach prowadzenia eksperymentu wykazali
najwyzszy stopien utylizacji wynoszacy 34.9% s.m. Liu i in. (2020) osiagne¢li redukcje
siggajaca 14,5% s.m. komunalnego osadu $ciekowego po 9 dniach (niestety nie sprecyzowali
oni, jakiego doktadnie rodzaju byt to osad).

Redukcja zawartosci wegla catkowitego w obu badanych w P.3 wariantach byta podobna

i wyniosta 36,8% i 37,5% odpowiednio w POS i w POS+KD. Wieksza réznica pojawita
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si¢ W redukcji azotu catkowitego: w POS osiagnieto 32,3% utylizacji a w POS+KD 24,3%.
Stosunek C:N na poczatku do§wiadczenia w obu wariantach byt zblizony i wynosit 9,0 w POS
i 8,8 W POS+KD. Po zakonczeniu do$wiadczenia w wariancie POS spadt do 8,1 aw POS+KD
wynidst 7,3. W przypadku badan Lalander i in. (2019) oraz Liu i in. (2020) stosunek
ten byt wyzszy i wynosit odpowiednio 14,91 13,7.

4.3.3. Wzrost i rozwoj H. illucens

Po zakonczeniu do$wiadczenia dlugo$¢ larw w poréwnaniu do larw poczatkowych
wzrosta 1,5 razaw wariancie POS i 3 razy w wariancie POS+KD. Larwy w wariancie POS+KD
rosty znacznie lepiej — przyrost §wiezej masy byl wyzszy 15 razy w stosunku do larw
w wariancie POS i az 63 razy wyzszy w stosunku do larw poczatkowych.

Przepoczwarzenia wystapily wylacznie w wariancie POS+KD i zaczely wystepowaé
od 24 dnia. Srednia $wieza masa jednej poczwarki wyniosta 0,08 g. Podobna wartos¢ $wiezej
masy poczwarki uzyskali Lalander i in. (2019) — w ich przypadku byto to 0,07 g. Wariant
POS prowadzony byt przez 113 dni i zakonczony po tym czasie z uwagi na brak dalszego
rozwoju owadow do poczwarek. Eksperyment w wariancie z przefermentowanym osadem
sciekowym jest najprawdopodobniej najdtuzej prowadzonym doswiadczeniem, w ktorym
zywiono H. illucens osadami $ciekowymi (niezaleznie od ich rodzaju). Kalova i Borkovcova
(2013) po 35 dniach zywienia larw komunalnym przefermentowanym osadem S$ciekowym
nie zaobserwowatly przepoczwarzen w ogodle. Natomiast w badaniu Lalander i in. (2019)
pierwsze przepoczwarzenia obserwowano po 39 dniach wzrostu na tym samym rodzaju osadu
sciekowego jak wyzej.

Smiertelno$¢ raportowana w pracy P.3 wyniosta 23,7% w POS i 14,0% w POS+KD.
Nalezy wigc uznaé, ze niewielki dodatek bardziej odpowiedniej dla larw H. illucens karmy
do osadu $ciekowego znaczaco wplywal na polepszenie parametréw rozwojowych
oraz wzrostu owada. Jednakze nawet w przypadku larw hodowanych wytacznie na samym
osadzie $miertelnos¢ w badaniu P.3 byta znacznie mniejsza niz warto$ci podane przez Lalander

i in. (2019). Autorzy ci donosili o $miertelnosci wynoszacej 61,0%.

4.3.4. Zmiany stezen pierwiastkow w substracie

Stezenia analizowanych pierwiastkéw w podtozach i pozostatosciach po zakonczeniu

doswiadczenia przedstawiono w Tab. 5. Dla wigkszos$ci pierwiastkow stgzenia poczatkowe
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byly wyzsze w wariancie z przefermentowanym osadem $ciekowym (POS) w poréwnaniu
do osadu $ciekowego z dodatkiem karmy dla ryb (POS+KD). Oznaczalo to, ze dodatek paszy
dla ryb rozcienczal st¢zenia pierwiastkow w osadzie. Jedynymi wyjatkami byly Al 1 K,
co wynika z faktu, ze stezenia tych pierwiastkow w karmie dla ryb byly wysokie (odpowiednio
27,4+0,1i5861,0+42,81imgkg!sm.).

W obu wariantach doswiadczalnych stezenia pierwiastkow w pozostatoSciach
hodowlanych byty wyzsze od stezen poczatkowych, z wyjatkiem: As, B i Se w POS oraz Al
w POS+KD (Tab. 5). W wyniku zerowania larw zmniejszyta sie zawarto$¢ materii organicznej
w podlozach, a tym samym nastgpila koncentracja pierwiastkOw w pozostatosciach.
Zwigkszanie stezenia pierwiastkow w danej matrycy srodowiskowej (jak gleba czy biomasa)
przez czynnik biologiczny (,,zat¢zanie”) mozna nazwac biokoncentracja (Proc i in. 2020).

Arnone i in. (2022) obserwowali podobne zjawisko w wariancie kontrolnym na karmie
Gainesville (sktadajacej si¢ z 50% otrgb pszennych, 30% maczki z lucerny, 20% maczki
kukurydzianej) dla wszystkich badanych pierwiastkow (As, Co, Cr, Cu, Fe, K, Mn, Mo, Ni, Pb,
Zn), z wyjatkiem Cd. Jednakze, gdy analizowali oni karme kontrolng zmieszang z r6zng ilo$cig
przefermentowanego, ustabilizowanego, komunalnego osadu S$ciekowego, stwierdzili,
ze stezenia wszystkich pierwiastkow zmniejszyly si¢ w pozostatosciach. To wskazywalto
na ich znacznie lepsza dostepnos¢ niz w przypadku opisywanego w pracy P.3 wariantu
POS+KD.

Zwigkszenie Stezenia pierwiastkOw w pozostatosciach po zerowaniu H. illucens
obserwowano takze na innych rodzajach substratow. Diener i in. (2015)
oraz Van Der Fels— Klerx i in. (2016) badali zmiany stezen pierwiastkow toksycznych
w skazonej nimi paszy dla kurczat i zaobserwowali wzrost stezen dla As, Cd, Pn i Zn
W pozostatosciach. Bohm i in. (2022) wykazali wzrost st¢zen dla: As, Cr, Fe, K, Mg, Na, Nii S
W pozostatosciach odpadoéw spozywcezych z gospodarstw domowych, na ktorych zerowaty
larwy H. illucens. Rowniez w pracy P.1 zaobserwowano wzrost stezen wszystkich badanych

pierwiastkoéw (oprocz Mg) w pozostatosci paszy dla ryb.

4.3.5. Zmiany stezen pierwiastkow w owadach

Tab. 5 przedstawia st¢zenia pierwiastkow w larwach, poczwarkach, wylinkach i1 imago.
Poczatkowe, miode larwy H. illucens charakteryzowaly si¢ wysoka zawartoscig
makroelementow takich jak Ca, K, Mg, P 1 S, ktorych stezenia przekraczaty
4500 mg-kg'! s.m. (Tab.5).
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Stezenia pierwiastkow w larwach pod koniec do§wiadczenia bylty wyzsze niz w mtodych
larwach, jednak byly tez pewne wyjatki. W wariancie z przefermentowanym osadem
sciekowym stezenia Cr 1 Mn zmniejszyly si¢ odpowiednio o 29,2% 1 37,6% w poroOwnaniu
z ich stezeniami w larwach poczatkowych. W wariancie z dodatkiem karmy dla ryb spadek
stezen obserwowano w larwach dla B (66,0%), K (31,9%), Mg (3,4%), P (34,5%) i Si (71,2%).

Dla innej grupy pierwiastkow dodatek karmy dla ryb do osadu sciekowego (POS+KD)
spowodowat z kolei wzrost stezen w larwach, w poréwnaniu do larw z wariantu POS. Stato
si¢ to dla takich pierwiastkow jak Ag, Bi, Ca, Cr, Fe, MniV (Tab. 5). W przypadku pozostatych
badanych pierwiastkow ich zawarto$é byta wyzsza w larwach koficowych z wariantu POS
nizw larwach z wariantu POS+KD. Sugeruje to, ze dodatek bardziej optymalnej karmy
do osadu scickowego pozytywnie modyfikowat dostepnos¢ tylko kilku pierwiastkow.

Arnone i in. (2022) hodowali H. illucens na karmie Gainesville zmieszanej
z przefermentowanym, ustabilizowanym, komunalnym osadem $cieckowym w stosunku
50:50 oraz 25:75. Wraz ze wzrostem ilosci osadow $ciekowych stezenie takich pierwiastkow
jak As, Cd, Co, Cu, Fe, Mo i Pb w larwach wzrastato, natomiast stezenia Cr, Mn i Zn
zmniejszaly si¢. Osad $ciekowy mial znacznie wyzsza zawarto$¢ pierwiastkow (szczegdlnie
metali) niz karma Gainesville. Tak wiec kazdy wzrost zawartosci pierwiastkow odzwierciedlat
si¢ rowniez w zwiekszonej ich iloéci w tkankach larw.

Biomasa poczwarek charakteryzowata si¢ nizszymi st¢zeniami pierwiastkow
W poréwnaniu z larwami. Podobne zjawisko zaobserwowali Gao i in. (2017) dla Cd i Cr
oraz Diener i in. (2015) dla Pb i Zn. Nadal jednak wystgpowaly pewne réznice w przypadku
takich pierwiastkow jak B, Ca i Mg (Tab. 5). Mozliwe, ze te konkretne pierwiastki sa wazne
dla prawidlowego rozwoju owada w stadium poczwarki, jednakze potwierdzenie
tego przypuszczenia wymagatoby dalszych badan. Stgzenia pierwiastkow toksycznych,
takich jak As, Cd, Cr, Ni, Pb i V zmniejszyly si¢ odpowiednio o0 4,68, 5,21, 1,60, 1,89, 6,60
i 2,08 razy, co $wiadczyto o mechanizmie pozwalajacym na cze$ciowe ich wyeliminowanie
z dalszego cyklu rozwojowego.

Spranghers i in. (2017) badali zawarto$¢ mikro— i makroelementéw w poczwarkach
H. illucens hodowanych na osadach biogazowych. Wykazali, ze dla wszystkich badanych
pierwiastkow stg¢zenia w poczwarkach byty nizsze niz w podlozu, z wyjatkiem Ca i Mn.
Gaoiin. (2017) analizowali prepoczwarki i poczwarki hodowane na otrgbach pszennych
skazonych Cd i Cr. Zaobserwowali oni bioakumulacj¢ Cd u prepoczwarek, zas§ u poczwarek

zawarto$¢ tego metalu byta nizsza.
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Stezenie pierwiastkow w wylinkach byto na ogoét nizsze niz w larwach koncowych.
Wyjatek stanowily: Ag, Ba, Ca, Mg, Mn i Zn, ktorych zawarto$¢ byla wyzsza w larwach
na koniec doswiadczenia (Tab. 5). Porownanie wylinek do poczwarek wykazato, ze zawartos$¢
As, B, Cd, K, P, S, Sb, Se i V byta nizsza w wylinkach, natomiast stezenie wszystkich
pozostatych pierwiastkow wzrosto.

Z punktu widzenia entomoremediacji najbardziej interesujacym materiatem sg wylinki,
poniewaz zawierajg one zwykle duzg ilo$¢ pierwiastkow, ktore zostaty wytaczone z dalszego
metabolizmu dorostych osobnikow H. illucens. Owady mogg wydala¢ toksyczne
lub nadmiarowe pierwiastki do egzoszkieletu lub unieruchamia¢ je w postaci bogatych
w metale granul fosforanu wapnia (Inouye i in. 2007). Magazynowanie pierwiastkow
W egzoszkielecie, a zwlaszcza w wylinkach stwarza mozliwo$¢ odzyskiwania pierwiastkow,
jesli ich stezenie, a tym samym oplacalno$¢ procesu, bytoby na odpowiednio wysokim
poziomie. Metode odzyskiwania pierwiastkow gromadzacych sie¢ w duzych ilosciach w tkanach
owadzich mozna nazwac¢ entomoekstrakcjg pierwiastkow (Gao i in. 2017, Bulak i in. 2018).
W niniejszych badaniach wylinki H. illucens zawieraty najwieksza ilos¢ Ag: 44,40 mg-kg™
s.m. (Tab. 5). Biorac pod uwage fakt, ze geologiczne rudy srebra zawieraja $rednio 0,085%
Ag (Encyklopedia Britanica), ilo$¢ uzyskana w poczwarkach byta jedynie o rzad wielko$ci
mniejsza i wynosita 0,00444% s.m.

Imago generalnie charakteryzowaly si¢ nizszymi stezeniami pierwiastkoOw w pordwnaniu
do wczesniejszych stadiow rozwojowych i wylinek. Dla wszystkich badanych pierwiastkow,
z wyjatkiem K, Mg, P i S, stezenia w imago byty nizsze (< 1000 mg-kg™ s.m.). Pojawity
si¢ jednak pewne wyjatki. Pierwiastki S i V wykazaty wyzsze st¢zenia w porownaniu do larw
po zakonczeniu doswiadczenia, odpowiednio o 38,6% i 17,2%. Ponadto zawartos¢ kilku
pierwiastkow byta wyzsza w imago w poréwnaniu z poczwarkami: Cr o 1,1 razy, Cu o 1,3 razy,
Gao2,0razy,Ko1l,0razy,Niol,1razy,Pbo1,5razy,So1l,5razy, Sbo1,3razy,Seo 1,4 razy
1V o24razy. (Tab.5). Imago sa na ogot dobrze chronione przed wysokimi stezeniami ro6znych

pierwiastkodw, zwlaszcza toksycznych.

4.3.6. Wielko$¢ bioakumulacji — BAF

Tab. 5 przedstawia stezenia badanych pierwiastkow oraz ich wielkosci bioakumulacji
(BAF). W wariancie POS w larwach zaobserwowano bioakumulacje nastepujacych
pierwiastkow: Cd > K > Ca > Ag. O ile w literaturze odnotowano bioakumulacj¢

makroelementow Ca i K u H. illucens (Tschirner i Simon 2015, Schmitt i in. 2019, Bohm
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I in. 2022; Rubio i in. 2022), jak rowniez wysoka zdolnos¢ owada do bioakumulacji Cd (Diener
I in. 2015, Tschirner i Simon 2015, Gao i in. 2017, Purschke i in. 2017, Bulak i in. 2018, Proc
i in. 2020, Arnone i in 2022), o tyle interesujacy byt pozytywny wynik dotyczacy Ag. Wezesniej
Schmitt i in. (2019) hodowali H. illucens na statych odpadach akwakultury zawierajgcych
m.in. Ag, ale nie wykazali bioakumulacji tego pierwiastka.

W POS+KD bioakumulacja w larwach zmniejszata sie w nastgpujacy sposob: Ag>K > Ca
> Cd > Mn i Mg (Tab. 5). Po raz kolejny bardzo interesujacy byt wysoki BAF dla Ag:
7,2 W poréwnaniu do 1,7 w wariancie POS (Tab. 5).

Bohm i in. (2022) badali rozwoj larw H. illucens na odwodnionych osadach $ciekowych.
W badaniu tym warto$ci BAF dla pierwiastkdéw zmniejszaty si¢ w nastepujacej kolejnosci: Ca
2,19-9,16 > K 0,40-4,55 > Mn 1,28-3,04 > Cd 0,03-2,19 > Na 0,23-1,35 > Mg 0,43-1,24 >
Zn 0,20-1,10. Nie stwierdzono bioakumulacji Al, As, Co, Cr, Cu, Fe, Mo, Ni i Pb.

Arnone i in. (2022) hodowali H. illucens na karmie Gainesville z ré6znym dodatkiem
przefermentowanych osadéw $ciekowych. W wariancie kontrolnym bez dodatku osadu
(S0) stezenie Cd w larwach bylo niskie (0,39 mg-kg? s.m vs 0,05 mg-kg? s.m w podtozu
wyjsciowym), a BAF osiagnagt wartos¢ 7,8. W wariancie karmy zmieszanej z osadem
w stosunku 50:50 (S50) BAF wynosit 0,76, a przy stosunku 75:25 (S75) wzrdst i osiagnal
2,36. W badaniach opisanych w P.3 BAF dla Cd w POS wynosit 7,1, a w POS+KD
1,8, natomiast zawarto$¢ pierwiastka w larwach byta znacznie wyzsza, niz w badaniu Arnone
iin. (2022): 41,1 mg-kg? s.m. w larwach POS oraz 8,3 mg-kg™ s.m. w larwach POS+KD
(Tab. 5).

Mn byt kolejnym wspolnym pierwiastkiem badanym zaré6wno w P.3 jak i w pracy Arnone
i in. (2022). Podali oni nastepujace zawartosci Mn w larwach dla SO, S50 i S75 odpowiednio:
598,5, 511,2 i 658,7 mg-kg’ s.m. Obliczone na podstawie tych wynikéw wielkosci BAF
wynosily odpowiednio: 7,5, 1,8 i 1,6. W pracy P.3 bioakumulacjc Mn w larwach
zaobserwowano tylko w wariancie POS+KD, a BAF osiagnat warto$é 1,5 przy stezeniu 295,5
mg-kg? s.m. w larwie (Tab. 5).

4.3.7. Wielkos¢ bioakumulacji — BAI

W celu doktadniejszego okreslenia bioakumulacji, rozumianej jako zwigkszenie stezenia
pierwiastka w danym stadium rozwojowym owada w stosunku do larw poczatkowych,
obliczono BAI. BAI jest nowa miarg i nie jest jeszcze uzywana W literaturze, dlatego

przytoczone w dalszej czeSci dyskusji wartosci BAI zostaly obliczone na podstawie danych
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zawartych w cytowanych zrodlach. Obliczenia te byly mozliwe jedynie w odniesieniu
do stosunkowo niewielkiej liczby prac, poniewaz problem stanowi fakt, ze bardzo rzadko
publikowane sg poczatkowe stezenia pierwiastkow w larwach, tj. na starcie wtasciwego
eksperymentu.

W przypadku zdecydowanej wigkszosci badanych pierwiastkow w obu wariantach
doswiadczenia BAI byty wyzsze od 0, co wskazywato, ze wystepowata bioakumulacja (Tab. 5).
Bardzo wysokie warto$ci BAI odnotowano dla Ag w obu wariantach (>100). W POS takie
pierwiastki jak Cd, Co, Fe, Mo, Se i V wykazywaly BAI w przedziale 10-100. W wariancie
POS+KD do grupy tych pierwiastkow doszedt rowniez Ca. W jednym przypadku BAI
byto réwne 0 i dotyczyto to S w wariancie POS+KD — stezenie tego pierwiastka nie ulegto
zmianie (Tab. 5). Inne pierwiastki, jak K i Mg w DS miaty wartoéci bardzo zblizone do 0,
ale nadal byty to wartosci dodatnie. Dla niektorych pierwiastkow ich stezenia w larwach
po eksperymencie byty nizsze niz w larwach poczatkowych. Byly to: Cr i Mn w POS oraz Ba,
K, Mg, P i Si w POS+KD.

