Bioloski odgovori u indikatorskim organizmima na
izlozenost otpadnim vodama u dinaridskim i
panonskim rijekama

MijoSek, Tatjana

Doctoral thesis / Disertacija
2021

Degree Grantor / Ustanova koja je dodijelila akademski / strucni stupanj: University of
Zagreb, Faculty of Science / SveucilisSte u Zagrebu, Prirodoslovno-matematicki fakultet

Permanent link / Trajna poveznica: https://urn.nsk.hr/um:nbn:hr:217:987611

Rights / Prava: In copyright /Zasticeno autorskim pravom.

Download date / Datum preuzimanja: 2024-05-17

L BTE U 3
QC,\\‘\S Ao

»
< 'y
S %

‘o % . N
> < Repository / Repozitorij:
= 5=
7% ET: Repository of the Faculty of Science - University of

3 = Zagreb

% T
<, 5
O =

Yo parens®

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII



https://urn.nsk.hr/urn:nbn:hr:217:987611
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.pmf.unizg.hr
https://repozitorij.pmf.unizg.hr
https://repozitorij.unizg.hr/islandora/object/pmf:10255
https://dabar.srce.hr/islandora/object/pmf:10255

PRIRODOSLOVNO-MATEMATICKI FAKULTET
BIOLOSKI ODSJEK

Tatjana MijoSek

BIOLOSKI ODGOVORI U
INDIKATORSKIM ORGANIZMIMA NA
IZLOZENOST OTPADNIM VODAMA U

DINARIDSKIM | PANONSKIM RIJEKAMA

DOKTORSKI RAD

Zagreb, 2021.



FACULTY OF SCIENCE
DIVISION OF BIOLOGY

Tatjana MijoSek

BIOLOGICAL RESPONSE IN
BIOINDICATOR ORGANISMS TO
WASTEWATERS EXPOSURE IN

DINARIC AND PANNONIAN RIVERS

DOCTORAL THESIS

Zagreb, 2021



Ovaj je doktorski rad izraden u Laboratoriju za bioloske ucinke metala Instituta Ruder
Boskovi¢ u Zagrebu pod vodstvom dr. sc. Vlatke Filipovi¢ Mariji¢, u sklopu Sveucilisnog
poslijediplomskog doktorskog studija Biologije pri Bioloskom odsjeku Prirodoslovno-
matematickog fakulteta Sveucilista u Zagrebu. Rad je financiran u okviru projekta Hrvatske
zaklade za znanost ,,Akumulacija, unutarstanicno mapiranje i u¢inci metala u tragovima u

akvatickih organizama” koji je vodila dr. sc. Marijana Erk.



INFORMACIJE O MENTORU

Dr. sc. Vlatka Filipovi¢ Mariji¢ rodena je 3. studenoga 1975. godine u Sisku. Zaposlena je u
Laboratoriju za bioloske ucinke metala Zavoda za istrazivanje mora i okoliSa na Institutu
Ruder Boskovi¢ u Zagrebu. Diplomirala je 2000. na Bioloskom odsjeku Prirodoslovno-
matematickog fakulteta Sveucilista u Zagrebu te stekla zvanje dipl. inZ. biologije (smjer
ekologija), magistrirala iz podruc¢ja oceanologije, a zatim doktorirala iz podrucja biologije.
Trenutno radi kao visa znanstvena suradnica ¢ije znanstveno istrazivanje obuhvaca primjenu
razli¢itih bioindikatorskih organizama u procjeni kakvoce okolisa, koristenjem bioloskih
promjena kao pokazatelja izlozenosti razli¢itim zagadivalima. Voditeljica je niza znanstveno-
istrazivackih, znanstveno-popularizacijskin i komercijalnih  projekata u podru¢ju
ekotoksikologije, biomonitoringa i okolisne parazitologije, koji su rezultirali nizom
publikacija, kongresnih sudjelovanja, predavanja te nagrada na domacoj i medunarodnoj
razini. Osim znanstvenog rada, aktivna je dugi niz godina u popularizaciji znanosti poput
vodenja Otvorenih dana Instituta Ruder Boskovi¢, koordinatorica je znanstvenih radionica i
predavanja na Institutu Ruder Boskovi¢, za $to je primila ve¢ nekoliko godisnjih nagrada
Instituta Ruder Boskovi¢ te Drzavnu nagradu za znanost u podrucju popularizacije znanosti u

2019. godini.



ZAHVALE

Hvala mojoj mentorici dr. sc. Vlatki Filipovi¢ Mariji¢ na povjerenju i pruzenoj prilici da
izradim ovu doktorsku disertaciju u Laboratoriju za bioloske u¢inke metala. Zahvaljujem na
mentorstvu, pomo¢i, usmjeravanju i savjetima tijekom planiranja i provedbe istrazivanja te

pisanja disertacije i prethodnih znanstvenih radova te na ukljucivanju na razlicite projekte.

Zahvaljujem i ostalim biv§im i sada$njim ¢lanovima LBUM-a na susretljivosti, podrsci,
pomoci u laboratorijskom radu, analizi podataka, korekcijama radova i ugodnom drustvu.

Nesrete, uz korak stjecanja doktorata, neizmjerno mi je drago §to sam ovdje nasla i osobu na
koju mogu racunati u bilo kojem trenu i koja od samih pocetaka nije bila samo kolegica, ve¢

prijateljica. U¢inila si i loSe dane boljima i lak§ima i neizmjerno ti hvala. ©

Zahvalu dugujem i kolegama iz drugih laboratorija Instituta Ruder Boskovi¢ (Laboratorij za
anorgansku geokemiju okolisa i kemodinamiku nanocestica, Laboratorij za molekularnu
ekotoksikologiju, Laboratorij za akvakulturu 1 patologiju akvatickih organizama) na
pristupacnosti, ustupanju uredaja za mjerenja i pomoc¢i U uzorkovanju. Hvala i dr. sc.

Andreasu Ziteku i dr. sc. Thomasu Prohaski na pomo¢i u analizi kalcificiranih struktura riba.
Hvala svim ¢lanicama komisije na konstruktivnim i korisnim ispravcima i prijedlozima.

Hvala prof. dr. sc. lvani Maguire i izv. prof. dr. sc. Jasni Lajtner na entuzijazmu, podrsci,
pristupacnosti 1 lijepim uspomenama iz ranijih faza studiranja zbog kojih sam 1 pozeljela

ostati u znanosti.

Takoder, hvala ekipi ,,Rucalica”, Mileni i Tomislavu, kao i ostalim prijateljima, koji su bili

podrska, ugodno drustvo i optimisti i kad ja nisam bila. lzrada ovog rada bila je lakSa uz vas!