Istnieje jedna publikacja skupiajaca si¢ na hodowli H. illucens na odwodnionych,
przefermentowanych, ustabilizowanych, komunalnych osadach $ciekowych (Bohm i in. 2022),
w ktérej autorzy wykazali réwniez zawarto$¢ pierwiastkow w larwach na poczatku
doswiadczenia. W pracy tej BAI dla badanych pierwiastkéw zmniejszaly si¢ w nastgpujacej
kolejnosci: Al 17,63 > Cr 12,00 > Pb 10,41 > As 5,56 > Cd 5,17 > Fe 4,22 > Cu 3,00 > Co 2,50
>Ni1,70>Cal,61>Na0,92>2Zn0,17 >Mn -0,22 >K -0,27 > Mg -0,31 > S -0,38.

Dane z badan Tschirner 1 Simon (2015), w ktérych badano wptyw trzech podiozy (pasza
optymalna, pasza bogata w biatko i pasza bogata we widkno), rowniez pozwalajg na obliczenie
wielkosci BAIl w larwach. W tych wysokoorganicznych podtozach zaden z badanych
pierwiastkdw nie osiaggnat BAI > 10. Najwyzsza warto$¢ (5,22) uzyskano dla Cd w podtozu
bogatym we wiokna. Pierwiastek ten ulegt rowniez bioakumulacji w larwach w dwoch
pozostatych grupach podtozy. Pierwiastkami bioakumulowanymi w podtozu kontrolnym byty:
Ca, Co, Cu, Fe, Mn, Pb i Zn. St¢zenia pozostatych badanych pierwiastkow, do ktorych zaliczaty
si¢: K, Mg, Mo, Na, P, byly nizsze niz w larwach poczatkowych, co wskazywato
na ich rozcienczanie. W podtozu bogatym w biatko bioakumulowat si¢ tylko Cd, a wszystkie
pozostate pierwiastki ulegly rozcienczeniu. W poditozu bogatym w btonnik pierwiastki takie
jak: Ca, Cd, Mn, Na i Pb ulegaly bioakumulacji, a pozostate (Co, Cu, Fe, K, Mg, Mo, P i Zn)
ulegaty rozcienczeniu.

Sanchez—Matos i in. (2021) jako pokarm dla larw zastosowali obornik bydlecy.

Bioakumulacja okres$lona przez BAI wystapita dla prawie wszystkich badanych pierwiastkow,
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ktérymi byty: Ca, Cd, Cr, Fe, K, Mg, Mn, Na, S, Zn, z czego najwyzsze wartosci BAI wystapity
dla Mn (21,6) i Cd (16,0). Rozcieficzenie wystapito tylko dla P i bylo niskie (- 0,04).

W cytowanych zrédtach nie wszyscy autorzy badali te same pierwiastki, ale mozna
zauwazy¢, ze we wszystkich badaniach zawsze bioakumulowaty si¢ Ca, Mn i1 Fe. Najwiecej
pierwiastkow uleglo bioakumulacji, gdy H. illucens byla skarmiana osadami $ciekowymi
w niniejszym badaniu (Tab. 5) i tu BAI osiagnat najwyzsze warto$ci. W przypadku podtozy
organicznych wartosci BAI byty znacznie nizsze (z wyjatkiem Mn i Cd w Sanchez—Matos
i in. (2021)). Na tej podstawie mozna wysnu¢ wniosek, ze wickszo$¢ pierwiastkow z badanych
w P.3 osadow s$cickowych byta dostepna dla larw H. illucens, gdyz ich stgzenia wzrosty

kilkakrotnie w stosunku do poczatkowej zawartosci w larwach (Tab. 5).

4.3.8. BAF vs BAI

Analizujac dane z badania P.3, mozna stwierdzi¢, ze dla wigkszo$ci pierwiastkoéw BAI
wykazywatl bioakumulacje, podczas gdy za pomoca BAF zostala ona stwierdzona tylko w kilku
przypadkach. Dla trzech pierwiastkow: Ag, Ca i Cd oba wspétczynniki wskazywaly
na bioakumulacjc w obu zastosowanych wariantach podtozy (Tab. 5). Oznacza
to, ze pierwiastki te wystepowaly w larwach koncowych w stezeniach wyzszych
niz W substratach i wyzszych niz w larwach poczatkowych.

Dla pierwiastkow K i Mn sytuacja byta podobna, ale zawsze tylko w obr¢bie jednego
rozwazanego rodzaju podtoza. W przypadku K w DS oba wspotczynniki wskazywaty na jego
bioakumulacj¢. Jednakze poréwnanie wartosci samych stgzen pozwalalo stwierdzic,
ze zawartos¢ K w larwach pod koniec eksperymentu byta znacznie wyzsza (prawie 5-krotnie)
w stosunku do zawartosci tego pierwiastka w o0sadzie poczatkowym, lecz jednynie nieznacznie
zwigkszyla sie w stosunku do zawartosci K w larwach poczatkowych. Wynikato to glownie
z faktu, ze larwy inicjalne miaty juz bardzo wysokie stezenie K — o rzad wielkosci wyzsze
niz w osadzie. Dlatego w tym przypadku BAF moze dawa¢ wrazenie wysokiej bioakumulacji,
natomiast BAI znacznie to korygowal. Podobna sytuacja tj. bioakumulacja, miata miejsce
w przypadku Mn w wariancie POS+KD, jednak tutaj poczatkowa zawarto$¢ tego pierwiastka
w larwach, cho¢ wysoka, nie byta wyzsza niz w podtozu.

Stwierdzono takze kilka przyktadow rozcienczenia pierwiastka wykazanego przez BAI
przy jednoczesnym braku bioakumulacji wykazanej przez BAF. Sytuacja taka miata miejsce
w POS dla Cr,aw POS+KD dla B, Mg, P i Si (cho¢ w przypadku Mg BAF byt niewiele wyzszy

od 1). Zjawisko to zalezato od rodzaju zastosowanego podtoza.
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W wariancie POS+KD dla S BAF nie wykazal bioakumulacji, natomiast BAT wyni6st
0 co oznacza, ze st¢zenie utrzymywato si¢ na stalym poziomie. Bioragc pod uwage same
wartosci stgzenia, mozna zauwazy¢, ze zawarto$¢ S nieznacznie wzrosta w larwach
po zakonczeniu doswiadczenia, jednak wzrost ten nie byt statystycznie istotny.

Konczac ten etap dyskusji, warto rozpatrze¢ jeszcze jedng kwesti¢. Skoro w P.2 uznano,
ze wielko$¢ BAI lepiej opisuje uktad doswiadczalny, taki jaki byt zastosowany w P.3, to mozna
zasadnie zapyta¢, dlaczego nadal analizowano takze wielko§¢ BAF. Sa dwa aspekty
odpowiedzi na tak postawione pytanie. Po pierwsze — BAI jest catkowicie nowg miarg
bioakumulacji i eliminujac BAF nie byloby mozliwosci odniesienia si¢ do badan innych
autoréw. Po drugie — w pewnej liczbie przypadkow trendy wykazywane na podstawie analizy
BAF s3 zbiezne z trendami obserwowanymi na podstawie analizy BAIL. Tym niemniej nalezy

pamig¢tac, ze analiza samego BAF moze prowadzi¢ do btedych wnioskow.

4.3.9. Podsumowanie i wnioski

Przefermentowany, komunalny osad $ciekowy nie stanowit najlepszej karmy dla larw
H. illucens, o czym $wiadczy niski stopien wykorzystania suchej masy w wariancie POS.
Niewielki dodatek karmy dla ryb do osadéw Sciekowych (POS+KD) istotnie zwickszyt
wykorzystanie s.m. (okoto 1,35 razy), ale najistotniejszym wptywem byto silne skrocenie czasu
trwania stadium larwalnego (w wariancie POS przepoczwarzanie nie wystapito). Ta prosta
manipulacja sktadem podtoza bardzo skutecznie poprawila réwniez parametry morfologiczne
owadow oraz spowodowata obnizenie Smiertelnosci larw H. illucens (o okoto 1,7 razy).

Na podstawie BAF wykazano, ze tylko niewielka liczba pierwiastkow ulegta bioakumulacji
w larwach H. illucens. Zastosowanie BAI pozwolito z kolei stwierdzié, ze w przypadku potasu
BAF przeszacowat bioakumulacjg, gdyz znacznie wyzsze stezenie tego pierwiastka
niz W podtozu wystgpowato juz w poczatkowych larwach. Natomiast obie wielkosci pozwolity
na bezsprzeczne okreslenie bioakumulacji Ag, Ca i Cd w larwach.

Podsumowujac, dodawanie niewielkich ilosci bardziej optymalnej karmy do osadoéw
sciekowych lub innych, klopotliwych do zagospodarowania odpadéw poddawanych
entomoremediacji, moze by¢ zalecane, gdyz poprawialo rozwdj owadoéw, zwigkszato
wykorzystanie suchej masy odpadu i pozytywnie wplywalo na stopien bioakumulacji
pierwiastkow. W niniejszej pracy do sprawdzenia hipotez wykorzystano komercyjng karme
dlaryb, ale w dalszych badaniach, jako dodatki wspomagajgce proces, powinny zostaé

przetestowane bioodpady z réznych gatezi przemystu.
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Wyniki przedstawione w publikacji P.3 sg zwigzane z realizacja celow czastkowych C2
I C3 oraz potwierdzaja hipotezy H2, H3 i H4.
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Tabela 5. Stezenia pierwiastkow (mg-kg? suchej masy) w substratach, pozostatosciach i owadach oraz wielkoéci bioakumulacji (BAF i BAI) w larwach
H. illucens ($rednie + SD; n = 3). Przypadki bioakumulacji wskazane przez (BAF > 1) i (BAI > 0) zostaly pogrubione. Statystycznie istotne r6znice
zaznaczono * (p < 0.05, t-Student test).

1%

Substrat P "Zﬁ“a*"sc.‘ po Larwy Larwy Poczwarki  Wylinki  Muchy ~ BAF  BAI BAF BAI
odowli na poczatku na Koncu
POS  POS+KD POS POS+KD P (I)’(S)-EKID POS POS+KD POS+KD POS+KD POS+KD POS POS POS+KD POS+KD

Antymon 2,9 2,6 38 3,6% 05 1,2 0,7 0,4 0,2 0,6 0,4 1,3 03 1,1
£0,0 +0,1 +0,1 +0,0 +0,0 +0,1 +0,1 +0,1 +0,0 +0,1 £0,0  +03 +0,1 +0,4

Arsen 39,0 343 35,1* 37,7 0,4 2,0* 1,2* 0,2 0,2 0,3 01 46 0,0 2,4
+0,4 +0,2 +1,0 +13 +0,1 +0,1 +0,1 £0,0 +0,0 +0,0 £0,0 +02 +0,0 +0,2

Bar 168,3 139,4 209,2* 187,6* 115 23,3* 19,7* 95 20,8 1,4 01 1,0 01 0,7
+0,7 £0,9 +24 +64 £0,0 +1,6 14 +0,8 +0,7 +0,1 £0,0 £0,1 £0,0 +0,1

Bizmut 35 34 37 35 03 1,0 1,2* 0,6 0,7 05 03 2,6 0,4 34
+0,2 +0,1 +0,1 +0,0 +0,0 +0,3 +0,2 +£0,0 +0,1 +0,1 £0,1 +12 +0,1 +0,8

Bor 50,3 46,1 49,5 52,4* 13,0 32,9% 4,4% 47 43 41 0,7 1,5 01 0,7
£0,5 +£03 1.2 +0,9 +0,3 +34 +0,1 +0,3 +0,3 +0,1 £0,1 +03 +0,0 +0,0

chrom 89,0 49,1 105,5* 80,1* 6,3 45* 23,9* 14,9 16,4 16,1 01 03 05 2,8
+1,6 +£0,2 +35 +0,1 +0,0 +0,4 +0,9 +0,7 +1,6 +1,.2 £0,0  +0,1 +£0,0 +0,2

Cynk 1038,0 811,5 1254,0*  1092,7* 285,5 789,5* 342,5* 234,5 458,9 205,6 08 1,8 0,4 0,2
+8,7 +£3,7 +13,9 +£275 +0,4 +£245 +20,3 +1,4 +1,.2 +17,1 £0,0  +0,1 £0,0 +0,1

Fosfor 276100 217600  321700*  30940,0* 14520,0 16030,0  9514,5* 8986,0 6742,0 8597,5 0,6 0,1 0,4 0,4
+£2250  +817 £120,0 +10183 +82,0 £881,0 +11455 +346,0 +882,0  +13425  +00  £0,1 £0,1 £0,1

Gal 14,0 10,5 17,0% 14,2% 0,4 1,4% 1,2* 0,2 0,2 0,4 01 2,1 01 1,8
+0,2 +0,2 +0,8 +0,4 +0,1 +0,1 +0,1 +0,0 +0,1 +0,0 £0,0  +03 +0,0 +0,2

Glin 2183,0 2828,0 2632,0* 2803,0 51,7 260,4* 240,8* 29,7 130,2 2,5 0,2 4,0 01 37
+31.2 +16,1 +£1250  +400,0 +0,1 +£255 +43 +£0,2 +14,6 +0,0 £0,0  +0,5 £0,0 +0,1

Kadm 58 47 6,6% 6,2% 0,7 41,1* 8,3* 1,6 1,2 0,4 7.1 61,0 1,8 115
+0,1 +0,0 +0,1 +0,2 +0,0 £1,1 +0,2 £0,6 +0,2 +0,0 £02  £1,7 £0,0 +0,3

Kobalt 95 7.3 11,4* 10,2* 0,1 1,3* 1,1% 01 0,4 0,1 01 25,0 0,2 214
+0,1 +0,1 +0.2 +0,7 +0,0 +0,1 +0,1 +0,0 +0,1 +0,0 £0,0 +24 +0,0 £1,5

Krzem 24510 2020,0 29243*  2667,0* 48,9 196,3 14,1* 4,6 12,4 08 01 30 0,0 0,7
+47.6 +39.9 +1388  +1352 +64 +70,0 +0,0 +0,9 +1,0 +0,2 £0,0  +14 +0,0 +0,0

Magnez 4907,0 3966,0 5949,3*  58557* 4588,0 4603,3 4430,3 4515,0 6256,0 2664,3 0,9 0,0 1,1 0,1
£42.1 +63,5 +131,1 +159,8 +33,1 +102,3 +217.4 +355,6 £1120 £1773  £0,0  £0,0 +0,1 +0,0

Mangan 2475 199,0 291,1* 269,1* 190,1 118,6* 295,5* 236,6 4737 14,2 05 0,4 1,5 0,6
+3,6 +1,7 +£29 +3,7 +0,5 +£53 £112 +16,8 £229 +0,5 £0,0 +0,0 +0,1 £0,1

Mieds 391,7 309,9 458,7* 413,7* 11,7 119,0* 98,0* 16,1 354 213 03 9,2 03 74

+36 £1,3 £39 £83 £02 £55 £6,8 +£0,7 +£2.8 £0,7 £00 0,8 £0,0 +0,6




9y

Molibden 268,2 216,2 308,9* 279,7* 0,8 50,3* 33,1* 7,9 24,9 51 0,2 59,3 0,2 39,7
+2.8 +0,7 +1,0 +3,7 +0,0 +2,5 +1,6 +0,7 +2.6 +0,1 +0,0 +3,0 +0,0 +1,9

Nikiel 105,3 73,1 119,9* 107,2* 10,7 24,4* 18,9* 10,0 13,3 10,5 0,2 1,3 0,3 0,8
+1,0 +0,3 +3.5 +6,9 +0,0 +1,6 +0,8 +0,2 +2,0 +04 +0,0 +0,2 +0,0 +0,1

Oléw 12,9 9,4 16,8* 14,1* 0,6 6,0* 2,6* 0,4 0,9 0,6 0,5 9,8 0,3 3,7
+0,9 +0,6 +0,8 +0,3 +0,2 +0,2 +0,2 +0,0 +0,1 +0,0 +0,0 +0,3 +0,0 +0,4

Potas 2652,0 3021,0 3140,0* 3911,0*% 11990,0 12950,0*  8170,5* 5463,5 3622,7 5563,3 4,9 0,1 2,7 -0,3
+23,8 +37,7 + 84,5 +127,7 +112,1 +316,1 +112,5 +145.5 +218,9 +210,5 +0,2 +0,0 +0,0 +0,0

Selen 101,5 79,7 98,2* 97,8* 1,2 51,9* 44.2* 25,7 16,3 34,9 0,5 41,1 0,6 34,9
+0,9 +0,2 +0,8 +2.8 +0,0 +4.6 +3,0 +3,3 +1,2 +2.8 +0,1 +3.8 +0,0 +2.4

Siarka 14050,0 11790,0  16893,3*  16203,3* 5477,0 6990,7* 5501,0 5127,5 2889,5 7619,0 0,5 15 0,5 0,0
+136,4 +72,0 +437.5 +430,2 +5.6 +162,9 +233,0 + 81,5 +273,5 +401,0 +0,0 +02 +0,0 +0,0
Srebro 4,7 3,9 5,6* 5,5% 0,1 8,1* 27,8* 25,7 44,4 34 1,7 167,7 7,2 576,3
+0,2 +0,1 +0,1 +0,4 +0,0 +2,0 +0,1 +0,2 +32 +0,0 +04 +£422 +0,0 +14

Wanad 14,5 11,3 17,5* 15,3* 0,0 1,2* 2,6* 1,3 0,3 3,1 0,1 28,0 0,2 68,8
+0,3 +0,0 +0,3 +0,2 +0,0 +0,1 +0,1 +0,0 +0,1 +0,1 +0,0 +28 +0,0 +1,7

Waph 30100,0 28080,0  35650,0*  31046,7 5718,0 58496,7*  65226,7* 73575,0 120033,3 995,5 2,0 9,3 2,3 10,4
+218,0 +80,5 £628,7  +24193 +5,7 +£4339,8  +£34929 +85,0 +9057,8 +171,6  +0,1 +0,8 +0,1 +0,6

Zelazo 19350,0 14890,0  22160,0*  20040,0* 84,2 1647,3* 2948,0* 466,6 1698,5 307,9 0,1 18,6 0,2 34,0
+2499 +364,3 +362,9 +500,9 +0,2 +193,2 +216,0 +12,3 +145,5 +12,7 +0,0 +23 +0,0 +2,6




5. Podsumowanie i wnioskKi

Podsumowujac, hipotezy badawcze zalozone na wstepie niniejszej rozprawy doktorskiej
zostaty potwierdzone. Na podstawie wynikow przeprowadzonych badan mozna wyciaggnac

nastgpujace wnioski:

1. P.1: H. illucens byla w stanie bioakumulowaé pierwiastki nieistotne fizjologicznie
takie jak: Ba, Bi i Ga. W badaniach tych po raz pierwszy wykazano zdolnos¢ H. illucens

do ich bioakumulacji.

2. P.1: Bioakumulacja Cu, Fe, Hg, Mg, Mo, Se, Zn wystepowata we wszystkich stadiach
rozwojowych owadoéw oraz w wylinkach, natomiast H. illucens nie wykazywata
bioakumulacji Al, As, Co, K, Pb iSi. Ponadto Ca, Cd, Ga, Mn, P i S
byly bioakumulowane tylko  w niektorych stadiach  rozwojowych owadow,

badz tylko w wylinkach.

3. P.1: Z punktu widzenia produkcji pasz oczywiste jest, ze zawartos¢ metali ciezkich
powinna by¢ monitorowana, ale nalezy rowniez zwrdci¢ uwage na pierwiastki nieistotne
fizjologicznie, ktore w wigkszych iloSciach réwniez moga wywotywaé efekty

niekorzystne i toksyczne.

4. P.2: Zaproponowane w niniejszej pracy zastosowanie wielkosci bioakumulacji (BAI),
pozwolito na lepsze scharakteryzowanie zjawiska bioakumulacji i skorygowanie
wnioskdéw wyciagnietych na podstawie klasycznej wielkosci BAF. Jest to szczegdlnie
istotne w sytuacji, gdy badany organizm byt hodowany w hodowli matecznej na innym

substracie niz ten, ktory jest wykorzystywany pdzniej w danym eksperymencie.

5. P.3: Larwy H. illucens moga by¢ stosowane do utylizacji komunalnych,
przefermentowanych osadéw $ciekowych powstatych w procesie oczyszczania SciekOw.
Larwy byly w stanie zredukowa¢ suchg mase tych odpadow, jednakze rozwoj owada

na tym substracie wskazywat, ze nie jest on optymalny dla tego gatunku.

6. P.3: Dodatek niewielkich ilosci bardziej optymalnej karmy do komunalnych,
przefermentowanych osadéw $ciekowych, ktore maja by¢ poddane entomoremediaciji,
moze by¢ zalecany W celu poprawy rozwoju owadoéw, zwigkszenia wykorzystania

suchej masy i zwigkszenia stopnia bioakumulacji niektorych pierwiastkow.
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7. P.3: Tylko niewielka liczba pierwiastkow w tym: Ag, Ca, Cd, K, Mg i Mn ulegta
bioakumulacji w larwach H. illucens, wedlug wielkosci BAF. Natomiast BAI wykazat

bioakumulacj¢ 25 pierwiastkow z wyjatkiem: B, Cr, K, Mg, Mn, P, S i Si.
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bioaccumulated in fly H. illucens (black soldier fly), even when the insect is raised on optimal feed with an accept-
able heavy metal content. The purpose of this study was to determine the bioaccumulation potential of H. illucens
in relation to micro- and macroelements, toxic elements and for the first time, selected non-essential elements
from optimal feed. Our results showed that bioaccumulation of Ba, Bi, Cu, Fe, Hg, Mg, Mo, Se and Zn occurred
in all stages of insect development and in puparia, while bioaccumulation of Al, As, Co, K, Pb and Si was not
found. The highest bioaccumulation factors were obtained for Ca and Mn in puparia - 38 and 21 respectively.
In addition, Ca, Cd, Ga, Mn, P and S were bioaccumulated only in some developmental stages of the insect. The
results are discussed in the context of the safety of feed and food production from H. illucens.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, an increased interest in large-scale insect breeding
has been observed. Particular attention is being paid to the potential

* Corresponding author.

of edible insects, which may contribute to solving the present and/or fu-
ture food crises related to climate change and the growing global popu-
lation (Van Huis et al., 2013). The idea of eating insects (entomophagy)
is not new. In Asia, entomophagy is a fairly common phenomenon. In-
sects are eaten raw or fried and often used in powder form as a food ad-
ditive to enhance taste and aroma (Chung et al., 2002).

E-mail addresses: k.proc@ipan.lublin.pl (K. Proc), p.bulak@ipan.lublin.pl (P. Bulak),
d.wiacek@ipan.lublin.pl (D. Wigcek), a.bieganowski@ipan.lublin.pl (A. Bieganowski).

https://doi.org/10.1016/j.scitotenv.2020.138125

Insects have great potential, as they are a good source of energy, pro-
tein, fat, vitamins and minerals (Rumpold and Schliiter, 2013). Their
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breeding is also more environmentally friendly, as insects produce less
greenhouse gases and emit less ammonia than conventional farm ani-
mals (Bertinetti et al., 2019; Onsongo et al., 2018). Insect farms on an in-
dustrial scale need less water and ground space than cattle farms.
Another important aspect is the efficiency of feed conversion to body
weight; insects have a higher feed/protein conversion ratio than cattle,
pigs and poultry (Oonincx et al., 2015). Europe has only recently opened
up to the use of insects as food. Until 2017, EU legislation did not permit
the use of insect feed materials for farmed animals. In accordance with
Commission Regulation (EU) 2017/893 as amended, the feeding of
aquaculture animals with processed animal protein derived from the
following insects is permitted: black soldier fly (BSF), Hermetia illucens
(Linnaeus, 1758); domestic fly, Musca domestica (Linnaeus, 1758);
mealworm, Tenebrio molitor (Linnaeus, 1758); lesser mealworm,
Alphitobius diaperinus (Panzer, 1797); house cricket, Acheta domesticus
(Linnaeus, 1758); banana cricket, Gryllodes sigillatus (Walker, 1869);
Jamaican field cricket, Gryllus assimilis (Fabricius, 1775).

Hermetia illucens (black soldier fly, BSF), is a saprophagous insect
from the order Diptera that comes from the southeast region of the
United States (Newton et al., 2005). Black soldier fly larvae (BSFL)
have received extensive attention due to their high levels of lipids
(35% dry weight (DW)) and proteins (55% DW), with a well-balanced
essential amino acid profile (Gao et al., 2019; Magalhaes et al., 2017).
BSFL have a wide range of applications. They are capable of transforming
low-value organic wastes such as coffee waste, distillers grains, vegeta-
ble waste, rotting fruit, urban organic waste, fish waste, human stool
and animal manure (Mohd-Noor et al., 2017; Rehman et al., 2019;
Zhou et al., 2013) into full value animal protein and oil, which can be
used for feeding, e.g., chickens, without negative changes in their
growth parameters (Kieroiiczyk et al., 2019). Production waste from
H. illucens insect breeding can also be used for biogas generation be-
cause it has a high biomethane potential (Bulak et al., 2020). Whole
live or dried larvae and pupae can be also used for feeding pet animals,
such as reptiles, amphibians and other insects (Kalova and Borkovcova,
2013). H. illucens can also offer a new source of chitin and new antimi-
crobial compounds (Wasdko et al., 2016; Zdybicka-Barabas et al.,
2017). It has been shown that the larvae are even suitable for
entomoremediation of organic biomass polluted with heavy metals
(Bulak et al.,, 2018a; Ewuim, 2013).

In general, bioaccumulation in insect is known to occur but is mainly
studied for species from which humans derive direct benefits, such as
bees (Van der Steen et al.,, 2012; Goretti et al., 2020). However, there
are also insect species for which this type of research may still provide
significant insight. In recent years, a few publications have demon-
strated the ability of H. illucens to bioaccumulate at least some of
the heavy metals. Diener et al. (2015) showed the bioaccumulation
of Cd, Pb and Zn from chicken feed spiked with those heavy metals.
Van der Fels-Klerx et al. (2016) also showed that Pb and Cd were
bioaccumulated from the feed, even when the concentrations of
metals did not exceed the maximum permissible content limits.
However, the literature on the bioaccumulation of various elements

in the BSF is small and refers only to heavy metals and some toxic
metalloids (As).

Based on the above-mentioned literature and the experience of
the authors, a research hypothesis that H. illucens has a bioaccumula-
tion potential for many more elements than the investigated ones
can be proposed. Therefore, the aim of the study was to determine
the ability of H. illucens to bioaccumulate different elements, such
as macro- and micronutrients, and chosen toxic and non-essential
elements from optimal larvae feed, consisting of a commercial fish
feed. It is an important issue in two contexts. First, knowledge
about the possibility of accumulation of elements from low-content
sources is the initial step in achieving wide use of this insect in
entomoremediation. Second, the information regarding the poten-
tial bioaccumulation of elements is crucial in the context of the safety
of feed production from this insect.

2. Materials and methods
2.1. Insects

Black soldier fly (H. illucens, Diptera: Stratiomyidae) larvae were ob-
tained from a stabile five-year-old research colony located at the Insti-
tute of Agrophysics of the Polish Academy of Science in Lublin
(Poland). Stock BSFL were held in containers placed in a laboratory in-
cubator at a temperature of 26 + 1 °C with a substrate humidity of
60-80% in darkness. Stock larvae were grown on a moisture-keeping
coconut-fibre substrate and were fed with standard fish feed. To obtain
larvae of equal size young, four-day-old larvae were separated from the
substrate using a 500 um mesh sieve and were left for 24 h to empty
their intestines. After that, the larvae were rinsed several times with dis-
tilled water and dried in paper towels in order to remove residues.

The species express several interesting auto-ecological aspects,
which are important for the sanitary of feed production by using the in-
sect. Adult flies lay their eggs near the substrate and in well-kept culture
sit on the substrate only when they do not have adequate place for ovi-
position. Adults also do not have mouthparts and are capable only to
drink water, which minimizes the possibility of contracting microbial
pathogens or toxin contamination. Flies do not form swarms and fly
into the houses. These features are in contrast to other dipterans like
the housefly and significantly improve the sanitary conditions of breed-
ing. Moreover, prepupae of H. illucens actively crawls out of the sub-
strate looking for a dry place for pupation and has positive
phototropism, which makes easy to collect them from substrate
(Bulak et al., 2018a; Diener et al., 2009).

2.2. Substrate

Dry fish feed was ordered from a commercial supplier (EUROECO
Beszczyfiski, Poland). The basic properties of the feed are shown in
Table 1. The dry matter was 91.52 4+ 0.10% (105 °C/24 h), pHpzo =
6.22 £ 0.01 (w/v 1:20). The food consisted of post-extraction rapeseed

Table 1
The physicochemical properties of the feed and the residue after the experiment. The quantity of the feed taken to the experiment was 109.27 g FW, to obtain 100 g of DW (means % SD;
n=3).
Parameter Content of analytic constituents
Feed before the experiment Residues after the experiment
[2] [%] [g] [%]
DW 100.000 £ 0.002 91.516 £ 0.098 35289 + 2437 54393 + 10.684
Ash 5.006 + 0.105 5.006 + 0.105 2,763 + 0.305 7.834 = 1.017
Vs 94.994 + 1.143 94994 + 1.143 32,526 + 2.313 92.166 + 1.016
Ciot 43917 £ 0395 43917 £ 0395 13.654 £ 1.040 38.835 4 4334
Niot 2.302 + 0352 2302 + 0352 1.374 + 0.234 3.891 + 0.550

DW - dry weight; VS - volatile solids; Ctot - total organic carbon; Ntot - total nitrogen.
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meal, extruded plant protein concentrate, extractive protein meal of oil-
seed plants, cereal sharps and products from the processing of cereals
and vegetable oils, and contained: 3.5% crude fat, 24.0% crude protein,
7.0% raw fibre, 7.0% ash and 6.5% saccharides. Metabolizable energy con-
tent was 12.85 MJ/kg according to the producer.

2.3. Experimental set-up

The experiment was performed in triplicate in plastic containers
with lids (23 cm x 15 cm x 10 cm) kept at a constant temperature of
26 4+ 1 °C. One hundred larvae were placed in each box (~0.5 cm in
length measured along the anteroposterior axis and about 4 days old).
The amount of fish feed for every batch of BSFL was 100 g dry weight
(DW), which corresponds to 109.27 g of feed taken directly from the
manufacturer's packaging. The humidity was experimentally adjusted
so that the feed obtained the consistency of a wet pap, which happened
at 70 4 5% moisture content. An aeration pump (Oxyboost APR 300,
Aquael, Poland) was connected to the lid of each container through an
elastic hose (Bulak et al., 2018a). Each pump had an efficiency of
300 dm? air h=". In addition, the containers were opened daily and
the substrate was gently mixed with a glass rod. When it was too dry,
water was added to the initial moisture to ensure the moisture content
remained at 70 + 5% (w/w).

The experiment ended when over 50% of the larvae in each container
had turned into pupae (Diener et al., 2015). All pupae and larvae which
were still left in the containers were collected, rinsed several times with
tap water, then three times with a 1 mM Na,EDTA solution and three
times with distilled water. After that, the larvae and pupae were dried
using paper towels. Morphological parameters (length and weight)
were recorded and the larvae were placed into a lockable glass con-
tainer for 24 h to empty their intestines. After that time, the previously
described washing procedure was repeated, the larvae were dried in
paper towels and frozen at —60 °C. Washed and towel-dried pupae
were kept in glass jars until half of them moulted into imagos. The re-
maining pupae were frozen. In addition, after being washed and dried
in paper towels, adult insects were frozen (—60 °C).

The mortality of the larvae was calculated according to Eq. (1) (Bulak
etal, 2018a):

100 - (bL—cL)

Mortality of larvae [%] = BL

1)

where: bL - beginning number of larvae, cL - number of live larvae +
live pupa at the end of the experiment.

At the end of the experiments, all substrate residues were dried to a
constant weight (105°/24 h). After drying, the materials was combusted
in a muffle oven at 550 °C for 2 h for ash content determination.

2.4. Physicochemical analysis of the feed

Total C and total N were determined by elemental analysis using
Thermo Scientific Flash 2000 Organic Elemental Analyzer according to
the manufacturer's instructions. All samples were tested for inorganic
carbon content (TOC-VCPH analyser, Shimadzu, Japan), however, be-
cause its presence was not detected, the results were shown as the
total carbon content (Cyo), which in this case is equivalent to the total
organic carbon (TOC).

The percent of utilization of different analytical constituents of the
feed (DW, ash, volatile solids, total carbon, total nitrogen) was calcu-
lated as the difference between the initial DW of given component
and the DW of this component at the end of the experiment. Next, the
difference was expressed as percent of the initial DW of the component,
according to the Eq. (2):

(ac init[g]—ac end [g]) x 100%
ac init [g]

%Utilisation = (2)

where: ac init - dry weight of given analytical constituent at the begin-
ning of the experiment, ac end - dry weight of given analytical constit-
uent at the end of the experiment.

2.5. Mineralization and elemental analysis

The content of elements were determined in the feed used for the
experiment, dried remnants after the experiment and in the dried lar-
vae, pupae, puparia and adult flies. All of the samples were ground
and digested using a microwave mineralizer (Berghof Speedwave
Four) in DAP 100 Teflon™ vessels. The feed samples were digested
with 8 ml of HNO3 and 1.5 ml of H,0,. The mineralization process
followed the procedure: 15 min heating from room temperature to
140 °C, 5 min at 140 °C, 15 min heating from 140 °C to 185 °C, 5 min
at 185 °C, 15 min heating from 185 °C to 210 °C, 10 min at 210 °C and
cooling down to room temperature (modified from Bulak et al.,
2018b). In order to determine the element content, the resulting solu-
tions were analysed by inductively coupled plasma optical emission
spectrometry (ICP-OES) (Thermo Scientific iCAP Series 6500), which
was equipped with a charge injection device (CID) detector and TEVA
software. The standard solutions for ICP-OES determination were ob-
tained from Inorganic Ventures (US). The device parameters were as
follows: power of RF generator 1150 W; frequency of RF generator
27.12 MHz; carrier gas flow rate 0.65 dm®-min~'; coolant gas flow
rate 16 dm®-min~"'; auxiliary gas 0.4 dm*-min~" (Bulak et al., 2018b).
The following wavelengths were used for element determination
(nm): Al 396.152; As 189.042; Ba 493.409; Bi 190.234; Ca 184.006; Cd
226.502; Co 228.616; Cu 324.754; Fe 261.187; Ga 417.206; Hg
184.950; K 766.490; Mg 285.213; Mn 259.373; Mo 204.598; P
178.284; Pb 220.353; S 180.731; Se 196.090; Si 251.611 and Zn
206.200. Internal standard of 5 ppm Yb was added to all samples.

The bioaccumulation factor (BAF) was calculated on a dry mass basis
using element concentrations determined by ICP analysis and defined
according to Eq. (3) (Walker, 1990) as:

~_ concentration in organism [ppm]
BAFe= concentration in food [ppm]| &

2.6. Statistical analysis

Experimental results were analysed using Statistica 10.0. The statis-
tical significance was determined by t-Student test (p < 0.05). Three in-
dependent biological replications were performed. The element content
data are presented as mean + SD (n = 3). Morphological parameters
and other insect parameters are shown as mean =+ SD (n = 30).

3. Results and discussion
3.1. Physicochemical parameters of the feed and the residues

The physicochemical properties of the feed and the residue after the
experiment are presented in Table 1. The percentages of the individual
analytical constituents may give the wrong impression about their
changes during the feeding of the larvae due to DW consumption.
Therefore, only calculation of the actual weight content of individual an-
alytical components enables a proper evaluation of the process. The uti-
lization of feed DW is expressed as the percentage change in the mass of
the feed before and after the experiment. At the beginning of the exper-
iment, exactly 100 g DW of feed was placed in each experimental batch.
After the experiment, the DW of the remnants was 35.29 + 2.44 g on
average, showing a decrease in the DW content of over 64%. The per-
centage of utilization of all analytical constituents is shown in Fig. 1.

In general, the over 64% DW utilization of the feed suggested that the
type of feed used is appropriate for H. illucens. Comparable results were
obtained by Gobbi (2012) - the percentage of hen feed utilization was
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Fig. 1. The percent of utilization of the analytical constituents of the feed during the
experiment. The values of DW, ash, VS, Cy, and Ny, were calculated as the percentage
changes before and after larvae feeding. Values are mean + SD (n = 3).

about 70% DW. In a study by Diener et al. (2009), in which H. illucens
was raised on chicken feed, the degree of utilization was within
37.3-42.3% DW. As shown in the literature, H. illucens larvae can also
achieve a similar utilization rate on municipal organic waste (68% DW,
Diener et al., 2011) and faecal sludge (73% DW, Lalander et al., 2013).
The high microbial activity of the substrate may also contribute to
high DW utilization through respiration.

Volatile solids (VS) and total carbon content (C) had an equally
high level of utilization as DW, i.e., almost 70% (Fig. 1). The lowest re-
duction in the feed residues after larvae feeding was observed in the
case of the total nitrogen content (Ny.) (Fig. 1). A slightly higher reduc-
tion occurred for the sum of all mineral components, for which the ash
content was the measure used. In both discussed parameters, the reduc-
tion was approximately 40%. The C:N ratio also decreased: the initial
ratio was about 19.1 and the final was almost twice as low and
amounted to ca. 10.0 (Table 1).

3.2. Growth and development of the BSFL

Table 2 presents the morphological and developmental parameters
of the insects. The mortality rate was low and amounted to approxi-
mately 7%, which confirms that the used fish feed and the other growth
conditions during the experiment were appropriate for H. illucens

Table 2
Growth and development parameters of black soldier fly (means + SD; n = 3).

Parameter At the beginning of the experiment After the experiment
Length of larvae [cm] 0.566 + 0.024 1.999 + 0.152
Length of pupae [cm] - 2.130 + 0.023
FW of one larvae [g]  0.006 + 0.000 0.193 + 0.025
FW of one pupa [g] - 0.147 + 0.010
DW of one larvae [g]  0.0004 + 0.0000 0.035 + 0.007

DW of larvae (%) 18.414 + 0.490
DW of pupae (%) -
DW of moultings (%) -
DW of imago (%) -

29.549 + 1.871
37.813 £+ 3.718
92.266 + 0.215
39.373 £ 2.728

DW - dry weight; FW - fresh weight.

larvae. Oonincx et al. (2015) showed much higher mortality — approxi-
mately 25% in their control variant (with very high SD), even though
they used chicken feed for BSF breeding. However, the mortality rate
varied when they modified the protein and fat content in the feed,
i.e., the lowest mortality was observed on a medium with high protein
and fat content and amounted to 14%, while on low-protein medium,
mortality rates increased (28%) (Oonincx et al., 2015).