Na kraju najvaznije, najvece fala cijeloj mojoj obitelji koja je vjerovala u mene, motivirala me
i gurala i kad bih ja potonula. lako znam da i dalje niste procitali sve moje radove, fala na
podrsci, brizi, slusanju zalopojki, savjetima, ohrabrivanju, maminom putu u Francusku (%) i
plac¢anju hotela, svim prijevozima, rjeSavanju problema i kaj ste me svi uvijek (ne)uspjesno
nastojali odrzati samo u dobrom i veselom raspolozenju. Mamita i Tatek, uskoro valjda imate
i dva dr. sc. © Dr. Dadach, stize ti i dr. Tanek! <3 ¥ <3

Borna, hvala kaj si dijelio velik dio ovog puta sa mnom, znam da to i nije uvijek bilo najlakse,
ali podjela sre¢e u dobrim danima, a utjeha, zagrljaj, rame za plakanje i potpora u lo§im

danima puno su znacili. ¥



Sveuciliste u Zagrebu Doktorski rad
Prirodoslovno-matematicki fakultet
Bioloski odsjek

BIOLOSKI ODGOVORI U INDIKATORSKIM ORGANIZMIMA NA IZLOZENOST
OTPADNIM VODAMA U DINARIDSKIM | PANONSKIM RIJEKAMA

TATJANA MIJOSEK
Institut Ruder Boskovié, Bijenicka 54, 10 000 Zagreb, Hrvatska

Ciljevi ove doktorske disertacije obuhvatili su posljedice utjecaja otpadnih voda i povisenih
razina metala na vodene organizme dinaridske rijeke Krke i panonske rijeke llove, s
naglaskom na bioakumulaciju i potencijalnu toksi¢nost metala. Koncentracije veéeg broja
metala u probavilu riba, rakuscima i kukaSima te multibiomarkerski pristup ukazali su na
povecanu bioakumulaciju metala te poviSene razine oksidacijskog stresa ili indukcije
metalotioneina u bioindikatorskim organizmima na oneciS¢enim u odnosu na referentne
postaje, ali i na djelotvoran antioksidacijski sustav na svim lokacijama pokazujuéi da nije
doSlo do trajnog oStecenja. Pradenje razina metala u ljuskama i otolitima omogucilo je
procjenu dugorocne izlozenosti i potvrdilo sli¢ne trendove kao i bioloski odgovori u mekim
tkivima riba. Probavilo i tvrde strukture riba, rakusci i kukasSi su se pokazali kao korisni
bioindikatori u procjeni stanja okolisa, a cjelokupno istrazivanje je ukazalo na potrebu
kontinuiranog monitoringa 1 zastite, osobito bitnog zbog blizine Nacionalnog parka Krka te

Parka prirode Lonjsko polje.

(251 stranica, 28 slika, 7 tablica, 430 literaturnih navoda, jezik izvornika hrvatski)

Kljucne rijeéi: oneciS¢enje metalima, citosol, poto¢na pastrva, babuska, rakusci, kukasi,

probavilo, biomarkeri
Mentor: dr. sc. Vlatka Filipovi¢ Mariji¢, visa znanstvena suradnica

Ocjenjivaci: prof. dr. sc. Sanja Gottstein
dr. sc. Zrinka Dragun, vi$a znanstvena suradnica

dr. sc. Irena Vardi¢ Smrzli¢, znanstvena suradnica

Rad je prihvacen:



University of Zagreb Doctoral thesis
Faculty of Science
Division of Biology

BIOLOGICAL RESPONSE IN BIOINDICATOR ORGANISMS TO WASTEWATERS
EXPOSURE IN DINARIC AND PANNONIAN RIVERS

TATJANA MIJOSEK
Ruder Boskovi¢ Institute, Bijeni¢ka 54, 10 000 Zagreb, Croatia

The objectives of this thesis included the impact of wastewater discharges and elevated metal
levels on aquatic organisms of Dinaric Krka and Pannonian Ilova rivers, with an emphasis on
bioaccumulation and potential toxicity. Concentrations of many metals in the fish intestine,
gammarids and acanthocephalans, as well as multibiomarker approach indicated enhanced
metal bioaccumulation and elevated levels of oxidative stress or metallothionein induction in
bioindicators at contaminated compared to the reference sites, but also to effective antioxidant
system in all locations without permanent damage. Monitoring of metal levels in scales and
otoliths enabled the assessment of long-term exposure and confirmed similar trends as
biological responses in fish soft tissues. Research results confirmed fish intestine, hard
structures, gammarids and acanthocephalans as useful bioindicators in the environmental
assessment and the importance of continuous monitoring and protection, especially due to
proximity of the Krka National Park and Lonjsko Polje Nature Park.

(251 pages, 28 figures, 7 tables, 430 references, original in Croatian)

Keywords: metal contamination, cytosol, brown trout, Prussian carp, gammarids,

acanthocephalans, intestine, biomarkers
Supervisor: Vlatka Filipovi¢ Mariji¢, PhD, Senior Research Associate

Reviewers: Sanja Gottstein, PhD, Full Professor
Zrinka Dragun, PhD, Senior Research Associate

Irena Vardi¢ Smrzli¢, PhD, Research Associate

Thesis accepted:



SADRZAJ

LU UVOD bbbttt bbbt n s 1
1.1, CilJEVI 1 SVINA TAGA......c.eeiveeiicie ettt et r e te e e neenre s 4
1.2, HIPOLEZE ISLTAZIVANTA «..vveeiuveeeisiieesiiieesiieessiaeessbeeesntbeessbeeessbeeessbee s snbeesssbeesssaeesnsneesbeeennsneens 5

2. LITERATURNI PREGLED ..ottt 6
2.1, OtPAANE VOUE ..ottt e st e s e s te e beaneesreeteeneesneeaeaneenneas 6
2.2. Metali u slatkovodnim eKOSUSLAVIMA .........cccoviirieiiiiieneee e 7

2.2.1. Dinaridske I PanonSKe MJEKE......cc.viuiiieie e 8
2.2.1.1. RIJEKA KIKA ...ttt be e nre s 9
2.2.1.2. RIJEKA IOV ... 11

2.3. Metali u vOdenim OrganiZImMima..........ccceiieieierieie e 14

2.3.1. Unos u organizme i medustanicni Prijenos .........cccrvrrvrreesieeiiereeseesieseeseesneseeniees 14

2.3.2. Esencijalni i neesencijalni Metali..........coovveiiiiiiniiiiieeeee e 16

2.3.3. Toksi¢ni u¢inci metala i mehanizmi detoksiKacije ........ccoovvvvviiiiiieiiniiniciisce 17

2.4, BioiNdiKatorski OrganiZMi ......ccveiveiiiiiiiieieeee e 19

2.4.1. Ribe kao bioindikatorski Organizmi............ccooeoererinenisisieeeese e 21
2.4.1.1. Poto¢na pastrva (Salmo trutta Linnaeus, 1758) - rijeka Krka...........cc.ccccvennene. 22
2.4.1.2. Babuska (Carassius gibelio Bloch, 1782) - rijeka llova...........c.ccoovviiinnnnne. 24
2.4.1.3. Probavilo kao bioindikatorski organ ............ccccooviiriiieiiinee e 25
2.4.1.4. Kalcificirane (,,tvrde*) strukture (otoliti 1 ljuske) kao indikatorska tkiva........ 26

2.4.2. Rakusci kao bioindikatorski Organizmi.........c.ccoocveiiiiiiiiniinicieeiseseeseee e 29

2.4.2.1. Gammarus balcanicus Schiferna, 1922 i Echinogammarus acarinatus

Karaman, 1931 - rijeka KIKa........ccoooveiiiieiree e 29
2.4.2.2. Gammarus fossarum Koch, 1936 i Gammarus roeselii Gervais, 1835 - rijeka

THOVAL. bbb bbbt 30

B S TR (1 1< 1) (S SPPRR 31

2.4.3.1. Tipologija, rasprostranjenost i sistematika Kukasa..........c.ccocevvreniniininnininnn, 31

2.4.3.2. Vanjska i unutrasnja grada kukaSa ...........ccocooiviiiiiiiii 32

2.4.3.3. Zivotni CIKIUS KUKAZA ......ovveeeeieeeceeeeeeeeeeeee et 33

2.4.3.4. Kukasi kao bioindikatorski organizmi ..........c.ccecvvreveiiniiiiiinisiiiec e 35

2.4.3.5. Dentitruncus truttae Sinzar, 1955 ... 36

2.5. BIiomonitoring i DIOMAKEI ........c.eoiiiiiicc e 37

2.5.1. BIOMONITOTING ...ttt ettt ettt esaeesbe s e b e b e 37



25,2, BIOMAIKEI oo ettt e e ettt e e e e e e e e e e eeaens 38

2.5.2.1. Metalotionineni (MT) - biomarkeri izlozenosti metalima............c..c.cocevervvennenn. 39
2.5.2.2. Biomarkeri oksidacijskog stresa i antioksidacijskog kapaciteta ...................... 41
2.5.2.2.1. Malondialdehid (MDA) — biomarker oksidacijskog stresa ....................... 42
2.5.2.2.2. Katalaza (CAT) i ukupni glutation (GSH) — biomarkeri antioksidacijskog
T 0L (o1 ] - SR 44
2.5.2.3. Acetilkolinesteraza (AChE) - biomarker izloZenosti organskim zagadivalima i
METAITIMIA ...ttt bt e ettt ne e 46
2.5.2.4. Ukupni citosolski proteini (TP) - biomarkeri opéeg Stresa ..........cccovevvereennenn. 47
2.6. ANAlItICKE METOAC ... .iiiiiiiiiiii it e ra e 48
2.6.1. Analiticke metode za odredivanje koncentracija metala u uzorcima iz okolisa ..... 48
2.6.1.1. Masena spektrometrija s induktivno spregnutom plazmom (ICP-MS)............ 48
2.6.1.2. Spektrometrija masa s induktivno spregnutom plazmom i laserskom ablacijom
(LA TCP-MS) ..ottt ettt bt ne et ene e 49
2.6.2. Analiticke metode za razdvajanje biomolekula na koje se vezu metali.................. 50

2.6.2.1. Tekuc¢inska kromatografija visoke djelotvornosti s isklju¢enjem po veli€ini

(SEC-HPLEC) .ttt 51

2.6.3. Spektrofotometrijske metode za odredivanje koncentracija i/ili aktivnosti
DIOMAIKETE ... 52
2.7. DosadaSnja istraZivanja u rijeci Krki 1 IIoVi ..o, 53
3. ZNANSTVENI RADOVI ..ottt 55
4. RASPRAVA e 90

4.1. Utjecaj razine oneciscenja, reproduktivnog ciklusa (sezone) na morfometrijske i
bioloSke pokazatelje pastrve 1 babusSke...........ccoviviiiiiiiii s 91

4.2. Koncentracije metala/metaloida/nemetala u probavilima poto¢ne pastrve i babuske... 93

4.2.1. Ukupne koncentracije metala u probavilima potocne pastrve i babuske................. 93
4.2.2. Citosolske koncentracije metala u probavilima poto¢ne pastrve i babuske............ 99

4.2.3. Raspodjela metala/metaloida/nemetala izmedu topljive i netopljive frakcije u
probavilima potocne pastrve 1 babuSKe .........ccoviiiiiiiiiiii 101

4.3. Raspodjela Cd, Co, Cu, Fe, Mo, Se i Zn medu citosolskim biomolekulama razli¢itih
molekulskih masa u probavilima poto¢ne pastrve iz rijeke Krke i babuske iz rijeke Ilove 105

4.4. Rakusci kao bioindikatorski Organizmi .........ccocceeiieriiiiininiiiic e 112
4.4.1. Bioloki pokazatelji U rakuSaca.........cccovveviiiiiiiiiiiicic e 112
4.4.2. Citosolske koncentracije metala u rakuSCima .........cccooveviieiiiciiniciie e, 114

4.5. Usporedba kukasSa, rakusaca i probavila potocne pastrve iz rijeke Krke kao
bioindikatora iz10Zenosti MEtalima..........ccueiiiiiiiiiiie e 116



4.5.1. Bioloska i epidemioloska obiljezja kukasa..........ccccocvvevriiiiiiiiiiieniie e, 117
4.5.2. Akumulacija metala u kukasima, rakuscima i probavilu poto¢ne pastrve............ 117

4.6. Usporedba akumulacije metala u mekim i tvrdim tkivima riba te u kukaSima u proljece

PO LT oo [ T TSR 122
4.7. Biomarkerski odgovori u probavilu riba i rakuscima u procjeni stanja okolisa.......... 125
4.7.1. Biomarkeri U probavilu FDa...........ccceiiiiiiiciice e 127
4.7.2. Biomarkeri U 1aKUSACA ......veeiviiiieiiieiiie ettt 132

5. ZAKLJIUCCT ...ttt 134
6. POPIS LITERATURE ... 138
T PRILOZI ... bttt ettt bbbt e e s 181

8. ZIVOTOPIS ..o et e e e e et e e e e e et et e e e s e s et e e e e s et et e e e es et e e e e erarana, 248



U OVOJ DOKTORSKOJ DISERTACIJI OBJEDINJENI SU SLJEDECI
OBJAVLJENI ZNANSTVENI RADOVI:

1. MijoSek, T., Filipovi¢ Mariji¢, V., Dragun, Z., Ivankovi¢, D., Krasni¢i, N., Erk, M.,
Gottstein, S., Lajtner, J., Serti¢ Peri¢, M., Matonic¢kin Kepcija R, 2019a. Comparison of
electrochemically determined metallothionein concentrations in wild freshwater salmon fish
and gammarids and their relation to total and cytosolic metal levels. Ecological Indicators
105, 188-198.

2. Mijosek, T., Filipovi¢ Mariji¢, V., Dragun, Z., Krasnié¢i, N., Ivankovi¢, D., Erk, M., 2019b.
Evaluation of multi-biomarker response in fish intestine as an initial indication of
anthropogenic impact in the aquatic karst environment. Science of the Total Environment
660, 1079-1090.

3. Mijosek, T., Filipovi¢ Mariji¢, V., Dragun, Z., Ivankovi¢, D., Krasni¢i, N., Redzovi¢, Z.,
Erk, M., 2021. Intestine of invasive fish Prussian carp as a target organ in metal exposure
assessment of the wastewater impacted freshwater ecosystem. Ecological Indicators 122,
107247.