The length and mass of the larvae and the pupae fell within the nor-
mal range given in the literature (Purschke et al., 2017). During the
19 days of the experiment, the individual larvae increased their fresh
weight (FW) by approximately 32-fold, which corresponded to 3.5-
fold increase in their length. The DW of the larvae increased by 1.6-
fold by the end of the experiment (Table 2). The DW of H. illucens larvae
is within 20-44% and this depends on the larval stage as well as the di-
etary composition (Diener et al., 2009; Finke, 2012; Rachmawati et al.,
2010; Sheppard et al., 2007). The first pupation was observed on day
15 of the experiment, i.e., the larvae were about 19 days old (Table 2).
The larval development time on optimal feed given in the literature is
equal to 24.6 + 6.2 days (Gobbi, 2012; Tomberlin and Sheppard,
2001) which is comparable to our results (23 days).

3.3. Element concentrations and bioaccumulation in different stages of
H. illucens development

The concentrations of investigated elements and bioaccumulation
(expressed as BAF) on different stages of H. illucens development and
in puparia are presented in Table 3. As could be expected, the bioaccu-
mulation of light elements and toxic or physiologically essential heavy
metals (macro- and micronutrients), as well as some metalloids and
non-metals, showed marked differences.

In general, the concentrations of elements in the residues were
higher than in the feed at the beginning of the experiment. As a result
of food consumption by H. illucens larvae, the DW of the fish food was
reduced and thus the element content in the residues increased. This
phenomenon can also be called bioconcentration, i.e., the concentration
of elements by a biological factor and as a result of entomoremediation,
may be potentially useful in element recovery.

So far, most of the research about the concentration of elements in
BSF has mainly concerned toxic elements and have been conducted in
the environmental and/or feed safety context. In these studies, the anal-
ysis of metal content usually includes as many developmental stages as
possible (e.g., Bulak et al., 2018a; Diener et al.,, 2015). There are also pub-
lications on the nutritional properties of H. illucens, which examine only
the content of selected macro- and microelements and only in the lar-
vae and/or pupae - two developmental stages which are used for feed
production (Makkar et al., 2014; Spranghers et al., 2017). Some of the
elements (Co, Mo, Se, Al, Ba, Bi, Ga and Si) found in this work and pre-
sented in Table 3 have been determined in H. illucens for the first time.

3.3.1. The larvae

In comparison to the larvae at the beginning of the experiment, the
concentrations of elements in larvae at the end of the experiment rose
in the case of: Ca, Cu, Fe, Mg, Mn, Mo, P, S, Se, Zn (micro- and
macroelements), Ba, Bi (non-essential), Cd and Hg (toxic elements),
but for others (Co, K, Mg, P, S, Al, Ba, Ga, Si, As, Pb and Zn), the concen-
trations decreased. It is interesting that in the case of Cd, Cu and Hg,
those changes were very slight, which indicated that these metals
were maintained at a constant level in the bodies of the larvae during
their development.

In respective groups of element BAFs which were higher than 1,
i.e., bioaccumulation of the following elements occurred, decreased in
order: 1.micro-andmacroelements: Ca>Mn>Se>Zn>Fe>S>Cu>Mg>P>Mo;
2. non-essential: Bi > Ba; 3. toxic elements: Cd > Hg. No bioaccumulation
was found in larvae for: Co, K, Al, Ga, Si, As and Pb (Table 3).

Tschirner and Simon (2015) focused on how differences in feed con-
stituents influenced the bioaccumulation of elements in H. illucens
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580288822g larvae. The BAFs changed among the investigated substrates, demon-
i i i : j i j i : strating that the type of feed strongly influences the degree of bioaccu-
"R¥RsaQ" mulation. When a mixture of middlings from a feed mill containing a
ermmess s wide spectrum of cereal processing leftovers such as broken pellets,
spilled grains and grinding dust (named as balanced feed) was used,
C MmO they found that Ca, K, P, Mg and Mn had bioaccumulated (with BAFs
3333533838 0f 2.79, 1.24, 1.15, 1.21 and 2.81, respectively), which is in line with
jj j ;* :j j j :j :: :j the results obtained in this study, while Co, Cu, Fe, Mo and Zn did not
nega2zdsss bioaccumulate, When protein or fibre feed were used, not only did par-
AN ticular BAFs change in value, bioaccumulation patterns also changed
s22352882358 (Tschirner and Simon, 2015). For instance, in protein feed, the concen-
HHHHHHHHH trations of P and K decreased compared to balanced feed and their
a R 7 2 g g g8 5 BAFs were < 1, while Zn began to be bioaccumulated. Interesting, the
highest BAFs for Mn and P were reached on fibre feed and amounted
6.00 and 14.85, respectively.
Among toxic elements, BAFs in H. illucens larvae were 2.79-10.50 for
SERg8R3EE8 Cd (Bulak et al., 2018a; Diener et al., 2015; Gao et al., 2017; Purschke
mocoococococo
HHHHHHHHH et al., 2017), 1.10-2.34 for Pb (Purschke et al., 2017; Van Der Fels-
BRREERIERE Klerx et al., 2016), 1.90-2.56 for larval exuviae (Diener et al., 2015)
Frece-eceos and 1.14-4.00 for Zn (Bulak et al., 2018a; Diener et al., 2015). In this
eI 88-N3 study, the BAFs in larvae for Cd and Zn were 3.93 and 2.52, respectively
csoddeoddda (Table 3), which is within the range found in the literature. Further-
HHHHHHHHAH i
R R more, BAFs below 1 were observed for Pb in all developmental stages,
SNMcSSodnoS which is similar to Diener et al. (2015). This indicated that Pb can be ac-
cumulated by H. illucens larvae only under specific conditions.
The BAFs for As were low at 0.08-0.76 (Table 3), which indicated no
AE8vnooma = — ability for bioaccumulation of this element, which was also confirmed
Al Sadocac by Van Der Fels-Klerx et al. (2016), who calculated a BAF of 0.49-0.58
ggHHAHH#H for larvae. In addition, Purschke et al. (2017) found a BAF of 0.93 for
nxdzsla85d93 larvae.
e o In a study conducted by Attiogbe et al. (2019), the BAF for Hg in the
ggas5esage variant with the highest Hg concentration in H. illucens larvae was only
HHHHHHHHH approximately 0.005, however, the larvae were fed with compost
g E a g § E E E § spiked with a high dosage of Hg (up to 3000 mg kg~ '). In addition,
the study by Purschke et al. (2017) showed no Hg bioaccumulation
(BAF 0.50). Conversely, in the results presented in this work, Hg was
the only toxic heavy metal which accumulated in all developmental
7% g Igmess stages, with BAFs of 1.43-2.14 (Table 3). This can be connected with
Seeseane s the much lower Hg concentration in the feed used (0.11 pug g~ ') and
HHHHHHAHHH . . ; Haleils
nrgrgRgan its apparently higher bioavailability.
¥frood~cSsgd Liland et al. (2017) examined micro- and macronutrient concentra-
tion in H. illucens larvae farmed on processed wheat and a substrate
consisting of 100% brown algae (Ascophyllum nodosum). The application
E. Ssx "j 25558 of both substrates showed the bioaccumulation of such elements as: Ca
HH i : H i j ‘:j (2.00-3.50), Cu (1.25-2.41), K (1.02-1.12), Mn (3.96-10.63), P
E G E newee (1.48-10.27) and Zn (1.62-3.26), while Mg bioaccumulation occurred
n—sSsS¥cosSsSo only on wheat substrate with a BAF of 1.17. The bioaccumulation of Fe
did not occur (BAFs 0.81-0.91). The addition of a medium consisting
. 5% of brown algae caused higher bioaccumulation of Cu, K, Mn, P and Zn
Bt wslhme than was obtained using processed wheat. Accordingly, research has
+S S84 5 S22 confirmed that the type of substrate significantly affects the rate of
S HHg  HHH bioaccumulation.
EEETBEEE
3.3.2. Puparia
i nZoomon Much higher BAFs were obtained for puparia than in the larvae. For
sg2g8z<e22828 this material, BAFs above 1 decreased in the following manner: 1.
:j HHH :: HHHH micro- and macroelements: Ca > Mn > Se > Zn > Mg > Cu > Fe > Mo;
N § E g E g E g = 2. non-essential: Bi > Ba; 3. toxic elements: Cd > Hg. It is noteworthy
that Ca and Mn reached very high BAFs: 37.93 and 20.84, respectively
zZ28x238 %8 (Table 3). In the puparia, the following elements did not reach BAFs
>1: Co, K, P, S, Al, Ga, Si, As and Pb.
E % The bioaccumulation of Cd and Zn in puparia, as found by Bulak et al.
g % E (2018a), had BAF values of 5.60-5.90 and 0.60-0.70, respectively. How-
g E ° ever, BAF calculation based on the data provided by Diener et al. (2015)
25 El E showed lower values and amounted to 1.53-2.50 for Cd and only 0.24
for Zn. Puparia were not used in feed production (despite the high
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content of chitin, which performs a similar role as dietary fibre) but are
of special interest in entomoremediation due to the possibility of
achieving high BAF levels of some elements in them (Bulak et al.,
2018a; Gao et al,, 2017). As was found in this research, extremely high
BAFs were detected for Ca and Mn, which showed that puparia can be
a source of these elements.

3.3.3. Pupae

In pupae, the BAFs >1 decreased as follows: 1. micro- and
macroelements: Ca > Mn > Zn > Se > Cu > Fe > Mg > S > P > Mo; 2.
non-essential: Bi > Ga > Ba; 3. toxic elements: Cd > Hg. No bioaccumu-
lation of the following elements was found in the pupae: Co, K, Al, Si,
As and Pb (Table 3).

Spranghers et al. (2017) investigated micro- and macronutrient con-
tent in the prepupae of H. illucens reared on chicken feed, the solid frac-
tion of biogas digestate, vegetable waste and restaurant waste.
Bioaccumulation of the investigated elements depended on the sub-
strate used. Similar to this study, they reported bioaccumulation of Ca
(4.20-4.25), Fe (1.21), Mg (1.03-3.98), Mn (2.00-4.80), P (1.69-1.72)
and Zn (1.33-3.50), but found no accumulation of K. Gao et al. (2017)
did not report bioaccumulation of Cd and Cr in the investigated pupae,
but in prepupae, the BAF for Cd was 4.20. Diener et al. (2015) also
analysed prepupae and obtained BAFs for Cd of 2.32-2.94, but did not
report bioaccumulation of Pb and Zn (BAFs 0.25-0.74 and 0.39-0.97,
respectively).

3.3.4. Imago

In imago, the BAFs which were found to be higher than 1, de-
creased in the following order: 1. micro- and macroelements:
Zn >Fe > Cu>S > P > Se > Mg > Mo; 2. non-essential: Bi > Ga > Ba.
For toxic elements, only Hg was bioaccumulated (Table 3). Imago
did not bioaccumulate the following elements: Ca, Co, K, Mn, Al, Si,
As, Cd and Pb.

Diener et al. (2015) did not observe bioaccumulation of the investi-
gated heavy metals (Cd, Pb and Zn) on chicken feed used as a substrate
for H. illucens breeding. Contrary to those findings, Bulak et al. (2018a)
identified the bioaccumulation of Cd using control, non-spiked leaves
of corn with a BAF of 3.10, but in leaves spiked with 50 mg kg~', this
phenomenon did not occur. In the same study, the BAFs for Zn in the
imagos of H. illucens were 3.60-5.30. It should be added that corn leaves
are not an optimal feed for the BSF.

Summarizing the results discussed in subchapters 3.3.1-3.3.4, some
elements were bioaccumulated in all developmental stages of
H. illucens. The micro- and macroelements Cu, Fe, Mg, Mo, Se and Zn
were bioaccumulated. The non-essential elements Ba and Bi were also
bioaccumulated and from the toxic metals only Hg showed this ten-
dency. On the other hand, no bioaccumulation of elements such as Co,
K, Si, As and Pb was detected at any developmental stage of H. illucens
(Table 3).

3.3.5. Bioaccumulation patterns

The elements investigated in this research can be also grouped in
terms of similar accumulation patterns between different developmen-
tal stages (Table 4). First of all, the following elements exhibited a PU
(puparia) > P (pupae) > L (larvae) > I (imago) pattern: Ba, Hg and Mg.
In this group, some subgroups can be distinguished - Bi shared only
simplified PU > P, while Ca exhibited PU > P > L pattern.

The second group was Cu and Fe with the same pattern of I>P>L>PU,
while Zn and Ga shared only the > P aspect. The third group was Cd, Mn
and Se, with a common PU > L > P pattern and the fourth group was Mo
and P, which shared an L > P pattern. Sulphur was the only exception,
which was associated with a unique pattern of 1 > L > P. It is noteworthy
that elements which belong to different chemical families can share the
same or very similar bioaccumulation patterns in H. illucens. This obser-
vation may be indirect evidence that elements with the same groups as
divided above could be associated with the same protein transporters
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during all or only a few stages of H. illucens development, with similar
physiology in this insect. For example, there are reports that ferritin,
which is a Fe transporter protein in insects, can also bind to Al, Be, Cd,
Cu, Pb and Zn (Tang and Zhou, 2013) and in this research, Cu and Zn
shared a similar bioaccumulation pattern with Fe.

3.4. Bioaccumulation ability of H. illucens and food and feed safety

High concentrations of toxic metals in H. illucens, especially in lar-
vae and pupae, represent an obvious threat for feed produced from
this insect. According to Directive 2002/32/EC of the European Par-
liament and of the Council on undesirable substances in animal
feed the maximum permitted toxic heavy metal content limits in
feed was (in mg kg~'): 2 for As and Cd, 0.1 for Hg and 10 for Pb. In
this research maximum limit was exceeded only for Hg but in all in-
sect materials (Table 3). Diener et al. (2015) reported much higher
concentrations of Cd and Pb when used chicken feed spiked with
these metals but in control (non-spiked feed) its concentrations
were below the limits. Due to the potential of H. illucens to
bioaccumulate toxic heavy metals, their content in larvae feed
should be carefully monitored (Diener et al., 2015), especially since
in industrial breeding, larvae are fed with biowaste products from
various industries. Commission Regulation (EC) No 1881/2006 al-
lows the following concentrations of toxic heavy metals in foodstuffs
of animal origin intended for human consumption (mg kg~ '):
0.05-1.5 for Cd, 0.5-1.0 for Hg and 0.1-1.5 for Pb. In both documents
insects as a food source are not highlighted but if concentrations for
mentioned in the regulations crustaceans can be adopted then the
standards would be 0.5 mg kg~! for all metals. Taking this into ac-
count larvae of H. illucens would not meet the requirements of the
standard in terms of cadmium content (Table 3).

This study described for the first time the concentrations of chosen
non-essential elements in H. illucens. Some of them undergo bioaccu-
mulation (Ba, Bi, Ga), while others do not (Al, Si). Despite this, the con-
centration of these elements in the insect are important from the
perspective of feed and food production, because these elements can
have different effects on higher organisms when absorbed from the
feed. For example, Al is known to be connected with Alzheimer's disease
in humans (Carpenter, 2001). Animal studies have confirmed that Al is
particularly toxic to especially motor neurons and some brain stem neu-
rons (Carpenter, 2001). However, feed and food produced from
H. illucens can be considered rather safe due to the low Al content
found in all developmental stages of the insect (below the concentration
found in the used feed) (Table 3).

Silicon is a beneficial element for humans, connected with several
biochemical functions including the biosynthesis of collagen and glycos-
aminoglycan, which are necessary for bone organic matrix formation
(Farooq and Dietz, 2015). It has also been discovered that low Si levels
in drinking water increase the risk connected with high Al intake

Table 4

Bioaccumulation patterns of different elements in subsequent development stages and
puparia of H. illucens (only elements for which bioaccumulation factor in given develop-
mental stage was higher than 1 are considered). The common part of the pattern for var-
ious groups of elements is marked in bold. L - larvae, P - pupae, PU - puparia, | - imago.

Similarity groups Element Bioaccumulation pattern
1 Ba, Hg, Mg PU>P>L>1
Ca PU>P>L
Bi PU>P>I>L
2 Cu, Fe I>P>L>PU
Zn I->P>PU>L
Ga 1>P
3 Cd, Mn PU>L>P
Se PU>L>P>1
4 Mo L>P>1>PU
P L>P
5 S I>L>P
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(Farooq and Dietz, 2015). The concentrations of Si in H. illucens were
much below the Si concentration in feed, which, unfortunately, showed
that this insect cannot provide a good source of dietary Si (Table 3).

We found that the concentration of Bi was 4-5-fold higher in
H. illucens than in the feed, however, the highest concentration reached
in pupae and puparia (0.65 and 0.67 mg kg ') seems to still be too low
to create any potential risk.

In addition, Ba accumulated to the lower extent than Bi and was
from 1.2-2.8-fold higher in H. illucens than in the feed, reaching concen-
trations of 6.04-14.06 mg kg~ '. Barium compounds are known to ex-
press their toxicity in many systems of human and animal bodies
(Kravchenko et al., 2014). In animal models, the uptake of Ba varies
greatly from 0.7-95% of the Ba contained in the feed (Kravchenko
etal, 2014).

Recently, Ga was described as a new emerging contaminant due
to its increased demand in the electronics industry, which will re-
sult in increasing emissions into the environment from e-waste
and industrial sludges (Jensen et al., 2018). Although there are
very limited reports and research on Ga toxicity in humans
(Jensen et al., 2018), monitoring of Ga in food or feed may be a ne-
cessity in the future, especially in the context of the lack of food
and drinking water safety limits (Jensen et al., 2018) and the
established possibility of bioaccumulation of this element in
H. illucens, from which feed for other animals is ultimately to be pro-
duced. The evidence of a bioaccumulation potential also for Ba, Bi
and to some extent Ga, may also be an important indication that
more extensive research on the possibility of non-essential element
bioaccumulation and its potential effects on human and animal
health should be conducted, because they may pose a threat that
has not yet been considered. For example, Huber et al. (2011) re-
vealed the production of toxic volatile trimethylbismuth in the
mouse intestine caused by its microbiota.

4. Conclusion

The percentage of DW feed utilization was over 64%. After 19 days of
the experiment, the highest loss was found for VS and C,, (65% and 68%,
respectively), and the least for ash and Ny (43% and 39%), however, the
overall results demonstrated that the used feed was optimal for BSF
breeding.