1. Uvod

1. UvOD

Povecano ispustanje organskih i anorganskih zagadivala kao posljedica ubrzanog
tehnoloskog razvoja, industrije, poljoprivrede, rudarstva, prometa te komunalnih i
industrijskih otpadnih voda predstavlja jedan od vodecih okolisnih problema danasnjice,
osobito u vodenim ekosustavima. Metali/metaloidi su medu znacajnijim kemijskim
zagadivalima, a u prirodne vodotoke dospijevaju uglavnom putem otpadnih voda koje se ¢esto
bez prikladnog procis¢avanja unose u vodene ekosustave. Za razliku od organskih zagadivala,
metali nisu biorazgradivi te unosom u vodotoke samo mijenjaju svoj kemijski oblik ¢ime
postaju manje ili viSe bioraspolozivi, $to utjece na njihovu toksi¢nost, ali jednom uneseni vise
se ne mogu ukloniti iz biogeokemijskog ciklusa (Sadiq, 1992). Posljedi¢no, stalna izmjena
metala u vodenom stupcu izmedu partikularne i otopljene faze, kao i njihovo taloZzenje u
sedimentima, mogu dovesti do povecane i Stetne bioakumulacije metala u razli¢itim vodenim
organizmima unosom putem hrane, filtracijom vode, i/ili apsorpcijom kroz kozu (Kraemer i
sur., 2006). Naime, s bioloskog gledista, razlikujemo esencijalne metale (npr. Cu, Fe, Mo,
Zn), koji u organizmu imaju bitnu fiziolosku ulogu kao strukturni dijelovi hormona, enzima i
drugih slozenih proteina, tzv. metaloproteina, ukljucenih u hidrolizu kemijskih veza, prijenos
elektrona i Kisika te redoks procese (Holm i sur., 1996) te neesencijalne metale (npr. Cd, Hg i
Pb), koji nemaju poznatu biolosku ulogu u organizmima. lako i esencijalni metali mogu
postati toksi¢ni pri visokim koncentracijama, toksi¢nost neesencijalnih metala ve¢ pri vrlo
niskim koncentracijama uglavnom proizlazi iz njihove sli¢nosti s esencijalnim metalima, zbog
¢ega mogu zamijeniti esencijalne elemente te istim putovima uéi u stanice i vezati se za vazne
biomolekule, ¢ime remete njihovu strukturu ili aktivnost (Wood 1 sur., 2012).

Potencijalna toksi¢nost esencijalnih 1 neesencijalnih metala za organizme uslijed
prelaska optimalnih koncentracija, u monitoring programima uz standardnu proceduru
mjerenja koncentracija metala u vodi i sedimentima iziskuje provodenje mjerenja i u
bioindikatorskim organizmima ¢iji bioloski odgovori daju pouzdaniju i dugoro¢niju procjenu
utjecaja oneciS¢enja na cjelokupni vodeni okoli§ (Kraemer i sur., 2006; Ovaskainen i sur.,
2019). Medu najcesée koristene bioindikatorske organizme u vodenom okolisu ubrajaju se
ribe, skoljkasi i rakovi. U veéini dostupnih istrazivanja najcesce koristeni indikatorski organi
riba su jetra, kao metabolicki najaktivnije tkivo i mjesto detoksikacije metala, te Skrge koje
predstavljaju mjesto unosa metala putem vode (Kraemer i sur., 2006; Dragun i sur., 2018a;
Krasni¢i 1 sur., 2018). Medutim, u pojedinim slu¢ajevima dokazana je ista ili ¢ak veca vaznost

unosa metala putem prehrane, odnosno probavnim putem, nego unosa metala vodom
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(Clearwater, 2000). Unato¢ tome, probavilo riba je izuzetno rijetko KoriSteno kao
bioindikatorsko tkivo, osobito u okolisSnim istrazivanjima (Filipovi¢ Mariji¢ i Raspor, 2010,
2012; Filipovi¢ Mariji¢ i sur., 2013) te dosadasnja istrazivanja probavila uglavnhom daju
informaciju samo o ukupnim koncentracijama metala u laboratorijskim uvjetima.

Takoder, u proteklih 20 godina raste interes za otkrivanje veze izmedu oneciS¢enja i
parazitizma u vodenim ekosustavima, kao i za mogucu primjenu nametnika kao bioindikatora
kakvoce vode, §to je dovelo i do stvaranja novog podrucja nazvanog “okoli$na parazitologija”
(Sures, 2001; Sures i sur., 2017), unutar kojeg se proucavaju i kuka$i. Kuka$i su crijevni
nametnici u mnogih kraljeSnjaka, pa tako i riba, koji nemaju vlastiti probavni sustav i
oslanjaju se na apsorpciju esencijalnih hranjivih tvari, ukljucujuéi i esencijalne metale, kroz
povrsinski integument (Kennedy, 1985). Pokazali su se kao organizmi koji imaju iznimnu
sposobnost akumulacije metala, osobito neesencijalnih, ¢ime potencijalno i Stite svoje
domadare (Sures, 2004; Filipovi¢ Mariji¢ i sur., 2013). Sam mehanizam zastite domadara, kao
I uc¢inkovite akumulacije metala u kukasima, jo$ nije poznat. lako nametnici opcenito mogu
imati razli¢ite mehanizme kontrole svojih domadara poput smanjivanja stope rasta ili
fekunditeta, promjena ponaSanja ili povecanja stope smrtnosti, utjecati na fiziologiju
organizama, osobito kada su domadari beskralje$njaci (Bojko i sur., 2020), kukasi u svojim
krajnjim domadarima ponekad uzrokuju lokalna oStecenja probavnog tkiva koja se
manifestiraju u promjenama tkiva i imunoloskog odgovora riba (Dezfuli i sur., 2002, 2008;
Barisi¢ i sur., 2018), no naj¢esce ne uzrokuju znacajne Stete niti smrtne ishode.

Uz meka tkiva riba, koncentracije metala moguce je odrediti i u njihovim tvrdim
tkivima, primjerice ljuskama, otolitima, kostima ili o¢noj leci. Ipak, takva istrazivanja
najéesc¢e se provode s ciljem odredivanja migracija riba ili veliine i sastava populacija nekog
podrucja, a samo u manjem opsegu su se koristila u procjeni utjecaja onecis¢enja na okolis i
organizme (Ranaldi i Gagnon, 2008). Prednost tvrdih tkiva u odnosu na meka je Sto razine
metala u njima daju podatke o dugotrajnoj akumulaciji i izloZenosti organizma na koju utjecu
uglavnom samo okolis$ni uvjeti, dok na razinu metala u mekim tkivima uz okoliSne uvjete
utjeu 1 fiziologija organizma, mehanizmi eliminacije, metabolicka transformacija 1
preraspodjela u tkivima te regeneracija tkiva (Campana i sur., 2000; Ranaldi i Gagnon, 2008).
Mjerenja metala u kalcificiranim strukturama riba su puno rjeda nego u mekim tkivima
(Campana i sur., 2000; Kalantzi i sur., 2019), dok za ribe slatkovodnih ekosustava Republike
Hrvatske takva mjerenja ranije uopce nisu provedena.

Kako bi se procijenila sama toksi¢nost metala, nije dovoljno izmjeriti ukupne

koncentracije u tijelu ili odabranom tkivu organizma jer je samo dio akumuliranih metala
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metabolicki dostupan, a time i1 potencijalno toksi¢an za organizme (Wallace 1 sur., 2003).
Naime, metali se prilikom unosa u organizme raspodjeljuju po njihovim organima, stanicama
1 razli¢itim unutarstani¢nim odjeljcima (npr. citosol, granule, organeli i stanicne membrane),
pri ¢emu se toksiCnost metala uglavnom odnosi na organele i citosol kao metabolicki
dostupnu frakciju metala (Wallace i sur., 2003) te je stoga nuzno izmjeriti razine metala i u
citosolskim frakcijama. Sli¢na istrazivanja ve¢ su provedena koriStenjem razli¢itih tkiva
slatkovodnih i morskih vrsta riba poput Squalius cephalus, Liza aurata, Mullus barbatus,
Mullus surmuletus (Dragun i sur., 2007; Filipovi¢ Mariji¢ i Raspor, 2003, 2007). U citosolu
metali mogu biti vezani na osjetljive bioloSki vazne molekule, ali dio moze biti vezan i1 na
molekule uklju¢ene u njihovu detoksikaciju poput glutationa (GSH) i metalotioneina (MT).
Kako bi se bolje razumio nacin vezanja metala u pojedinim stanicama, kao i ekotoksikoloski
znacaj, razvijeno je podrucje nazvano metalomika s ciljem detaljnijeg opisa procesa u kojima
pojedini metali sudjeluju, bilo kao funkcionalni sastavni dijelovi ili kao uzroc¢nici toksi¢nih
ucinaka (Szpunar, 2005). Tekuéinska kromatografija visoke djelotvornosti s razdvajanjem po
veli¢ini (SEC-HPLC) tehnika je koja se ¢esto primjenjuje u metalomic¢kim istraZivanjima, a
omogucéava razdvajanje proteina na frakcije na osnovu njihovih molekulskih masa te se uz
primjenu spektrometrije masa visoke razlu¢ivosti s induktivno spregnutom plazmom (HR
ICP-MS) provodi mjerenje metala u dobivenim frakcijama, s ciljem detektiranja skupina
biomolekula koje vezu metale (Montes-Bayon i sur., 2003; Szpunar, 2005). Takav pristup ve¢
je koristen za odredivanje citosolske raspodjele metala u razli¢itim tkivima vodenih
organizama ukljucujuéi Skoljkase (Strizak i sur., 2014; Lavradas i sur., 2016), i nekoliko vrsta
riba (Goenaga i sur., 2003; Krasnié¢i i sur., 2013, 2014, 2018, 2019; Dragun i sur., 2018b,
2020; Urien 1 sur., 2018). Medutim, u znanstvenoj literaturi ne postoje podaci o citosolskoj
raspodjeli metala medu biomolekulama probavila niti jedne vrste riba. Navedena kombinirana
primjena kromatografske tehnike i HR ICP MS-a sluzi kao alat za razlu¢ivanje raspodjele
metala medu citosolskim biomolekulama razli¢itth veli¢ina 1 pruza osnovu za tocnu
identifikaciju molekula odredene mase te u konacnici za razvoj potencijalnih novih
biomarkera izlozenosti metalima i toksi¢nih u¢inaka metala.

Vrijedan doprinos u procjeni Stetnih u¢inaka metala i drugih zagadivala daju i analize
biomarkera, odnosno promjena u stani¢nim strukturama i funkcijama koje se javljaju kao
posljedica izlozenosti zagadivalima, koje sluze kao mjerljivi i rani pokazatelji antropogenog
ucinka na organizme (Huggett 1 sur., 1992). U okoliSnim uvjetima izlozenosti razli¢itim
skupinama zagadivala nuzna je primjena multibiomarkerskog pristupa koji omogucava jasniju

procjenu bioloskih odgovora organizama na zagadenje te moze ukazivati na odredenu skupinu

3



1. Uvod

zagadivala (Monseratt i sur., 2007). Analiza seta biomarkera opéeg i oksidacijskog stresa,
antioksidacijskog kapaciteta te izlozenosti i u¢inaka metala povezana s kemijskim analizama
u organizmima, vodi i sedimentima, daje najpouzdaniju procjenu o nepovoljnim ucincima
onecis¢enja metalima i drugim zagadivalima na ekosustav i vodene organizme.

S obzirom na navedeno, bitno je razumjeti moguée posljedice ispustanja otpadnih voda
te povisenih razina metala u vodenom okolisu, s posebnim osvrtom na njihovu potencijalnu
toksi¢nost i Stetne ucinke na organizme. Za postizanje napretka u ovome podrucju pokazala se
potreba za primjenom sveobuhvatnog i interdisciplinarnog pristupa kojim ¢e se istraziti
bioloski odgovori razli¢itih organizama iz prirodnih populacija na utjecaj otpadnih voda te

pronaci poveznice s izvorom onecis¢enja i utjecajem antropogenih i prirodnih ¢imbenika.

1.1. Ciljevi i svrha rada

Osnovni cilj ovog istrazivanja bio je doprinos boljem razumijevanju ucinaka i
toksi¢nosti metala/metaloida nakon njihove bioakumulacije u odabranim bioindikatorskim
organizmima, kukasima (Dentitruncus truttae Sinzar, 1955), rakuscima (Gammarus
balcanicus Schaferna, 1922, Echinogammarus acarinatus (Karaman, 1931), Gammarus
fossarum Koch, 1936 i Gammarus roeselii Gervais, 1835) te probavilu riba (poto¢na pastrva;
Salmo trutta Linnaeus, 1758 i babuska; Carassius gibelio Bloch, 1782) iz dinaridske rijeke
Krke i panonske rijeke Ilove u podru¢ju pod utjecajem komunalnih i industrijskih otpadnih
voda i drugih antropogenih aktivnosti te pri razli¢itim razinama izloZenosti tih organizama
metalima. Sukladno navedenom, specificni ciljevi ovog istrazivanja bili su:

e procjena akumulacije metala/metaloida u ribama, rakuscima i kukasima,

e odredivanje metaboli¢ki raspolozive, a time i potencijalno toksi¢ne frakcije metala, u
citosolu probavila riba;

e procjena dugoro¢ne izlozenosti metalima mjerenjem Koncentracija metala u
kalcificiranim strukturama riba;

e odredivanje bioloskih odgovora bioindikatorskih organizama na prisutno onecis¢enje
u odabranim ekosustavima;

e odredivanje raspodjele sedam odabranih elemenata u tragovima medu citosolskim
biomolekulama razlicitih molekulskih masa u probavilima poto¢ne pastrve i babuske;

e odredivanje prostornih i sezonskih razlika u akumulaciji metala i bioloskim
odgovorima organizama s obzirom na gradijent oneciS¢enja i1 fizioloska svojstva

organizama u razli¢itim sezonama,
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e ispitivanje mogucnosti primjene probavila riba kao bioindikatorskog tkiva u procjeni
unosa metala prehranom, kao i kukasa kao bioindikatorskih organizama u monitoring

istrazivanjima

Navedeni ciljevi ostvareni su kroz sljedece aktivnosti:

e mjerenje ukupnih i/ili citosolskih koncentracija metala u probavilu riba, rakuscima i
kukaSima s referentnih i oneciS¢enih postaja u dvije sezone (jesen i proljece)
primjenom HR ICP-MS tehnike te odredivanje koncentracija odabranih elemenata u
ljuskama i otolitima poto¢ne pastrve primjenom laserske ablacije i HR ICP-MS-3;

e primjenu multibiomarkerskog pristupa, koristenjem probavila riba kao
bioindikatorskog organa, koji je uklju¢ivao biomarkere izloZenosti metalima
(metalotioneini; MT), oksidacijskog stresa (malondialdehid; MDA), antioksidacijskog
kapaciteta (katalaza; CAT, i glutation; GSH) te biomarkere opéeg stresa (ukupni
protein; TP);

e definiranje raspodjela Cd, Co, Cu, Fe, Mo, Se i Zn medu biomolekulama razli¢itih
molekulskih masa u probavilu riba ovisno o sezoni i razini izlozenosti metalima
primjenom SEC-HPLC-a i HR ICP-MS-a;

e izraCunavanje biokoncentracijskih faktora (BCF) koji daju informaciju o

akumulacijskom potencijalu kukasa i ukazuju na trajanje izloZenosti metalima

1.2. Hipoteze istraZivanja

U skladu s ciljevima istrazivanja definirane su i testirane sljedece hipoteze:

H1. otpadne vode mijenjaju i narusavaju kakvoc¢u vodenog okolisa u koji se ispustaju;

H2. razlike u akumulaciji metala i razini biomarkera u bioindikatorskim organizmima javljaju

se kao posljedica razli¢itog antropogenog utjecaja i/ili sezonalnosti;

H3. istovremena upotreba mekih i kalcificiranih tkiva riba, kao i kukasa omogucava pracenje

dugoroc¢ne 1 kratkorocne izlozenosti pojedinim metalima u vodenom okolisu,

H4. raspodjela pojedinih metala medu citosolskim biomolekulama ovisi 0 razinama

bioakumuliranih metala, kao i o vrsti organizma i ciljnog organa;

H5. kukasi, na temelju ucinkovite akumulacije metala, i probavno tkivo riba, kao mjesto
unosa metala putem hrane, predstavljaju znacajne i pouzdane bioindikatore izlozenosti

metalima.
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2. LITERATURNI PREGLED

2.1. Otpadne vode

U danasnje vrijeme ubrzane urbanizacije i industrijalizacije sve je veca potro$nja vode,
te se upotrijebljena voda optere¢ena mnogobrojnim i organskim i1 anorganskim tvarima,
ispusta u prirodne vodotoke, naruSavajuci kakvocu i biolosku ravnotezu vodenih ekosustava.