This research shows for the first time the ability of H. illucens to
bioaccumulate chosen non-essential elements - Ba, Bi and Ga. Bioac-
cumulation of Cu, Fe, Hg, Mg, Mo, Se and Zn occurred at all stages of
insect development and in puparia, while H. illucens did not exhibit
bioaccumulation of Al, As, Co, K, Pb and Si. In addition, Ca, Cd, Ga,
Mn, P and S were bioaccumulated only in some insect materials.
These findings may be useful in the context of entomoremediation,
however, more research should be done on this subject. From a
feed production point of view, it is obvious that toxic heavy metal
content should be monitored, but attention should also be paid to
non-essential elements.
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Simple Summary: The bioaccumulation of elements (e.g., heavy metals) in living organisms (e.g.,
animals) is vitally important from at least two points of view: the growth and development of the
organisms themselves and remediation of the polluted environment. So far, bioaccumulation has
been characterized by the bioaccumulation factor (BAF), which is the ratio between the concentration
of elements in the organism to the concentration in the matrix (water, soil, etc.). This factor is a
good measure of bioaccumulation in ecosystems in which an organism lives from the beginning of
their lives to the moment of investigation. However, especially in laboratory experiments, when
organisms at a given stage of development are introduced to the system and contain some non-zero
concentration of an element, the BAF can lead to misinterpretation. Therefore, we propose a new
measure called the bioaccumulation index (BAI), which is the relative increase in the concentration of
a given element in the organism to its initial concentration after the experiment. We proved, on the
basis of data published by other authors, that the BAI was much more valid for the interpretation of
bioaccumulation in these cases.

Abstract: Bioaccumulation, expressed as the bioaccumulation factor (BAF), is a phenomenon widely
investigated in the natural environment and at laboratory scale. However, the BAF is more suitable
for ecological studies, while in small-scale experiments it has limitations, which are discussed in this
article. We propose a new indicator, the bioaccumulation index (BAI). The BAI takes into account the
initial load of test elements, which are added to the experimental system together with the biomass of
the organism. This offers the opportunity to explore the phenomena related to the bioaccumulation
and, contrary to the BAF, can also reveal the dilution of element concentration in the organism. The
BAF can overestimate bioaccumulation, and in an extremal situation, when the dilution of element
concentration during organism growth occurs, the BAF may produce completely opposite results to
the BAL In one of the examples presented in this work (Tschirner and Simon, 2015), the concentration
of phosphorous in fly larvae was lower after the experiment than in the younger larvae before the
experiment. Because the phosphorous concentration in the feed was low, the BAF indicated a high
bioaccumulation of this element (BAF = 14.85). In contrast, the BAI showed element dilution, which
is a more realistic situation (BAI = —0.32). By taking more data into account, the BAI seems to be
more valid in determining bioaccumulation, especially in the context of entomoremediation research.

Keywords: bioaccumulation factor; bioaccumulation index; entomoremediation; insects

1. Introduction

The term “bioaccumulation”, usually expressed as the bioaccumulation factor (BAF),
is used to describe the metabolism-mediated active transport of xenobiotics (such as metals)
from the environment to a living organism, which are then accumulated intracellularly.
These substances can be, for example, pesticides [1], heavy metals [2] or other elements [3],
mycotoxins [4], and persistent organic pollutants [5]. The spectrum of living organisms
is also wide, as BAFs are used to describe bioaccumulation in animals such as fishes [6],
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insects [2], snails [7], and cattle [8]; in plant roots, leaves, and stems (e.g., halophytes) [9];
as well as in microorganisms such as bacteria [10] and microalgae [11].
The most commonly used formula for calculating the BAF is as follows [12]:

Csubstance in the organism

BAF = (€]

Csubstance in the matrix

where C is the concentration and can be expressed in mass unit per mass or volume unit.

A review of the literature leads to the conclusion that the first works describing
bioaccumulation were devoted to ecosystem monitoring [12-15], and this remains an area
of interest for researchers [16,17]. However, as noted by [18], bioaccumulation assays are
also conducted under laboratory conditions.

There are many examples of such investigations [19-22], and experiments with en-
tomoremediation are an emerging area. This new subtype of bioremediation utilizes
specialized insects and associated microorganisms to extract, sequester, and/or detoxify
pollutants from soil, sediments, and organic biomass [23,24]. Several different insects, such
as ants, beetles, termites, as well as Collembolans, were originally proposed as entomore-
mediators [23].

Similarly to phytoextraction, entomoextraction can be defined as the sequestration
and extraction of heavy metals (or elements in general) into insect exoskeletons or other
easily obtained insect body parts [25,26]. Thus, the most interesting in this regard are
insects which bioaccumulate heavy metals and other elements. Hermetia illucens (Diptera:
Stratiomyidae) is the best example of an insect recently used in experiments in entomore-
mediation and entomoextraction due to its ability to bioaccumulate different elements (e.g.,
Ca, Cd, Mn) [2,24,26-28].

The BAF, as the quantity describing the accumulation of investigated substances, was
developed for large ecosystems but then directly transferred to small-scale experiments.
The question arises: is this transfer valid? In other words, does the use of formulas valid
for large scales remain appropriate for small mass/volume laboratory research?

The aim of this work is to critically discuss the interpretation of the use of the BAF in
small-scale laboratory experiments and to propose a new indicator that is more valid in
describing bioaccumulation phenomena of various chemical elements, especially in the
context of entomoremediation research.

2. Materials and Methods
2.1. Data Selection

We calculated the BAF as well as the new bioaccumulation indicator based on pub-
lished data from the experiment in [27]. The authors carried out an experiment in which
Hermetia illucens (black soldier fly, BSF) larvae were bred on three different substrates (i.e.,
experimental matrices). These substrates were (i) a mixture of middlings, referred to as a
balanced substrate for the control group; (ii) dried distillers’ grains rich in proteins; and (iii)
dried sugar beet pulp rich in fiber (a full characteristic of the substrates is in the cited work).
Before the experiment, the H. illucens larvae were bred in commercial feed for turkeys and
chickens.

These data are excellent for showing differences between the BAF and the proposed
new bioaccumulation indicator because they relate to three different substrates tested in
one experimental setup and they present concentrations of different elements. However,
we chose three elements: phosphorous, manganese, and cadmium. Because the aim of
this work was to show a new approach to measuring bioaccumulation, we selected those
elements that clearly illustrate the main difference between both approaches, the BAF
and the BAI From this point of view, it was not important whether these elements were
nutritive or toxic, and their role in larval metabolism was irrelevant.
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2.2. Bioaccumulation Index (BAI)

A new measure for bioaccumulation is proposed, given by Equation (2),

Ci_n organism after experiment — Cin organism before experiment
BAI = 8 P 8 P @)

Cin organism before experiment

where BAI is the bioaccumulation index; Cin organism after experiment 1S the concentration of a
given element in DW of organism biomass after the experiment (mass unit per mass unit);
and Ciy organism before experiment 1S the concentration of a given element in DW of organism
biomass before the experiment (mass unit per mass unit).

It can be seen from Equation (2) that from a mathematical point of view, the BAI repre-
sents the relative increase in the concentration of a given element to its initial concentration.

3. Results

For all cited cases (except one), the BAFs were greater than 1, which indicates that
bioaccumulation occurred (Table 1). Only for P in the protein substrate was the BAF less
than 1, indicating that there was no bioaccumulation in this case. The BAI took negative
values in the case of P in all substrate variants and for Mn in the protein substrate. The
BAI was higher than 0 in the case of Cd in all substrates and for Mn in the control and fiber
substrates.

Table 1. The concentrations of selected elements in substrates used as feed for Hermetia illucens larvae and concentrations of
these elements in the young larvae before (initial) and after (final) the experiment, according to publication [27] (gray cells).
BAF and BAI values were calculated according to Equations (1) and (2), respectively.

Element Concentration in

Substrates Element Concentration in the Larvae BAF BAI
for H. ill; Larvae
. . Protein Fiber . " . ’
" Protein Fiber Young Control £ 3 Protein Fiber Protein  Fiber
Element/Variant Control Rich Rich (Initial) (Final) ‘I‘l‘li::::i) (Fl‘{i::;) Control Rich Rich Control Rich Rich
P(gkg ) 7.74 9.55 0.89 19.51 8.91 8.71 13.22 1.15 0.91 14.85 —0.54 —0.55 —0.32
Mn (gkg ) 0.26 0.06 0.08 025 073 0.19 048 2.81 317 6.00 1.92 —0.24 0.92
Cd (mg'kg ) 0.09 0.08 0.23 0.36 047 0.60 224 5.22 7.50 9.74 0.31 0.67 5.22

The highest BAF was obtained for P in the fiber substrate, and reached 14.85. The
amount of P in the fiber substrate was low (0.89 g-kg!), but the input of this element in
the biomass of young larvae was high (19.51 g-kg ). However, the final amount of P in
the larvae at the end of the experiment was lower (13.22 g-kg™1).

4. Discussion
4.1. Meaning and Limitations of the BAF

As mentioned previously, the BAF is a measure dedicated to characterizing the bioac-
cumulation of different substances in living organisms in the natural environment (hereafter
“natural matrix”) and directly transferred to laboratory-scale experiments. When an organ-
ism is born into a given natural matrix, e.g., a lake, and during its lifespan the lake is the
only place it lives, bioaccumulation takes place from birth to death or to the moment when
the organism is sampled for measurement. In these situations, the concentration of a given
element in the biomass of this organism can be related solely to the concentration in the
natural matrix, according to Equation (1), and in this context, the BAF is absolutely valid.

However, the question arises as to how this measure can characterize experiments
done on a small scale under laboratory conditions, in which the younger form of an
organism is taken from the stock colony or obtained from external sources and then placed
on a completely different feed used in the experiment. Along with the addition of these
young organisms, the elements accumulated thus far in their biomass are being added to
the system.

This situation occurs much less frequently in the ecological investigations from which
Equation (1) was derived. Consequently, the use of the BAF in laboratory experiments
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can lead to mistakes in interpretation. Depending on the mutual ratios between the initial
element concentration in the biomass of an organism and the experimental matrix, the
concentration of a given element in the biomass of the organism can increase, decrease,
or stay unchanged. Cases where there is a decrease in element concentration cannot be
recognized using the BAF. Moreover, there are situations when the use of the BAF in
small-scale laboratory experiments can lead to incorrect interpretations of real phenomena,
which will be discussed later.

4.2. The Concept and Biological Meanings of the BAF and the BAI—Different Approaches to
Bioaccumulation

The BAF can obtain three threshold values but cannot have negative values. When
the concentration of an element in an organism is higher than in the natural matrix, the
BAF takes values greater than 1, which means that bioaccumulation occurred (Table 2). If
the relationship between the concentrations is reversed (i.e., BAF < 1), bioaccumulation
did not occur. A special case is where BAF = 1. In these cases, the concentration of an
element in the organism corresponds to the concentration in its environment. This situation
can be referred to as bioindication, and organisms that show this tendency can be called
bioindicators [29,30]. In some organisms, this dependence can exist in a wide range of
element concentrations and can be used in environmental monitoring. Examples of such
organisms, used for the biomonitoring of radionuclides, toxic heavy metals, and pesticides,
are freshwater mussels and phytoplankton, bees, earthworms, lichens [30], fungi [31], and
small soil invertebrates [32].

The BAI can have two other threshold values that cannot be expressed by the BAF:
it can be equal to 0 and it can be negative. However, the same value obtained for both
indicators will mean different things in some cases (Table 2). For example, BAI = 1 does
not indicate bioindication, as the BAI does not refer to the content of elements in the
environment. In such cases, it is only possible to state that bioaccumulation took place
and that the concentration of a given element in the biomass of the organism after the
experiment was exactly twice its initial concentration. A similar example can be seen
in the case of Mn in the fiber matrix, where the BAI was 0.92 and the BAF was 6.00
(Table 1). Both measures (BAF and BAI) indicated bioaccumulation; the BAF indicated that
the concentration of Mn in the larvae was six times higher than in the matrix, but the BAI
indicates that the Mn concentration in the larvae after the experiment was nearly double
the concentration in the larvae before the experiment (Table 1).

An excellent example of the power of the BAl is illustrated in every case where this
measure took negative values (Table 1). These were cases of element dilution. The specific
reason for an element “leaching” from an organism may not necessarily be active removal
of the element during the organism’s growth. The element may have been very minimally
available from the substrate, therefore it may be a case of growth dilution [32] (i.e., a
relative reduction in the concentration of an element in the body of an organism due to an
increase in the body mass or volume). This is the essence of the BAI's improvement over
the classical BAF.
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An interpretation made using the BAF in Table 1 could lead to the conclusion that
H. illucens is a bioindicator for P in the control and protein substrates, as the calculated
values of BAF were close to 1. However, analysis of the BAI values reveals the possibility of
another interpretation: in both cases, P was transferred from larvae to the matrix (dilution).
Phosphorus in the fiber substrate seems to be the best example to demonstrate the confusion
that can arise from using the BAF. The high BAF value for P indicated bioaccumulation;
however, the BAI showed a negative value, which pointed to P dilution. The situation is
clearly seen when studying the change in P concentration in H. illucens larvae, which was
higher in young larvae than in larvae after the experiment. The conclusion is that during
the course of the experiment, the concentration of P decreased in the larvae’s bodies. The
BAF value was especially high because of the small amount of P in the substrate and the
high concentration of P in the young larvae.

The results of the BAF calculated for Cd (Table 1) indicated bioaccumulation. In all
cases, bioaccumulation was also confirmed by the BAL

The question may arise: which measure of bioaccumulation (BAF or BAI) is better?
The simple answer is that it is not possible to show which is better, as they each characterize
bioaccumulation from a different point of view and in different systems. However, without
additional information about initial and final element concentrations in the biomass of an
organism, it is not possible to calculate the BAI and state whether the BAF overestimates
bioaccumulation. Therefore, the BAI is a much more appropriate measure when initial and
final concentrations of a given element are known.

The term “bioaccumulation” in the majority of papers is strictly related to Equation
(1). Many recent publications have followed this approach [33,34]. Therefore, some authors
have treated the equation as the definition of bioaccumulation. However, it should be
remembered that this is a narrow definition, valid specifically for studying the natural
environment.

A wider definition of bioaccumulation was also proposed: bioaccumulation is any
case where the concentration of an element/substance increased in an organism during its
growth [35,36]. This approach opens up the possibility of using measures of bioaccumula-
tion other than the BAF—for instance, the BAI (Equation (2)).

As mentioned previously, the BAF was developed for environmental investigations.
This fact is hugely important to properly understand the physical meaning of Equation
(1). If bioaccumulation takes place in an ocean, sea, or river, it can be assumed (without
any measurable error) that the uptake of elements does not decrease their concentration
in the natural matrix (i.e., in the ocean, sea, or river). This means that the denominator
in Equation (1) is constant before and after the experiment and that the BAF calculated
according to Equation (1) indicates the concentration of a bioaccumulated substance in
relation to the constant concentration in the environment in which the organism lives.

The situation may be completely different when the experiment is carried out on a
laboratory scale. In addition to the previously discussed problem of introducing the mass
of the elements together with the organism’s biomass into the experimental system from
the initial colony, the problem of feed limitation can also arise. In extreme situations, it is
possible for all nutrients to be consumed completely by the investigated organism. This
problem has been confirmed by studies in which there was a need to determine the optimal
dose of food [2,36]. If this is correct, the denominator in Equation (1) will be dependent on a
combination of the initial concentration of elements and the uptaken (eaten) amount of the
investigated substance (i.e., indirectly on the amount and activity of the tested organism).
It is obvious that bioaccumulation in a system with an abundance of feed will be different
from that in a system with a deficit in feed. This may lead to difficulties in comparing
the results obtained in different experiments/laboratories, even for the same investigated
organisms, and hence the need to precisely define what mass of the substrate (mg or g)
was given per test organism.
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4.3. The Applicability of the BAI for Other Organisms

It is not easy to find in the literature a set of data that would allow calculation of both
BAF and BAI indicators; this is due to the common practice of not testing the content of
elements in the organism before the experiment. However, we found data to calculate
the BAI (and to make a comparison with the BAF) for two completely different animals:
Paracyclopina nana and Helix aspersa, which are planktonic copepods living in water and the
common garden snail, respectively. The results are presented in Table 3. The criteria for
elements and variant selection were the same as for Table 1.

Table 3. Examples of the applicability of the BAI to organisms other than Hermetia illucens.

Initial Variant Final Con-
Concentration Concentra- Names centration
Organism Element in the Matrix tion in the According in the BAF BI:I; I:i“el:- BAI B./:It::;te: Reference
(ng-g™ Organism to Cited Organism L PECHE
(ng-g™ Reference (ugg™)
cd 0.26 0.02 Cfood 0.16 0.62 - 7.00 +
P Cnofood 0.21 0.81 - 9.50 + [371
. nana
Cu 2.40 226,90 Mixfood 98.7 41.13 + —-0.57 -
Mixnofood 149.5 62.29 + —0.34 -
0.12 0.16 Control 0.07 0.58 - —0.56 -
i cd 13.00 24.31 S10 38.11 2.93 + 057 + [38]
. aspersa
i 54.76 99.67 S50 174.61 3.19 + 0.75 +
83.20 23791 S100 282.33 3.39 + 0.19 +

+ bioaccumulation occurred; — no bioaccumulation.

As can be seen regarding Cd in P. nana, the BAF was below 1 and showed no bioac-
cumulation [37]. In contrast, the BAI indicated bioaccumulation, which can be confirmed
by comparing the initial and final concentrations of the element in the organism. For an
opposite result, in the case of Cu, the BAF showed very high bioaccumulation, while the
BAI pointed to the dilution of this element (the final P. nana concentration was lower than
the initial). As in the case of P from [27] and Table 1, this example shows a case where
the interpretation of the values of both the BAF and BAI indicates completely different
phenomena. For H. aspersa [38] in all cases, the interpretation of both indicators showed
the same conclusion concerning bioaccumulation. As can be seen, the BAI can also be
successfully applied to organisms other than H. illucens.

4.4. Limitations in Using the BAI

There are some disadvantages to the use of the BAI as a measure of bioaccumulation.
The BAI has limited use when the biomass of an organism is divided into two fluxes of
the biomasses. A very good example is H. illucens, a holometabolic insect that undergoes
complete metamorphosis. The life of these insects consists of four developmental stages:
egg, larvae, pupae, and adult individual (imago). After the pupae stage, the biomass is
divided into the adult insect and the puparia (or pupal exuviae). Puparia are especially
important from an entomoextraction point of view, as they may contain high amounts of
bioaccumulated elements [2,24]. As the BAF is commonly calculated for all developmental
stages, it is more difficult in the case of the BAI for puparia and the adult insect. The
question arises: to which developmental stage should the BAI refer in the denominator of
Equation (2)? Should the initial concentration in younger larvae be subtracted (Equation
(2)) from the concentration in the puparia or imago (as stage “after”)? None of the answers
seems applicable.

When the amount of the substance in the experimental matrix is limited and the
experiment lasts longer or the number of organisms is high, bioaccumulation can be
limited because of the lack of substrate. The value of the BAI (and that of the BAF) can
be underestimated in these situations. Therefore, it is very important to report the initial
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and final concentrations of an element in the matrix in order to enable the appropriate
interpretation of the results as well as the mass of the substrate per tested organism.

5. Conclusions

The bioaccumulation factor (BAF) is valid in environmental investigations. The
concentration of a bioaccumulated element can be treated as constant before and after the
experiment. The BAF does not provide information about the dilution of elements, but
does make it possible to draw conclusions about bioindication.