Otpadne vode su sve vode koje su svojom namjenom promijenile prvobitni sastav,
odnosno svoje fizikalne, i/ili kemijske i/ili bioloske znacajke. Mogu se podijeliti na:
oborinske, komunalne, poljoprivredne i industrijske. Oborinske vode u svojem ciklusu
kruzenja prolaze kroz atmosferu, ispiru ju i prenose odredene tvari koje su ispusStene u
atmosferu. Komunalne otpadne vode nastaju kao posljedica sanitarnih potreba u kué¢anskim i
javnim prostorima i ¢esto su smjesa voda od pranja ulica, javnih objekata, kao i otpadnih voda
iz usluznih djelatnosti. Uslijed poljoprivrednih aktivnosti kao §to su mljekarstvo, tovilista,
ribarstvo ili svinjogojske farme, kao i ispiranja poljoprivrednih zemljista na kojima se
uzgajaju poljoprivredne kulture, dolazi do nastanka poljoprivrednih otpadnih voda.
Industrijske otpadne vode potjeCu od razli¢itih vrsta postrojenja i nastaju uporabom vode u
procesu rada i proizvodnje, u industrijskim i drugim proizvodnim pogonima. lako sve vrste
otpadnih voda predstavljaju potencijalnu opasnost za okolis, posebno industrijske otpadne
vode, ovisno o djelatnosti, mogu sadrzavati veée koli¢ine otrovnih ili teSko razgradivih tvari
poput metala, kiselina, naftnih derivata, ulja ili sintetskih kemijskih spojeva.

Prema ucinku i prirodi onecis¢enja, moguce je razlikovati: fizicko, mikrobiolosko i
kemijsko oneciS¢enje voda. Promjena boje, mirisa ili temperature vode ubraja se u fizicko
oneciscenje, dok prisutnost brojnih (patogenih) mikroorganizama koji inace nisu prisutni u
nekom sustavu predstavlja mikrobiolosko onecis¢enje. Kemijsko oneciSéenje moze biti
prirodnog ili antropogenog podrijetla i predstavlja znacajnu opasnost za vodeni okoli§ zbog
potencijalne toksi¢nosti za organizme, akumulacije tvari u ekosustavima i organizmima,
gubitka bioraznolikosti te opéenito Stetnog djelovanja na prirodne vode, vodene organizme, te
neposredno i na ljudsko zdravlje (Tusar, 2004).

Uz niz drugih onecis¢ujucih tvari, otpadne vode su znacajan izvor metala koji zbog
stabilnosti, toksi¢nosti i sklonosti akumulaciji u ekosustavu ¢ine vazan i aktualan okolisni
problem. Ovisno o koncentraciji, mogu dovesti do unistenja flore i faune, akumulacije i
toksi¢nih uc¢inaka kod vodenih organizama poput riba, Skoljkasa ili rakova, koji posljedi¢no,
ako se koriste za prehranu, mogu potencijalno stetno djelovati i na ljude. Neki od metala koji

se najc¢esc¢e nalaze u otpadnim vodama ukljucuju arsen, olovo, Zivu, kadmij, bakar, nikal,
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srebro i cink, od kojih su mnogi toksi¢ni ve¢ i u vrlo niskim koncentracijama (AKpor i sur.,
2014). Iz svega navedenog, nuzno je U procjeni stanja okolisa pod utjecajem otpadnih voda

obratiti pozornost na oneciSéenje metalima s obzirom da sustavi procis¢avanja otpadnih voda

2.2. Metali u slatkovodnim ekosustavima

Metali su u slatkovodnim ekosustavima uvijek prirodno prisutni i njihova koncentracija
je rezultat prirodnih procesa kao $to su kemijsko i mehani¢ko trosenje stijena, erozija tla te
suho ili vlazno talozenje iz atmosfere. Medutim, u okoli§ dospijevaju i preko antropogenih
aktivnosti koje ukljuc¢uju komunalne i industrijske otpadne vode, promet, rudarstvo,
poljoprivredu i poja¢anu upotrebu gnojiva te ispiranje zagadenih tala (Gaillardet i sur., 2004).
Metali koji se prirodno nalaze u ve¢im koncentracijama i u okoli$u i U organizmima, ubrajaju
se u makroelemente (Ca, K, Mg, Na), dok su elementi s niskim koncentracijama u prirodi
nazvani elementima u tragovima, te njihov dodatni unos remeti ravnoteznu raspodjelu u
vodenom ekosustavu (Riley i Chester, 1971).

U vodenim sustavima metali dolaze u raznim anorganskim i organskim oblicima, od
hidratiziranih iona pa sve do velikih organskih kompleksa. Op¢enito i zbog jednostavnosti,
metale u vodi dijelimo na otopljenu i partikularnu fazu nakon filtriranja uzoraka vode kroz
standardni filter promjera pora 0,45 um. Frakcija koja prode kroz filter od 0,45 um definirana
je kao uglavnom otopljena, ali kroz takav filter mogu proc¢i i koloidni oblici metala koji
obuhvacaju cestice veli¢ine 1 nm do 450 nm te mogu biti organski i anorganski. Frakcija koja
prolazi kroz filter obuhvaca slobodne ione metala, labilne anorganske i organske komplekse,
kao i inertne organske komplekse ve¢ih molekulskih masa te koloidne estice, ali iskljucuje
metale koji su vezani na vece Cestice te samim time i manje bioraspolozivi (Dragun i sur.,
2009). Frakcija koja zaostaje na filteru od 0,45 um definirana je kao partikularna.

Specijacija metala, odnosno specifi¢ni kemijski oblici u kojima se neki metal pojavljuje
u prirodi, ima izravan ucinak na bioraspolozivost metala, odnosno na toksi¢nost metala za
organizme (Forstner i Wittmann, 1981). Na bioraspolozivost metala utjecu i biologija samih
organizama (ucinkovitost asimilacije metala, prehrambene navike, veliina, starost ili
reproduktivna faza), geokemija metala (raspodjela u vodi i sedimentu i specijacija metala)
(Roosa i sur., 2016) te mnogobrojni fizikalno-kemijski ¢imbenici (temperatura, pH vrijednost,
ionska jakost, salinitet, tvrdo¢a vode ili koli¢ina otopljenog kisika) (Mason, 2002; Bonnail i

sur., 2016). Talozenje i kompleksiranje metala dovode do njihove imobilizacije i smanjene
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toksi¢nosti. NajceS¢e otopljene oblike metala Cine organski kompleksirani metali 1/ili
anorganski oblici metala. Zbog veli¢ine, metal-organski kompleksi su inertniji i stabilniji te je
metalima onemogucen prolazak kroz stani¢ne membrane ¢ime se smanjuje bioraspolozivost
takvih metala (Gaillardet i sur., 2004). U slatkovodnim sustavima najées¢i organski ligandi za
vezanje metala su slabe organske baze poput oksalata i acetata te fulvinske ili huminske
kiseline (Gaillardet i sur., 2004), kao 1 organski ligandi bioloskog podrijetla nastali
djelovanjem algi i fitoplanktona. Kompleksi metala s anorganskim ligandima su pak vrlo
labilni, brzo disociraju u vodi 1 uglavnom ¢ine metale brzo i lako raspolozivima organizmima.
Najznacajniji anorganski ligandi za kompleksiranje metala u rije¢nim sustavima su molekule
vode, ioni HCO3, COs%, OH te rjede CI-, SO4%, F i NO2 (Gaillardet i sur., 2004).

Budu¢i da je voda dinamican medij, jasno je da koncentracije metala u vodi ukazuju
samo na kratkotrajnu izloZenost i trenutno stanje okolisa prilikom uzorkovanja. Stoga je, da bi
se dobile informacije o bioraspolozivim koncentracijama metala, a time i njihovim
potencijalnim toksi¢nim ucincima, nuzno pratiti i bioakumulaciju metala u vodenim
organizmima kao pokazatelj dugorocne izlozenosti sustava i organizama metalima, kao i
klju¢an korak u prepoznavanju opasnosti za Zive organizme u vodi te posljedi¢no i za ljude
putem lanca ishrane.

Kao primjer slatkovodnih sustava pod utjecajem antropogenih aktivnosti u vidu ispusta
otpadnih voda gradova i tvornica, kao i poljoprivrednih i/ili ribnjacarskih aktivnosti te
posljedi¢no umjerenog onecis¢enja metalima odabrane su dinaridska rijeka Krka te panonska
rijeka Ilova u Hrvatskoj. Ovi osjetljivi ekosustavi su ekoloski i strateski bitni za Republiku
Hrvatsku zbog zastienih blizine podrucja, Nacionalnog parka Krka (NP Krka) te Parka
prirode Lonjsko Polje (PP Lonjsko Polje).

2.2.1. Dinaridske i panonske rijeke

Prema podjeli Europe na limnografske regije, zasnovanoj na vodenoj fauni (lllies,
1978), hidrografski prostor Hrvatske podijeljen je na Panonsku i Dinaridsku ekoregiju, te se
na nacionalnoj razini Dinaridska ekoregija dodatno dijeli na tri subekoregije: Dinaridsku
kontinentalnu subekoregiju, Dinaridsku primorsku subekoregiju i Dinaridsku primorsku
subekoregiju Istru (Plan upravljanja vodnim podru¢jima 2016.-2021.).

Sto se ti¢e vodnih podrudja, teritorij Republike Hrvatske hidrografski pripada slivu
Jadranskog mora i slivu Crnog mora te je podijeljen na dva vodna podru¢ja — vodno podrucje
rijeke Dunav i jadransko vodno podrucje (Izvjes¢e o provedbi planova upravljanja vodnim

podruc¢jima iz Okvirne direktive 0 vodama, 2015; Zakon o vodama, 2019). PovrSina vodnog
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podrugja rijeke Dunav iznosi 35117 km?, odnosno obuhvaéa 62 % hrvatskog kopnenog
teritorija. Okosnice otjecanja s vodnog podrucja su rijeke Sava i Drava, a podrucje podsliva
Save (PS Sava) zauzima 25764 km? ili 73 % povrsine vodnoga podrucja rijeke Dunav, a
podruéje podsliva Drave i Dunava (PS Drava) 9353 km? ili 27 % povrsine ovog vodnog
podruc¢ja. Vodno podruéje rijeke Dunav u Republici Hrvatskoj je dio Sireg medunarodnog
vodnog podru¢ja Dunava (Plan upravljanja vodnim podrucjima 2016-.2021.; Tadi¢ i sur.,
2020). Jadransko vodno podrucje se sastoji od viSe slivova ili dijelova slivova jadranskih
rijeka s pripadaju¢im podzemnim, prijelaznim i priobalnim vodama. PovrSina iznosi 35303
km?, §to je oko 40 % ukupnog teritorija Republike Hrvatske. Jadransko vodno podruéje u
Republici Hrvatskoj pripada Sirem medunarodnom slivu Jadranskoga mora, a dio voda
jadranskog vodnog podrucja su pograni¢ne ili prekograni¢ne vode medudrzavnoga znacaja
(Plan upravljanja vodnim podrué¢jima 2016.-2021.). Vodno podrucje rijeke Dunav i jadransko
vodno podru¢je razlikuju se prema geoloSkim, pedoloskim, litoloSkim, hidroloskim 1
klimatskim obiljezjima, kao i zemljisnom pokrovu, socio-ekonomskim prilikama te prisutnim
vrstama na svakom od podruéja (Plan upravljanja vodnim podruc¢jima 2016.-2021.).

Od dviju istrazivanih rijeka, rijeka Krka pripada Dinaridskoj primorskoj subekoregiji te
jadranskom vodnom podrucju, dok se rijeka Ilova nalazi unutar Panonske ekoregije te pripada
vodnom podrucju rijeke Dunav (Plan upravljanja vodnim podrué¢jima 2016.-2021.)

Prema Planu upravljanja vodnim podrucjima 2016.-2021. doslo je do unaprjedenja
tipologije rijeka te se slijedom gledanih abiotickih ¢imbenika mogu razluciti 24 tipa i 47
podtipova tekucica u Hrvatskoj. KoriSteni ¢imbenici za tipizaciju rijeka bili su pripadajuca
ekoregija, veli¢ina sliva, geoloska 1 litoloSka podloga, nadmorska visina te pojedini izborni
¢imbenici. Prema navedenoj kategorizaciji rijeka Krka ve¢im dijelom svojeg toka, osobito
uzvodnog, pripada ekotipu HR_R_12, odnosno prigorskim srednje velikim i velikim
teku¢icama u Dinaridskoj primorskoj subekoregiji s nadmorskom visinom 200-500 m,
veli¢inom sliva 10-10000 km? te vapnenatkom podlogom. Rijeka Ilova svrstava se u tip
HR_R_4 u Panonskoj ekoregiji, odnosno u nizinske srednje velike i velike tekucice s
nadmorskom visinom < 200 m, veli¢inom sliva 10-10000 km? te silikatno ili silikatno-
vapnenackom podlogom (Registar vodnih tijela prema Planu upravljanja vodnim podrucjima

2016.-2021.).

2.2.1.1. Rijeka Krka

Rijeka Krka je dinaridska krska rijeka u obalnom podrucju juzne Hrvatske ¢ija slivna

povrsina iznosi oko 2657 km?, duzine je oko 73 km, pri ¢emu se 49 km odnosi na slatkovodni
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dio toka. Pripada slivu Jadranskog mora i izvire u podnozju Dinare podno Topoljskog slapa,
udaljenog 3,5 km od grada Knina, a u Jadransko more se ulijeva kod Sibenika (Javna
ustanova NP Krka, 2021). U slatkovodnom dijelu toka ima pet pritoka: Kr¢i¢, Kosov¢icu,
Oragnicu, Butiznicu te Cikolu. Zbog prirodnih ljepota, slapova, sedrenih barijera, brzaca i
podzemnih izvora podruéje od 109 km? porje¢ja Krke (dva kilometra nizvodno od Knina do
Skradina) i donjeg toka rijeke Cikole proglaseno je 1985. godine Nacionalnim parkom Krka
(Javna ustanova NP Krka, 2021).