The use of the bioaccumulation index (BAI) proposed in this work, which can be
defined as the relative change in the concentration of a given element in the biomass
of investigated organisms, makes it possible to better characterize the phenomenon of
bioaccumulation in small-scale laboratory experiments, compared with the BAF. This is
because the BAI takes into account the load of elements delivered into the experimental
system along with the tested organisms. In laboratory-scale experiments, commonly used
methodology involves the use of organisms that have been previously fed other feed and
grown in conditions other than those ultimately present in the planned experiment. The
BAI can also indicate cases of the dilution of elements in organisms. Nonetheless, the major
disadvantage of the BAl is that it does not allow for the easy calculation of bioaccumulation
when an organism'’s biomass is divided into two fluxes of biomasses, as is often the case
with insects.
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Abstract

One of the main use of municipal sewage sludge is the fertilization of arable areas.
However, sewage sludge can contain significant amounts of heavy metals and, consequently,
its use in agriculture or environmental restoration is restricted by law. From another perspective,
sludge still contains organic compounds that could constitute feed for saprophagous insects.
The use of insects on risky, environmental wastes is termed entomoremediation. The aim of
this study is to evaluate the ability of Hermetia illucens (H. illucens) (Diptera: Stratiomyidae,
Linnaeus, 1978) larvae to utilize digested sewage sludge, in order to check element
bioaccumulation and to determine whether the addition of an optimal feed for the larvae (20%
DW) would increase the efficiency of the processes. The study found that the addition of the
optimum feed made the sludge more suitable for H. illucens, as evidenced by better larval and
pupal performance, as well as survival rates. The larvae reared solely on the sludge did not
complete their developmental cycle. The utilization of the dry weight of the sludge was 18.14%
and the addition of the optimum feed resulted in an increase of around 1.35 times. Larvae of H.
illucens bioaccumulated Ag, Ca, Cd and K from the sewage sludge and the addition of the
optimum feed also resulted in the accumulation of Mg and Mn. The research presented and
discussed also a new measure for bioaccumulation - bioaccumulation index (BAI), which
demonstrated that this phenomenon occurred of most of the elements with the exception of B,

Cr, K, Mg, Mn, P, S and Si.

1. Introduction

Sewage sludge is a by-product of the industrial and municipal sewage treatment process.
It consists of water (around 95%), microorganisms, dead organic and inorganic matter

containing biological elements and very often different pollutants such as heavy metals or
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pathogens (Elissen et al., 2010). The processing of sewage sludge is based on compression
(humidity reduction), drying and stabilization by, e.g., composting or anaerobic methane
digestion and then disposal (Peccia and Westerhoff, 2015; Roman et al., 2006). Conventional
disposal methods involve using sewage sludge as a fertilizer for agricultural purposes, for land
recultivation, as an additive to fuel combusted in incineration plants or simply disposal at sea
or landfills (Peccia and Westerhoff, 2015). It is estimated that sewage sludge production will
increase both locally and globally. In Europe alone, more than 7 million tons of sewage sludge
dry weight (DW) are produced each year (Elissen et al., 2010; Roman et al., 2006).

There are also biological methods that address the decrease in sludge production, as well
as the recovery of valuable components (e.g., amino acids, enzymes, fatty acids) by using land
(Lalander et al., 2019) and aquatic invertebrates (Elissen et al., 2010). One of the common
methods of sludge utilization is the use of earthworms in the process, known as
vermicomposting. The resulting product, which contains their feces, is characterized by high
nitrogen content, high microbiological activity and a lower content of heavy metals and can be
used as a fertilizer. In addition, valuable, protein-rich biomass is produced, which can be used
to compost the next portion of sludge (Sinha et al., 2010). Elissen (2007) described the concept
of an activated sludge reduction reactor, used with the aquatic species, Lumbriculus variegatus
(Muller, 1774), whereby the waste sludge, invertebrate feces and invertebrates can be separated.
L. variegatus is able to sludge utilization and growth in contrast to other aquatic species (Elissen
etal., 2010).

In recent years, much attention has been paid to the use of insect larvae, including H.
illucens, in waste management, due to their high bioconversion rate (Oonincx et al., 2015). H.
illucens, also known as the black soldier fly (BSF), is a saprophagous insect from the Diptera
order, which originated in the United States (Newton et al., 2005). The species has become

widespread in many countries in the northern hemisphere with subtropical, tropical and warm
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climates (Dortmans et al., 2017; Ustiiner et al., 2003). The larvae are used in various types of
waste organic matter, such as food scraps and catering waste, fruit and vegetables waste,
manure from poultry, swine and cows, human feces and biodegradable organic wastes (Kalova
and Borkovcova, 2013). The adult flies of this species are unable to forage and do not sit directly
on rotting substrate which this minimizes the potential for pathogen transmission. Furthermore,
H. illucens larvae have a higher fat content compared to other fly larvae (Ci¢kova et al., 2015;
Sheppard et al., 2002), which is important due to their potential use for biogas (Bulak et al.,
2020; Win et al., 2018) and biodiesel (Leong et al., 2016; Zheng et al., 2012) production. The
prepupae of H. illucens have the ability to self-harvest during breeding, as they have positive
phototropism, and when looking for a dry place for pupation, they leave the substrates
themselves in the direction of light, which makes them easy to collect (Proc et al., 2020).

The growing interest in the processing of biowaste by black soldier fly larvae (BSFL) is
mainly related to the production of larvae biomass for animal feed. BSFL biomass includes 15-
39% DW lipids (Mohd-Noor et al., 2017; Nyakeri etal., 2017), 32-58% DW proteins (St-Hilaire
et al., 2007; Surendra et al., 2020) and they could be a valuable source of nutrients for feed
production, e.g., for swine, fish or poultry (Wang and Shelomi, 2017) or for pets (reptiles,
amphibians) (Bosch et al., 2014).

Besides its use in biowaste revalorization, Bulak et al. (2018) showed that the species
can be useful for entomoremediation purposes. Entomoremediation can be defined as a type of
bioremediation, in which specialized insects and their associated microorganisms utilize,
sequester and extract pollutants from soil, sludge or biomass (Ewuim, 2013; Bulak et al., 2018).
For instance, BSFL were used for the utilization of corn leaves polluted with Cd and Zn, and
the reduction of its biomass was two times faster than composting, with a reduction of up to

49% DW (Bulak et al., 2018).
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Due to the constantly growing production of municipal sewage sludge, there is a need
to look for new methods of utilization, which could also provide an opportunity to re-use
products obtained from the process. Sludges can contain many different and sometimes rare
elements, which could be recovered or removed by bioaccumulation (Azizi et al., 2013; Xiang
et al., 2000). The use of H. illucens can potentially help realize the aforementioned processes,
as it has the ability to bioaccumulate different elements, which is especially interesting with
regard to their puparia (Bulak et al., 2018; Diener et al., 2015; Proc et al., 2020). The larvae of
this insect are voracious and have the ability to survive waste that is not optimal for their growth
and development (Nyakeri et al., 2017; Wang and Shelomi, 2017).

The aim of the study was to evaluate the ability of H. illucens to dispose (reduction of
the mass) of anaerobically digested sewage sludge from a municipal wastewater treatment
plant. Since the sludge itself can be insufficient feed for H. illucens, we hypothesized that the
addition of certain amounts of optimal feed can increase the utilization of the sludge by the
larvae. Moreover, the bioaccumulation of elements occurring in insect biomass has been
investigated. To more precisely determine the degree of bioaccumulation, in addition to the

traditionally used bioaccumulation factor (BAF), the use of the BAI was also presented.

2. Materials and methods

2.1. Insect rearing

H. illucens (Diptera: Stratiomyidae) larvae were obtained from a colony established at the
Institute of Agrophysics in the Polish Academy of Science in Lublin (Poland). BSFL were
reared in a larvarium (86 cm x 53 cm x 46 cm) in darkness, at a temperature of 28 + 1°C and
with a substrate moisture content of 75 + 10%. Initially the larvae were raised on coconut fiber

and were fed with commercial fish feed (details below). The seven-day-old larvae were
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separated from the substrate and sieved through a 500 pm mesh sieve to obtain larvae of similar
size. The larvae were left for 24 hours to empty their intestines, then were rinsed a few times
with distilled water and gently dried with paper towels to remove the residues from the

substrate.

2.2. Substrates

Fish feed (FF), which can be considered an optimal feed for H. illucens was ordered
from a local producer (EUROECO Beszczynski, Poland). The feed consisted of post-production
rapeseed meal, extracted oilseed plant protein meal, pressed plant protein concentrate, cereal
meal, products from the processing of vegetables and cereals oils; it also included 52.0%
carbohydrates, 24.0% crude protein, 3.5% crude fat, 7.0% raw fiber, 7.0% ash and 6.5%
saccharides, as well as macro-, and microelements. Metabolizable energy content, according to
the producer was 12.85 MJ-kgt. The DW of FF was 91.52 + 0.10% (105°C/24 h), pHn20 = 6.22
+0.01.

Digested sewage sludge (DS) was collected at a municipal wastewater treatment plant
in Hajdéw (Lublin, south-eastern Poland). The dewatered sewage sludge used for this
experiment was obtained after methane fermentation of excessive active sludge. It was then
dehydrated using centrifuges. The DW of DS was 22.72 + 0.04% (105°C/24 h), pHn2o = 8.41
+ 0.01 and the main characteristics of feed and sewage sludge are shown in Tab.1.

Two substrates were used for insect rearing: DS and its mixture with FF (DS+FF) in the
ratio of 80:20, based on the DW of the substrates. The DS+FF variant was prepared by firstly
grinding the FF into a uniform dust with a laboratory blender, then mixing the feed with the
sludge to obtain a homogeneous mass. The DW of DS+FF was 26.12 + 1.33% (105°C/24 h),

PHH20 = 8.18 + 0.02.
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2.3. Experimental design

The experiment was carried out in plastic boxes with lids (Bulak et al., 2018; Proc et al.,
2020) in a laboratory incubator at 28 + 1°C and relative air humidity of 60 + 10%. One hundred
larvae of ~0.5 cm in length were placed in each box.

The dose of the feed in both experimental variants was 100 g DW, thus the amount of
substrate per larva at the beginning of the experiment was 1 g DW. In order to ensure gas
exchange in the headspace of the boxes, an aeration pump was used (Oxyboost APR 300,
Aquael, Poland). The pump was connected to each box lid with a flexible hose. The containers
were opened daily, and the substrate was gently mixed with a glass rod. Sufficient distilled
water was added to maintain the moisture content of the substrates of around 75 + 10%. Under
these conditions, the experiment continued for 28 and 113 days on the DS+FF and DS substrate,
respectively.

Due to the fact that one of the aims of the experiment was to determine the
bioaccumulation of elements at the developmental stages of the insect, we took the decision to
finish the experiment when 50% of the initial larvae turned into pupae.

Following the experiment, the larvae from each variant were put into a glass container
for 24 hours to empty their intestines. The collected pupae from DS+FF were first rinsed with
distilled water to eliminate substrate residues, dried in paper towels and then kept for four days
in glass jars (to achieve an approximate 50% transformation of the pupae to imagoes).

All obtained larvae, pupae, puparia and imagoes were rinsed three times with lukewarm
tap water to eliminate any residues from the substrate, then three times with distilled water and

finally three times with 1 mM Na;EDTA, dried with paper towels and frozen (-60°C). The
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residues that remained after the experiment were dried (105°C/24 h). Prior to analysis, the insect

samples were also dried (105°C/24 h).

2.4. Samples analysis

The total C and total N were measured in initial substrate and residue samples using the
Flash 2000 Organic Elemental Analyzer (Thermo Scientific, USA). The pH of the substrates
was measured potentiometrically (HQ40D multi, Hach Lange, USA) in distilled water (1:20)
after 30 min stabilization at room temperature. The utilization rate of the substrates was

calculated using the following equation (Eq. 1):

Utilization [%)] = 22-CWe=DWe) "

DWy,

where: DW,, - dry weight of given analytical constituent at the beginning of the experiment,
DWe. - dry weight of given analytical constituent at the end of the experiment.

The length of the insect was determined by a hand ruler and the weight by a laboratory
balance (EX224M, Ohaus Corporation, USA). Mortality was determined at the end of the

experiment, according to Proc et al. (2020) (Eq. 2):

100*(L1—L2)

Mortality of larvae [%] = -
1

)
where: L1 - beginning number of larvae, L2 - number of live larvae + live pupae at the end

of the experiment.
Two bioaccumulation indicators were calculated for the larval stage of insect

development: bioaccumulation factor (BAF, Eq. 3) (Walker, 1990) and bioaccumulation index

(BALI, Eq. 4) (Proc et al., 2021).

BAF — Celement in organism (3)

Celement in matrix
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where: C is the concentration of given element expressed in mass unit in organism or in
matrix (which is substrate feed) (DS and DS+FF).

The BAI was calculated according to Eq. 3:

Cin larvae after experiment—Cin larvae before experiment
BAI = f 14 f 14 (4)

Cinlarvae before experiment

where: C is the concentration of given element expressed in mass unit.

After drying, the insect samples were ground in the laboratory, milled and digested using
a microwave mineralizer (Speedwave Four, Berghof, Germany). The DS, DS+FF and residues
after the experiment were digested using HCI + HNOz + HF (1:3:1 v/v), while the insect
samples were treated with HNOs. The mineralization process was carried out in accordance
with Bulak et al. (2018).

The concentration of elements was determined at all developmental stages of the insect,
in substrates and in residues. Inductively coupled plasma optical emission spectrometry (ICP-
OES) (iCAP Series 6500, Thermo Scientific, USA) was used for this purpose. The following
wavelengths were used to determine the individual elements (nm): Ag 243.779; Al 396.152; As
189.042; B 208.959; Ba 493.409; Bi 190.234; Ca 184.006; Cd 226.502; Co 228.616; Cr
267.716; Cu 324.754; Fe 261.187; Ga 417.206; K 766.490; Mg 285.213; Mn 259.373; Mo
204.598; Ni 231.604; P 178.284; Pb 220.353; S 180.731; Sb 206.833; Se 196.090; Si 251.611,

V 310.230 and Zn 206.200. An internal standard of 5 ppm Y was added to all samples.
2.5. Statistical analysis
The experiment was carried out in three independent biological replications and the

statistical analyses were conducted using Statistica 13.1. The statistical significance was

determined by the Student’s t-test (p < 0.05). Data from the morphological characteristics of
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insects and elements’ analysis were means + SD (n = 3). The physicochemical results of the

substrates and insect material analysis were means = SD (n = 19-68).

3. Results and discussion

There are only few comparable research studies in the literature. Certain authors reared H.
illucens on different types of sludge: primary municipal sewage sludge (Arnone et al., 2022;
Lalander et al., 2019), digested (i.e., after methane fermentation) municipal sewage sludge
(Lalander et al., 2019), biogas sludge (Sprangers et al., 2017), fecal sludge (Banks et al., 2014;
Lalander et al., 2013). These materials are different in terms of organic matter content and the
availability of nutrients, and thus have different nutritional value for the larvae. Consequently,
it is not easy to compare and draw correct conclusions. The second issue is that only one of the
authors investigated digested municipal sewage sludge as feed for H. illucens and even fewer
of these studied the changes in elemental e.g. micro-, macro-elements, heavy metals (Lalander
et al., 2019). In some publications, the authors described the substrate used so laconically that
it is not entirely clear to which kind of sewage sludge they were referring (Liu et al., 2020).
Therefore, in the next part of discussion, we first tried to compare the results with the most
suitable research, which also investigated the same type of substrate. Secondly, we compared
it with other types of sludge and finally, with other types of biomass, to illustrate the literature

background for a given parameter.

3.1. Changes in composition of the substrates

The DW, carbon (Ctot), nitrogen (Ntwt) content of the substrates (DS, DS+FF) before the

experiment and in residues after the experiment and utilization degree are presented in Tab. 1.
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The DS variant lasted 113 days and was ended due to the lack of pupation. The decrease in DW
in the DS variant was 18.14 g (18.1% utilization) (Tab. 1). Lalander et al. (2019) tested BSFL
on anaerobically digested municipal sewage sludge, which showed a slightly lower reduction
of 13.2% DW. Kalova and Borkovcova (2013) reported dried digestate from the anaerobic
treatment of municipal waste and sludge, following municipal wastewater treatment, H. illucens
culture was carried out for 35 days, yielding reductions of 8.8% and 15.5% of fresh weight
(FW), respectively (no information on the DW of the substrate). Liu et al. (2020) showed 14.5%
organic matter utilization of municipal sewage sludge from a wastewater treatment plant by
BSFL after nine days of the experiment.

The DS+FF variant lasted 28 days. The addition of FF resulted in a positive effect on
the utilization value. The decrease in DW amounted to 24.54 g, resulting in a utilization at
24.5% (Tab. 1). Due to the considerable difference in the duration of the experiment between
the two variants, it is more convenient to compare the utilization rates achieved in the whole
period of the experiment. In the DS variant, the utilization rate was only 0.16% DW day™ and
in the DS+FF variant, it was 0.88% DW day. A comparison of the results from the two feeding
options shows that the addition of 20% DW of the optimum feed increased the feed conversion
ratio to 0.72% DW day™ (5.5 times higher).

Generally, the low utilization rate, the long period of development and the lack of
pupation in DS suggested that anaerobically treated municipal sewage sludge had little
nutritional value for the H. illucens larvae. Another reason might have been the content of
certain toxic organic compounds in the sludge, but further research is needed to address this
topic.

The research showed that the percentage of total carbon (Ciot) utilization in both the DS
and the DS+FF variants was very similar and amounted to around 38%. Replacing 20% of the

sewage sludge with FF did not significantly change the carbon utilization in the DS+FF after
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the experiment. The difference was only in the content of total nitrogen (Ntt) as a nutrient for
the larvae; a significant decrease in the content of this element in the residues was shown (Tab.
1). In both variants at the beginning of the experiment, the C:N ratios were similar (Tab. 1).
Lalander et al. (2019) and Liu et al. (2020) showed higher C:N ratios of 14.9 and 13.7,
respectively. It is worthy of note that H. illucens larvae were able to feed on digested sludge,
which was a poor source of easily available C and N compounds, due to its earlier consumption

by microorganisms during the treatment and fermentation process.

Table 1. The physicochemical parameters of the DS, DS+FF and residues after the experiment (mean + SD;
n = 3; Student’s t-test, p < 0.05). The asterisk symbol (*) means a significant difference between the values of a
given parameter, tested within “before” group or “after” group of the results. The symbol (1) indicates a significant

difference in the given parameter between “before” and “after” the experiment.

Analytical constituents content (%6)

Parameter Before the experiment After the experiment
DS DS+FF DS DS+FF
DwW 22.317+£0.173 26.122 +1.333* 31.813 £4.1697 34.735 +4.8627
Crot 35.430 +3.091 35.629 £ 1.517 27.235+£0.343 29.528 +0.553*T
Nitot 3.996 £ 0.340 4.062 = 0.197 3.381 £ 0.1867 4.067 +£0.087*
C:N 8.953 £1.542 8.775 £ 0.223 8.072 £0.462 7.264 +0.2817
Analytical constituents content (g)
DW 100.000 £ 0.001 100.000 £ 0.002 81.863 + 1.474F 75.465 + 0.834*F
Crot 35.430 +3.091 35.629 £ 1.517 22.292 +0.1267 22.285+0.5847
Nitot 3.996 +0.340 4.062 = 0.197 2.768 £0.163F 3.069 +0.039°
% utilization of analytical constituents
DW - - 18.137 £ 1.474 24.535 £0.834*
Cot - - 36.805 + 7.660 37.342+£0.311
Nitot - - 32.266 +£4.421 24.330 £ 4.465%*

DW - dry weight; Ciot - total carbon; Nt - total nitrogen
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3.2. Growth and development of BSF

The parameters of BSF growth and development on DS and DS+FF are presented in
Tab. 2. As expected, insect development have been much better in an enriched substrate
(DS+FF). The DS variant lasted for 113 days and during this time, no pupation was observed.
Although the main food components were practically the same in both substrate variants (Tab.
1), the vital parameters of the larvae (Tab. 2), were significantly higher in the sludge variant
enriched with optimal feed (DS+FF).

At the end of the experiment, the length of larvae in the DS and DS+FF variants
increased by 1.5-fold and 3-fold, respectively, compared to the larvae at the beginning of the
experiment. The larvae in the DS+FF achieved a greater increase in FW relative to the larvae
from the DS variant and compared to the initial larvae (15-fold and 63-fold respectively). The
FW of one pupa was 0.08 g (DS+FF), which can be compared to the results obtained by
Lalander et al. (2019), which indicated that the FW of pupae reared on digested sludge was 0.07
g.

The DW of an insect depends on its stage of development and diet composition (Diener
et al., 2009). To our knowledge, 113 days of H. illucens larvae survival without pupation was
the longest period reported in the literature. Kalova and Borkovcova (2013) used dried digestate
from the anaerobic treatment of municipal waste and sludge from the municipal wastewater
treatment, and, after 35 days of the experiment, the larvae did not reach the pupa stage. In
contrast, Lalander et al. (2019) observed the first pre-pupa after approximately 39 days of being
fed on the DS. In our study, the addition of the optimum feed (20%) led to faster developmental
cycle transitions. The first pupa fed on the DS+FF were observed after 24 days of the
experiment. Therefore, it can be concluded that even small differences in the availability of

nutrients for H. illucens larvae can have an influence on their development and the possibility
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of pupation. The mortality of the larvae was relatively low in both variants (Tab. 2). The
addition of optimal feed to the sludge resulted in a 1.7-fold decrease in mortality. Regarding
digested sludge, which can be compared to the DS in our research, Lalander et al. (2019)
reported a mortality rate of 61.0%, which was much higher than observed by us (Tab. 2).
Table 2. The parameters of growth and development of H. illucens (mean + SD; for larvae
in DS n = 30-81; for larvae in DS+FF n = 19-30; for pupae n = 56-68; for imago n = 29-40).
The Student’s t-test, p < 0.05. The asterisk symbol (*) means a significant difference between
the values of a given parameter, tested within “before” group or “after” group of the results.
The symbol (1) indicates a significant difference in the given parameter between “before” and

“after” the experiment.

Parameter Before the experiment After the experiment
DS and DS+FF DS DS+FF
Length of larvae (cm) i065.2267 23%332 1%153
Length of pupae (cm) - ) ;6%854
Time to first pupae (days) - : 24
FW of one larvae (g) f('fggo :2 .(()).3;)%7; 2:102(?;j
FW of one pupae (g) - - iob(,)g&
DW of one larvae (g) io(fgggo E 8%?; Oi?;é:;-
DW of larvae (%) lei)%i fogggz 41 §f7322*6T
DW of pupae (%0) - ) f 2528133
DW of puparia (%) - - f 13%%?1
DW of imago (%0) - ) f (())814{)%
Mortality of larvae (%) - j %61612 3:15028;

DW - dry weight; FW - fresh weight
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3.3. Elements concentration

3.3.1. Changes in element concentrations in the matrix

The concentrations of the elements analyzed in the substrates and residues after the
experiment are shown in Tab. 3. In the case of most elements, the initial concentrations were
higher in the DS variant compared to the DS+FF. This indicated that the addition of FF diluted
the elemental concentrations in the sludge. The only exceptions were Al and K. Proc et al.
(2020) examined the elemental composition of the FF, also used in this experiment, and found
that it was rich in K and Al (5861.00 = 42.75 and 27.38 + 0.10 mg-kg™ DW, respectively).

Generally, in both variants, the concentrations of elements in the residues were higher
than the initial concentrations, with the exception of As, B and Se in the DS, and Al in the
DS+FF (Tab. 1). As a result of larvae feeding, the organic matter content of the substrates
decreased and thus, the elements were concentrated in the residues. The concentration of
elements by the biological factor can be named bioconcentration (Proc et al., 2020).

Arnone et al. (2022) observed a similar phenomenon in a control Gainesville diet for all
investigated elements (As, Co, Cr, Cu, Fe, K, Mn, Mo, Ni, Pb, Zn) except Cd. However, when
they analyzed the control diet mixed with a different amount of primary sewage sludge, they
found that the concentration of all elements decreased in the residues, pointing to much better
availabilities than from the DS, as in our research.

This process has also been observed in BSFL breeding on other types of substrates. Diener
et al. (2015) and Van Der Fels-Klerx et al. (2016) studied changes in elemental concentrations
in contaminated chicken feed and observed an increase for Cd, Zn and As, Pb, respectively.

Bohm et al. (2022) showed an increase in the concentrations of As, Cr, Fe, K, Mg, Na, Ni and
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S in household food waste. Proc et al. (2020) also observed a significant increase in the

concentrations of several elements in the final residue of FF.

3.3.2. Changes in element concentrations in the insects

Tab. 3 shows the elemental concentrations in larvae, pupae, puparia and imagoes. The
initial larvae of H. illucens were characterized by a high content of macronutrients, such as Ca,
K, Mg, P and S, the concentrations of which were higher than 4500 mg-kg™ (Tab. 3). Elemental
concentrations in the larvae at the end of the experiment were higher than in the initial larvae,
however, there were also some exceptions. In the DS, variant concentrations of Cr and Mn
decreased by 29.2% and 37.6%, respectively, compared to their concentrations in larvae taken
into the experiment. In the DS+FF, the decline in concentrations was observed for B (66.0%),
K (31.9%), Mg (3.4%), P (34.5%) and Si (71.2%).

The addition of FF to the sludge (DS+FF) increased the final concentrations of elements
such as Ag, Bi, Ca, Cr, Fe, Mn and V in the larvae, compared to the DS larvae (Tab. 3). In the
case of other investigated elements, their content has been higher in the larvae from the DS
variant. This suggests that the addition of more optimal feed in the sewage sludge only
positively modified a few element availabilities.

Arnone et al. (2022) reared H. illucens on the Gainesville diet, mixed with municipal
sewage sludge. With the increasing amount of sewage sludge, element concentrations such as
As, Cd, Co, Cu, Fe, Mo and Pb in the larvae increased, while Cr, Mn and Zn showed non-linear
changes. This opposite tendency can be explained by the fact that sewage sludge had a much
higher element content than the Gainesville diet, which was depleted in various heavy metals.

Thus, every increase in their content also had to be reflected in increased in larvae tissues.
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In general, the pupae had lower elemental concentrations compared to the final larvae.
A similar phenomenon was observed by Gao et al. (2017) for Cd and Cr, and by Diener et al.
(2015) for Pb and Zn. However, there were still exceptions in elements such as B, Ca and Mg
(Tab. 3). It could be hypothesized that these specific elements may be significant in some way
in relation to proper development during the pupa stage. Toxic heavy metals, such as As, Cd,
Cr, Ni, Pb and V decreased by 4.68, 5.21, 1.60, 1.89, 6.60 and 2.08 times, respectively (Tab.
3), which proved their exclusion from the pupae.

Sprangers et al. (2017) studied the micro- and macronutrient content of H. illucens
pupae bred on a solid fraction of biogas digestate. They demonstrated that for all tested elements
their concentrations in the prepupae were lower than in the substrate, with exception of Ca and
Mn. Gao et al. (2017) analyzed prepupae and pupae reared on wheat bran spiked with Cd and
Cr. They observed the bioaccumulation of Cd in the prepupae, but in the pupae, the content
even dropped below the level of spiked food. In the case of Cr, this element was excluded from
all tested developmental stages.

The content of elements contained in the puparia were, in general, lower than in the final
larvae. The exceptions were Ag, Ba, Ca, Mg, Mn and Zn, the content of which was higher (Tab.
3). A comparison with the pupae showed that the contents of As, B, Cd, K, P, S, Sh, Se and V
were lower in the puparia, while the concentrations of all other elements increased.

From an entomoremediation point of view, the puparia are the most interesting material
as they usually contain a high content of elements, which were excluded from the further
metabolism of H. illucens adults. The puparia also render its reuse possible as element “ore”, if
the concentrations of elements would be high enough. Insects can expel toxic or excess
elements into the exoskeleton or immobilize them in the form of metal-rich, calcium phosphate
granules (Inouye et al., 2007). Storage in the exoskeleton and especially in the puparia enables

recovery of the elements, if their concentration and, therefore, the profitability of the process
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would be at a sufficiently high level. This is termed the entomoextraction of elements (Bulak
etal., 2018; Gao et al., 2017). In this research, H. illucens puparia contained the highest amount
of Ag, 44.40 mg-kg?, of all the insect samples (Tab. 3). Taking into account that geological
silver ore contains, on average, 0.085% Ag (Encyclopedia Britannica), the amount obtained in
the puparia was one order of magnitude less (0.00444% on a DW basis).

Imagoes are generally characterized by lower elemental concentrations, compared to the
earlier developmental stages. However, there are some exceptions. Two elements, S and V,
showed higher concentrations by comparison with larvae after the experiment, by 38.59% and
17.18%, respectively. The content of certain elements was higher in the imagoes as compared
to the pupae: Cr by 1.08 times, Cu by 1.32 times, Ga by 2.00 times, K by 1.02 times, Ni by 1.05
times, Pb by 1.48 times, S by 1.49 times, Sb by 1.31 times, Se by 1.35 times and V by 2.44
times. In relation to the investigated elements, the concentration was however low (< 1000
mg-kg!) with the exception of K, Mg, P and S (Tab. 3). Existing data showed that the imagoes
are generally well protected from high concentrations of different elements, especially toxic
elements, which was also confirmed by our results. Imagoes perform reproductive functions

and efficient protective mechanisms exist to help protect the gonads from toxicity.
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Substrate at the

larvae at the

beginnini end upae uparia imago BAF  BAI BAF BAI
Y 9 beginning end pup Pup 9

DS DS+FF DS DS+FF Bgf'gg DS DS+FF DS+FF DS+FF DS+FF DS DS DS+FF DS+FF
A 4.73 3.85 5.56* 5.51* 0.05 8.13* 27.83* 25.67 44.40 3.44 172 167.72 723 576.28
9 1019 +0.07 +0.10 +0.41 +0.00 +2.03 +0.07 +0.16 +3.16 +0.02 +£043 +£4216 =+£0.02 +1.35

Al 2183.00 2828.00 2632.00* 2803.00 51.70 260.37*  240.75* 29.67 130.20 2.48 020 4.04 0.09 3.66
+31.22  +£16.12 +£12495 +400.00 =£0.12 +25.51 +4.25 +0.16  +14.60 +0.03 +£0.01 +049 +£0.00 +0.08

As 39.00 34.26 35.05* 37.74 0.35 1.95* 1.17* 0.25 0.19 0.25 0.05 4.63 0.03 2.37
+0.35 +0.20 +0.95 +1.30 +0.10 +0.07 +0.06 +0.02 +0.02 +0.04 +£0.00 +0.19 +£0.00 +0.16

B 50.30 46.07 49.53 52.41* 13.03 32.94* 4.43* 4.66 4.26 4.10 0.66 1.53 0.10 -0.66
+0.46 +0.33 +1.17 +0.85 +0.28 +3.43 +0.11 +0.25 +0.27 +0.13 +£0.07 £026 =£0.01 =£0.01

Ba 168.30 139.40  209.17*  187.60* 1151 23.33* 19.74* 9.54 20.83 1.36 014 1.03 0.14 0.72
+0.73 +0.92 +2.40 +6.39 +0.01 +1.61 +1.44 +0.76 +0.71 +0.12 +£001 +£0.14 £0.01 =+0.13

Bi 3.53 3.37 3.67 3.54 0.28 1.00 1.23* 0.62 0.71 0.48 0.28 258 0.37 3.43
+0.20 +0.14 +0.14 +0.03 +0.02 +0.34 +0.23 +0.02 +0.06 +0.12 £0.10 +1.21 £0.07 +0.81

Ca 30100.00 28080.00 35650.00* 31046.67 5718.00 58496.67* 65226.67* 73575.00 120033.33 99545 1.96 9.31 2.32 10.41
+218.00 +£80.46 +£628.65 +£2419.30 +£5.71 +£4339.84 +£349293 £85.00 +£9057.78 +171.55 £0.14 +0.76 +£0.12 +0.61

cd 5.83 4.69 6.62* 6.18* 0.66 41.11* 8.29* 1.59 1.24 0.36 7.05 61.00 1.77 11.50
+0.05 +0.02 +0.13 +0.22 +0.01 +1.14 +0.21 +0.55 +0.18 +0.03 +£020 +1.73 £0.04 +0.31

Co 9.50 7.26 11.44* 10.24* 0.05 1.30* 1.12* 0.13 0.43 0.05 0.14  24.95 0.15 21.39
+0.11 +0.06 +0.22 +0.68 +0.01 +0.12 +0.07 +0.03 +0.09 +0.01 +£0.01 +240 +£0.01 +1.47

cr 89.00 49.14 105.50*  80.11* 6.33 4.48* 23.90* 14.87 16.38 16.08 0.05 -0.29 0.49 2.78
+1.63 +0.23 +3.50 +0.07 +0.04 +0.44 +0.93 +0.69 +1.64 +1.20 +£0.01 +£0.07 £0.02 +0.15

cu 391.70 309.90  458.70*  413.67* 11.73 119.03*  97.96* 16.10 35.42 21.33 030 9.15 0.32 7.35
+3.56 +1.29 +3.86 +8.29 +0.17 +5.49 +6.75 +0.73 +2.76 +0.71 +£0.01 +047 +£0.02 +0.58

Fe 19350.00 14890.00 22160.00* 20040.00* 84.19  1647.33* 2948.00* 466.60 169850  307.93 0.09 1857 0.20 34.02
+249.90 +36430 +£36291 +£50090 £0.17 +£19322 +£216.00 +1230 +14550 +12.73 +0.01 +230 +0.02 +2.57

Ga 13.96 10.51 17.01* 14.22* 0.44 1.35* 1.24* 0.18 0.22 0.36 010 2.07 0.12 181
+0.16 +0.17 +0.77 +0.39 +0.14 +0.13 +0.09 +0 .02 +0.06 +0.04 £0.01 +£029 +£0.01 +0.21

K 2652.00 3021.00 3140.00* 3911.00* 11990.00 12950.00* 8170.50* 5463.50 3622.67 5563.33 4.88  0.08 2.71 -0.32
+23.82  +£37.70 +£8448 +127.74 +£112.10 +£316.07 +112.50 +14550 +218.88 +£210.51 +0.20 +0.03 +0.04 +0.01

M 4907.00 3966.00 5949.33* 5855.67* 4588.00 4603.33 4430.33 4515.00 6256.00 2664.33 094 0.02 112 -0.06
9 14212 £6354 +£131.07 =£159.82 3307 £10229 £217.36 +35558 +112.00 +177.25 £0.02 £0.00 +0.06 +0.00

Mn 247.50 199.00  291.07* 269.10*  190.10 118.63* 295.53*  236.57 473.70 14.23 0.48 -0.38 1.49 0.56
+3.62 +1.74 +2.94 +3.67 +0.48 +5.31 +11.22 +16.77 +22.87 +0.52 £0.02 +0.03 £0.06 =£0.06

Mo 268.20 216.20  308.90*  279.70* 0.84 50.33* 33.11* 7.93 24.85 5.07 0.19 59.28 0.15 39.65
+2.75 +0.74 +0.95 +3.68 +0.04 +2.52 +1.61 +0.66 +2.63 +0.08 +£0.01 +3.02 +£0.01 +1.92

Ni 105.30 73.08 119.90*  107.20* 10.74 24.43* 18.93* 10.01 13.30 10.51 023 127 0.26 0.76
+1.01 +0.26 +3.46 +6.94 +0.03 +1.61 +0.80 +0.18 +2.00 +043 £0.02 +0.15 £0.01 +0.07

p 27610.00 21760.00 32170.00* 30940.00* 14520.00 16030.00 9514.50* 8986.00 6742.00 8597.50 0.58  0.10 0.44 -0.35
+225.00 +81.73 +£120.00 +101828 +81.97 +880.97 +1145.50 +346.00 +882.00 +134250 +0.03 +0.06 +0.05 +0.08

Pb 12.85 9.39 16.75* 14.07* 0.56 6.01* 2.64* 0.40 0.91 0.59 0.47  9.80 0.28 3.74
+0.85 +0.64 +0.77 +0.26 +0.21 +0.18 +0.23 +0.04 +0.07 +0.04 +£0.01 +033 +£0.03 +042

s 14050.00 11790.00 16893.33* 16203.33* 5477.00 6990.67* 5501.00 5127.50 2889.50 7619.00 050 1.53 0.47 0.00
+136.40 +72.04 +£437.53 +£430.16 +£5.64 +162.85 +233.00 +8150 +273.50 +401.00 +0.01 +0.16 +0.02 +0.00

Sb 2.90 2.56 3.78 3.58* 0.46 117 0.74 0.42 0.17 0.55 040 134 0.29 1.09
+0.03 +0.08 +0.08 +0.02 +0.02 +0.07 +0.14 +0.05 +0.01 +0.11 +£0.03 +033 +£0.05 +0.39

Se 101.50 79.70 98.18* 97.78* 1.23 51.87* 44.21* 25.73 16.32 34.85 051 41.07 0.56 34.86
+0.94 +0.18 +0.76 +2.80 +0.03 +4.62 +2.98 +3.32 +1.22 +2.79 +£0.05 +£3.75 +£0.04 +£241

si 2451.00 2020.00 2924.33* 2667.00*  48.88 196.30 14.08* 4.57 12.43 0.77 0.08  3.02 0.01 -0.71
+47.58  +39.92 +138.75 +13519 +6.37 +70.01 +0.01 +0.93 +0.99 +0.15 +£0.03 +143 £0.00 +0.00

v 14.49 11.31 17.51* 15.28* 0.04 1.19* 2.62* 1.26 0.28 3.07 0.08 27.98 0.23 68.83
+0.26 +0.02 +0.27 +0.22 +0.01 +0.12 +0.07 +0.01 +0.10 +0.10 +£0.01 +281 +£0.01 =*1.68

Zn 1038.00  811.50 1254.00* 1092.67* 285.50  789.50* 342.45*  234.50 458.90 20560 076 1.77 0.42 0.20
+8.65 +3.74 +13.89 +27.47 +0.44 +24.47 +20.25 +1.40 +1.20 +17.11 £0.02 +£0.09 £0.03 +£0.07
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3.3.3. Bioaccumulation factor — BAF

Tab. 3 presents the concentrations of the studied elements and their BAFs. In the DS
variant, the larvae exhibited the highest bioaccumulation of elements in the following order: Cd
> K > Ca >Ag. While the bioaccumulation of the macroelements, Ca and K was reported in the
literature in H. illucens (Bohm et al., 2022; Rubio et al., 2022; Schmitt et al., 2019; Tschirner
and Simon, 2015), as well as its considerable ability to promote Cd bioaccumulation (Arnone
etal., 2022; Bulak et al., 2018; Diener et al., 2015; Gao et al., 2017; Proc et al., 2020; Purschke
et al., 2017; Tschirner and Simon, 2015), the positive result on Ag was interesting. Previously,
Schmitt et al. (2019) reared H. illucens on solid aquaculture wastes contained among others Ag,
but showed no bioaccumulation of this element. In the DS+FF, bioaccumulation in the larvae
decreased as follows: Ag > K > Ca > Cd > Mn and Mg (Tab. 3). Once again, very interesting
was a high BAF for Ag: 7.23 in DS+FF vs 1.72 in the DS variant (Tab. 3).

Bohm et al. (2022) examined dewatered sewage sludge and the highest BAF was
obtained for Ca 2.19-9.16 > K 0.40-4.55 > Mn 1.28-3.04 > Cd 0.03-2.19 > Na 0.23-1.35 > Mg
0.43-1.24 > Zn 0.20-1.10. The bioaccumulation of Al, As, Co, Cr, Cu, Fe, Mo, Ni and Pb was
not observed.

Arnone et al. (2022) reared H. illucens on the Gainesville diet with different additions
of DS. As regards the non-spiked Gainesville diet (S0), the concentrations of Cd in the larvae
were low (0.39 mg-kg™* vs 0.05 mg-kg™ in the initial substrate), but the BAF reached 7.8. With
the increased addition of the sludge (50:50) (S50), the BAF was 0.76 and, at a ratio of 75:25
(S75) it increased again and reached 2.36. In this research, the BAF for Cd in DS was 7.05, in
DS+FF it was 1.77, while the element content in the larvae was much higher: 41.11 mg-kg™
and 8.29 mg-kg?, respectively (Tab. 3). Mn was the next common element investigated in this

research and in the work of Arnone et al. (2022). They reported the following Mn content in
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the larvae for SO, S50 and S75, respectively: 598.49, 511.21 and 658.65 mg-kg™. The BAFs
calculated based on these results were 7.49, 1.76 and 1.57, respectively. In the larvae, Mn
bioaccumulation expressed by the BAF has only been observed in the DS+FF variant, which
gave a BAF of 1.49 at a concentration of 295.53 mg-kg™? in the larvae (Tab. 3).

This showed that the H. illucens potential for bioaccumulation, expressed as a BAF, was
highest in a low range of concentration of elements in the substrate and in higher concentrations
it dropped. There is also a risk of misinterpretation if one compares the BAFs for a given
element without looking for real concentration changes between the insect and the substrate.

Tschirner and Simon (2015) used three different types of non-spiked substrates: optimal
feed, protein-rich and fiber-rich feed for H. illucens farming and they showed the BAFs for the
following elements in the ranges of: Ca 2.79-6.54, Cd 2.42-7.50, Cu 0.73-1.75, K 0.66-1.60,
Mg 1.02-3.17, Mn 2.81-6.00, Mo 0.44-3.60, Na 0.09-1.13, P 0.91-14.85, Pb 2.29-3.12 and Zn
0.93-3.00, depending on the substrate used. No bioaccumulation was noted for Co and Fe.

The BAFs for the various elements have been demonstrated by Schmitt et al. (2019),
who reared H. illucens larvae on solid aquaculture wastes with different relative humidity of
45 and 60%. The BAF obtained in the study was as follows: K 7.62-8.91 > Cd 2.50-2.80 > Hg
2.00 > Mg 1.08-1.21 > Mn 1.00-2.00 > Ca 1.00-1.20 > As 0.88-1.32. BAFs below 1 (no
bioaccumulation) were obtained for Ag, Co, Cr, Cu, Fe, Mo, Na, Ni, P, Pb, Se, V and Zn. A
high BAF for Cd (6.50-10.50) and Zn (3.16-3.98) had previously been reported in H. illucens
fed on spiked and non-spiked corn leaves by Bulak et al. (2018).

In larvae raised on optimal FF (also used in this research) Proc et al. (2020) reported
bioaccumulation for Ca 11.52 = 0.82, Mn 6.75 £ 0.14, Cd 3.93 £ 0.57, Bi 3.29 + 0.23, Se 2.84
+0.78,Zn 2.52 £ 0.29, Fe 2.22 £ 0.19, S 2.14 £ 0.06, Cu 2.10 £ 0.21, Mg 1.86 £ 0.13, P 1.65
+0.03, Hg 1.51 £ 0.08, Ba 1.44 £ 0.08, Mo 1.20 £ 0.01, Ga 1.18 £ 0.17. A bioaccumulation of

Al, As, Co, K, Pb and Si was not observed.
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In contrast to the wide range of organic substrates mentioned in previous citations, in
which the BAF for different elements usually showed bioaccumulation, in the larvae reared on
the DS, few were bioaccumulated (Tab. 3). This was generally associated with a much higher
initial concentration of elements in the sludge than in the organic feed given for Hermetia (the

denominator in Eq. 2 was usually very high).

3.3.4. Bioaccumulation index — BAI

The BAI was calculated to a more accurate determination of bioaccumulation. The BAI
allows to express bioaccumulation in relation to the concentration of the element in the initial
larvae before the experiment, but for this reason, its application is mainly limited to the pre-
pupal stages of organisms (Proc et al., 2021). Due to this definition, the BAI determines
bioaccumulation across a wider frame than the BAF: bioaccumulation is any case in which the
concentration of an element increases during organism growth (Blasco, 2016; Proc et al., 2021,
Yang et al., 2019). The additional advantage of the BAI in comparison to the BAF is the
possibility of determining the dilution of a given element during the growth of an organism
(Proc et al., 2021). As the BAI measure of bioaccumulation is new, it is important to mention
the interpretation ranges for the BAI. High bioaccumulation occurs when BAI >= 1. When BAI
is between 0 and 1, this indicates lower bioaccumulation. BAlI = 0 indicates that no
bioaccumulation occurred and if it is negative, there is a case of dilution, with an element having
been transferred from the organism outside. The BAI quoted in the following part of the
discussion was calculated on the basis of data contained in the cited sources. The greatest issue
in the discussion is that the concentrations of the elements in the initial larvae before the

experiments are very rarely published.
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In the case of the vast majority of investigated elements, the BAIls were higher than 0,
which indicated that the element content increased in the larvae from both variants during the
experiment, thus bioaccumulation occurred (Tab. 3). This is logical because the larva increases
its mass as it grows and also needs elements for the functioning of its metabolism. Very high
BAI values were recorded for Ag in both variants (>100). In the DS, elements such as Cd, Co,
Fe, Mo, Se and V showed the BAI > 10 but less than 100. In the DS+FF variant, to the collection
of these elements, Ca was also scored. In one case, the BAI was equal to 0 and this was for S
in the DS+FF variant - the concentration of this element did not change (Tab. 3). Other
elements, like K and Mg in the DS had values very close to 0 but were still slide positive. The
concentrations of certain elements in the larvae after the experiment were lower than in the
initial larvae. These were Cr and Mn in the DS and Ba, K, Mg, P and Si in the DS+FF.

One publication has focused on the rearing of H. illucens on dewatered sewage sludge
(Bohm et al., 2022), in which the authors also showed the elemental content of the initial larvae,
therefore, a discussion is possible. In a study by Bohm et al. (2022) which investigated
dewatered sewage sludge, the highest BAIl was obtained for Al 17.63 > Cr 12.00 > Pb 10.41 >
As 5.56 > Cd 5.17 > Fe 4.22 . Cu 3.00 > Co 2.50 > Ni 1.70 > Ca 1.61 > Na 0.92 > Zn 0.17 >
Mn -0.22 > K -0.27 > Mg -0.31 > S -0.38.

Data from a study by Tschirner and Simon (2015) in which the effects of three substrates
(optimal feed, protein-rich feed and fiber-rich feed) were investigated, allow the BAI index to
be calculated. In these high organic substrates, none of the investigated elements reached BAI
> 10. The highest value (5.22) was obtained for Cd in the fiber-rich substrate. This element also
bioaccumulated in the larvae of the two other groups of substrates. The elements which
bioaccumulated in the control (optimal) substrate were Ca, Co, Cu, Fe, Mn, Pb and Zn. Other

investigated elements, which included K, Mg, Mo, Na and P were diluted. In the protein-rich
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substrate only Cd bioaccumulated and all other elements were diluted. In the fiber-rich
substrate, elements such as Ca, Cd, Mn, Na, and Pb bioaccumulated, while others were diluted.

Proc et al. (2020) investigated the bioaccumulation of different elements in H. illucens
fed with the FF. The highest bioaccumulation occurred for Ca (1.26) and Mn (1.19) but several
other elements also bioaccumulated (BAI > 0 for Bi, Cu, Fe, Hg, Mo, Se). Cd is an element,
which is commonly accumulated in H. illucens but in this case, the BAI was 0. Other
investigated elements were diluted (Al, As, Ba, Ga, Co, K, Mg, P, Pb, S, Si, Zn).

Sanchez-Matos et al. (2021) used cattle manure as a feed for the larvae. Bioaccumulation
occurred across almost all investigated elements, which were Ca, Cd, Cr, Fe, K, Mg, Mn, Na,
S and Zn, with the highest BAI values for Mn (21.6) and Cd (16.0). Dilution occurred only for
P and was low (-0.04).

In the cited sources, not all authors studied the same elements, but it can be seen that in
all studies, the same elements of Ca, Mn and Fe were always bioaccumulated. The highest
number of elements bioaccumulated when Hermetia was fed with sewage sludge is this research
(Tab. 3) and here, the BAI reached the highest values. In the case of organic substrates, the BAI
values were much lower (except for Mn and Cd in Sanchez-Matos et al. (2021)). This showed
that the majority of the elements were available for H. illucens larvae from the DS and DS+FF,

as their concentrations increased several times compared to the initial larvae content (Tab. 3).

3.3.5. BAF vs BAI

As previously mentioned the BAI demonstrated its bioaccumulation in most elements,
while for BAF, this occurred only in a few cases. As regards the three elements, Ag, Ca and
Cd, both factors indicated bioaccumulation in both substrate variants used (Tab. 3). This means

that these elements were present in the final larvae in concentrations higher than in the initial
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substrates and higher than in the initial larva. Clear evidence of bioaccumulation can be shown
here.

Regarding the elements of K and Mn, the situation was similar but was only valid in one
substrate variant. In the case of K, both factors indicated their bioaccumulation in the DS. K
content increased significantly (nearly five times) in the final larva in relation to the initial
sludge, however, there was little change in relation to the content in the young larvae. This was
mainly due to the fact that the initial larvae already had a very high K concentration — one order
of magnitude higher than in the sludge. Therefore in this case, the BAF can give the impression
of high bioaccumulation, but this is corrected considerably by the BAI. The same situation
occurred in the case of Mn in the DS+FF variant, however, here initial Mn content in the larvae
was not higher than in the substrate.

These two elements (i.e., K and Mn) also showed interesting behavior in the second
considered substrate. For K in the DS+FF BAF showed bioaccumulation, but the BAI showed
dilution. In the final larvae, the K concentration was 2.7-times higher than in the initial DS+FF
but this element did not primarily come from the substrate but from its high initial concentration
in young larvae — the BAF overestimated the bioaccumulation. This was similar with regard to
the Mn in the DS, however, the BAF did not show bioaccumulation.

There were certain examples of element dilution shown by the BAI, with no
bioaccumulation shown by the BAF at the same time (only exception: Mg). This occurred in
the DS for Cr, and in the DS+FF for B, Mg, P and Si. This phenomenon was dependent on the
type of substrate used as for a given element it was not seen in both variants. This was the more
significant, because in the second considered variant, the BAI indicated bioaccumulation.

For S in the DS+FF this was only case in which the BAF showed no bioaccumulation,

while the BAI showed also no change in the concentration. When considering the
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concentrations, it was seen that the S content increased slightly in the larvae after the

experiment, however, this increase was not statistically significant.

4. Conclusions

The DS was not the best choice as feed for H. illucens larvae, as evidenced by the low
degree of DW utilization in this variant. A minimal addition of optimal FF in the sewage sludge
(DS+FF) only slightly (but significantly) increased the DW utilization (around 1.35 times) but
the most significant influence was the extreme shortening of the duration of the larval stage.
Moreover, pupation was only observed in the DS+FF variant. These simple manipulations in
the composition of the substrate also improved the morphological parameters of the insect
considerably and resulted in a lower mortality rate (by around 1.7 times) of the H. illucens
larvae.

Only a limited number of elements were bioaccumulated in the H. illucens larvae, as
shown by the BAF. In the case of K, evaluation by the BAI allowed to state that the BAF
overestimated bioaccumulation, as a much higher concentration than in the substrate was
already present in the initial larvae. However, both factors allowed to determine the
bioaccumulation of Ag, Ca and Cd without any doubt.

Summarizing, the addition of small amounts of more optimal feed to troublesome waste,
subjected to entomoremediation, may be recommended, as this improved insect development
and increased the degree of bioaccumulation of the elements. This study used the FF only to
test the hypothesis, but further research should test the biowaste products from various

industries as enhancer additives.
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8. Oswiadczenia wspolautorow

Lublin, 15.03.2023 r.
mgr Kinga Proc-Pietrycha
Zaklad Biogeochemii Srodowiska Przyrodniczego
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN

ul. Doswiadczalna 4, 20-290 Lublin
Oswiadczenie

Nini¢jszym oswiadczam, ze maj udziat w publikacjach:

P.1: Proc K. Bulak P.. Wiacek D.. Bicganowski A. Hermetia illucens exhibits
bioaccumulative potential for 15 different elements - implications for feed and food
production. Science of the Total Environment 2020, 723, 138125.

P.2: Proc K., Bulak B., Kaczor K., Bieganowski A. A new approach to quantifying
bioaccumulation of elements in biological processes. Biology 2021, 10, 345,

P.3: Proc-Pietrycha K., Bulak B., Kaczor K., Bieganowski A. Entomoremediation of
municipal digested sewage sludge by Hermetia illucens with and without the addition
of optimal feed.

obejmowal:

e wspoludzial w przygotowaniu koncepeji eksperymentow,

e samodzielne przeprowadzenie eksperymentow oraz wigkszo€é zwiazanych z tym badan,
e opracowanie wynikow,

¢ wspoludzial w przygotowaniu koncepeji BAL.

e wyszukanie publikacji na podstawie ktdérej mozna bylo w sposob niczalezny wykazaé sens
wprowadzenia nowej miary bioakumulacji.

¢ przygotowani¢ pierwsze) wersji manuskryptu,

e analiz¢ i interpretacje wynikow,

* nanicsienie poprawek po uwagach wspélautoréw. - )
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Lublin, 15.03.2023 r.
prof. dr hab. Andrzej Bieganowski
Zaklad Biogeochemii Srodowiska Przyrodniczego
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadezalna 4, 20-290 Lublin

Ofwiadczenie

Niniejszym oswiadczam, ze mdj udzial w publikacjach:

P.1: Proc K.. Bulak P. Wiacek D.. Bieganowski A. Hermetia illucens exhibits
bioaccumulative potential for 15 different clements - implications for feed and food
production. Science of the Total Environment 2020, 723, 138125,

P.2: Proc K., Bulak B., Kaczor K., Bieganowski A. A new approach to quantifying
bioaccumulation of elements in biological processes. Biology 2021, 10, 345.

P.3: Proc-Pictrycha K., Bulak B.. Kaczor K., Bicganowski A. Entomoeremediation of
municipal digested sewage sludge by Hermetia illucens with and without the addition

of optimal feed.

obejmowal:
o wspdtudzial w przygotowaniu koncepcji eksperymentow oraz wskaznika BAIL,
e konsultacje i pomoe Doktorantee na wszystkich etapach realizacji pracy,

e naniesienie poprawek do przygotowywanych manuskryptéw oraz niniejszej rozprawy

doktorskiej.

Jednoczesnie wyrazam zgode, aby prace zostaly wykorzystane w rozprawie doktorskiej
mgr Kingi Proc-Pietrycha. '
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Lublin, 15.03.2023 .
dr inz. Piptr Bulak

Zaktad Biogeochemii Srodowiska Przvrodniczego
Instytut Agrofizyki im. Bohdana Dobrranskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Odwiadcrzenie

Miniejszym oswiadczam, #e maj udzial w publikacjach:

F.l: Proc K. Bulak P, Wiagcek D., Bieganowski A. Hermetin iflucens exhibits
bivaccumulative potential for 15 different elements - implications for feed and food
production. Science af the Total Environment 2020, 723, 138125,

P.2: Proc K., Bulak B., Kacror K., Bieganowski A. A new approach to quantifying
bioaccumulation of elements in biological processes. Biology 2021, 10, 345,

P.3: Proc-Pietrycha K., Bulak B., Kaczor K.. Biepanowski A. Entomeremediation of

municipal digested sewage sludge by Hermetia ilfucens with and without the addition
of optimal feed.

obejmowal:

o wspdludzial w preygotowaniu koneepeji eksperymentdw oraz wskaznika BAL
o konsultacje i pomoc Doktlorantee na wszystkich etapach realizacji pracy,

* naniesienie poprawek do przygotowywanych manuskryptow oraz niniejsze] rozprawy

doktorskiej.

Jednoczesnie wyrazam zgodg, aby prace zostaby wyvkorzystane w rozprawie doktorskiej

mgr Kingi Proc-Pietrycha,

fcat, O/
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Lublin, 13.03.2023 .
mgr ini. Monika Kaczor

Zaklad Biogeochemii Srodowiska Przyrodniczego
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Dodwiadezalna 4, 20-290 Lublin

(éwiadczenie

Ninigjszym odwiadczam, #¢ mdj udzial w publikacjach:

P.2: Proc K. Bulak B.. Kacror K.. Bieganowski A. A new approach to quantifying
bicaccumulation of clements in bislogical processes. Biology 2021, 10, 345,

P.3: Proc-Pietrycha K., Bulak B.. Kaczor K., Bieganowski A. Entomorcmediation of

municipal digested sewage sludge by Hermetia iflucens with and without the addition

of optimal feed.

obejmowal:
» techniczna pomoc w prowadzeniu hodowli matecenej oraz cksperymentow,

« przeglad literatury i techniczng pomoc w obliczeniach.

Jednoczesnie wyrazam zgode, aby prace zostaly wykorzvstane w rozprawie doktorskie

mgr Kingi Proc-Pietrycha.
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Lublin. 15.03.2023 r.
dr Dariusz Wiacek

Zaklad Fizycznych Wlasciwosci Mateniatow Roslinnych
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Dodwiadezalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym oswiadczam, ze moj udzial w publikacji:
P.1: Proc K.. Bulak P., Wigcek D.. Bieganowski A. Hermetia illucens exhibits
bioaccumulative potential for 15 different elements - implications for feed and food

production, Science of the Total Environment 2020, 723, 138125,

obejmowat:

* przeprowadzenie oznaczen stezen pierwiastkow we wszystkich badanych probach metoda
ICP-MS.

Jednoczesnie wyrazam zgodg. aby praca zostata wykorzystana w rozprawie doktorskiej

mgr Kingi Proc-Pietrycha.
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