Iako podrué¢je oko rijeke Krke nije gusto naseljeno, rijeka je izlozena antropogenim
aktivnostima koje predstavljaju potencijalnu opasnost za Zivi svijet ovog osjetljivog krSkog
sustava i NP Krka. Naime, komunalne vode grada Knina predstavljaju jednu od potencijalnih
opasnosti za onecisc¢enje Krke jer se bez prikladnog proc¢is¢avanja direktno izlijevaju u rijeku
Krku. Nadalje, otpadne vode tvornice vijaka u Kninu ispustaju se u bazene predvidene za
prociséavanje, ali osobito u vrijeme obilnih oborina te otpadne vode se ulijevaju u rijeku
Orasnicu te time indirektno i u samu rijeku Krku zbog cega su ovi bazeni u Planu
gospodarenja otpadom Republike Hrvatske za razdoblje 2017.-2022. predstavljeni kao jedna
od “crnih toc¢aka” oneciS¢enja na podrucju Hrvatske. Dodatan problem je Sto se navedeno
podrucje nalazi svega 2 km uzvodno od granice NP Krka te ugrozava i ovo zasti¢eno podrucje
te $to zbog uglavnom karbonatne podloge moze lako do¢i do poniranja ovih otpadnih voda u
podzemlje ¢ime se ugrozavaju i izvori pitke vode. Uvidom u Registar vodnih tijela prema
Planu upravljanja vodnim podrucjima 2016.-2021., istrazivana vodna tijela rijeke Krke
uglavnom pokazuju vrlo dobro i/ili dobro ekolosko i kemijsko stanje, kao i fizikalno-kemijske
¢imbenike, hidromorfoloske elemente i1 razinu specificnih oneciS¢ujuc¢ih tvari. Medutim,
upravo podru¢je oko grada Knina i nizvodno od Knina, kao i jezero Brljan, pokazuju
umjereno, pa Cak i loSe stanje Sto se ti¢e ekoloSkog i1 kemijskog stanja i hidromorfoloskih
elemenata (lzvadak iz Registra vodnih tijela prema Planu upravljanja vodnim podrucjima
2016. — 2021., klasifikacijska oznaka: 008-02/21-02/74, 2021; Tadi¢ i sur., 2020).

Dva prethodna istrazivanja koja navode koncentracije niza metala u vodotoku rijeke
Krke uzvodno od pocetka NP Krka (Ca, Mg, Zn, Cd, Pb i Cu) ukazuju na potencijalne
prijetnje nacionalnom parku, osobito u blizini grada Knina (Cukrov i sur., 2008b, 2012). Iz
svih navedenih razloga, rijeka je bila predmet sveobuhvatnih istrazivanja u razdoblju 2015.-
2016. godine s naglaskom na dvije lokacije koje predstavljaju gradijent oneciScenja,
referentnoj lokaciji na izvoru rijeke Krke te drugoj postaji 2 km nizvodno od grada Knina i
mjesta ispusta komunalnih i industrijskih otpadnih voda (Slika 1) (Filipovi¢ Mariji¢ i sur.,

2018; Serti¢ Peri¢ i sur., 2018). Iako su obje lokacije svrstane u kategoriju voda dobre ili vrlo

10



2. Literaturni pregled

dobre kakvoce prema Uredbi o standardu kakvoce voda (2019), svi izmjereni fizikalno-
kemijski ¢imbenici vode ukazivali su na losije okolisne uvjete nizvodno od ispusta otpadnih
voda, od kojih su temperatura, vodljivost, ukupne otopljene tvari te tvrdo¢a vode pokazali
statistiCki znacajne razlike izmedu postaja (Serti¢ Peri¢ i sur., 2018). lako su koncentracije
metala u vodi takoder relativno niske u ¢itavom sustavu, Sto je karakteristi¢no za krske rijeke,
zabiljezen je znaCajan porast nekoliko elemenata u blizini grada Knina, osobito Fe, Li, Mn,
Mo, Sr, Rb i Ca pri ¢emu je najvisi porast na u odnosu na izvor rijeke Krke zabiljezen za Fe i
Mn, koji su bili 17, odnosno 38 puta poviSeni kod Knina, dok su ostali elementi pokazali
prosjecni porast od oko 2 puta (Filipovi¢ Mariji€ i sur., 2018; Serti¢ Peri¢ i sur., 2018). lako
se trenutno onecis¢enje pokazalo uglavnom umjerenim, trendovi su ukazali na potencijalne

opasnosti za ocuvanje ljepota, bogatstva vrsta te specificnih mikrostanista unutar samog NP

Krka i potrebu trajnog monitoringa i zastite.

D T
0 10 km

p Ty

W pstuarij Krke sl
~T<_‘:‘\ 3 Nacionalnipark
Krka
je Sibenik

Slika 1. Karta rijeke Krke s oznac¢enim mjestima uzorkovanja (izvor Krke kao referentna
postaja i lokacija nizvodno od Knina kao onecis¢ena postaja) (preuzeto i prilagodeno iz

Filipovi¢ Mariji€ 1 sur., 2018)

2.2.1.2. Rijeka llova

Rijeka llova je panonska rijeka u kontinentalnom dijelu sredisnje Hrvatske ¢ija ukupna
slivna povrsina iznosi oko 1128 km? a duzina oko 96 km (Plan upravljanja vodnim

podruc¢jima 2016.-2021.), iako su se navedene brojke mijenjale nekoliko puta tijekom godina
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zbog niza hidrotehnic¢kih zahvata na porje¢ju rijeke (Plantak i sur., 2016). lzvire na sjevernim
obroncima Papuka u naselju Velika Babina Gora na nadmorskoj visini od 205 metara,
nastavlja se dolinom koja je nadalje uvjetovana rasjedom izmedu Papuka i juznih obronaka
Bilogore te poprima smjer otjecanja od sjeveroistoka prema jugozapadu (Plantak i sur., 2016).
Kao lijeva pritoka rijeke Lonje pripada porjec¢ju rijeke Save c¢ime ujedno pripada i
Crnomorskom slivu. Rijeka llova ima puno pritoka pri ¢emu se kao najveca istice rijeka
Toplica, dok su ostali izdvojeni pritoci Tomasica, Peratovica, Cavlovica, Garesnica,
Briljanica, Sovarnica, Rijeka i Rastovac, Kutinica (Plantak i sur., 2016).

Podruc¢je oko rijeke llove je izlozeno antropogenom pritisku u vidu hidrotehnickih
radova koji ukljuCuju pretvaranje mo¢varnih podrucja u brojne ribnjake, izgradnju kanala i
nasipa, produbljivanja korita rijeka, sto je u istrazivanju hidromorfoloskog stanja tekucica u
porjecju Ilove rezultiralo time da ukupno 38,5 % duljine vodotoka ne zadovoljava ciljeve
prema Okvirnoj direktivi EU-a 0 vodama jer je dobilo ocjenu umjereno promijenjenog, loseg
ili vrlo loSeg morfoloskog stanja (Plantak i sur., 2016). Vodotoci u blizini vecih naselja dobili
su najlosije, odnosno nezadovoljavajuée ocjene, kao i dionice koje su neposredno povezane s
ribnjacima. Uz navedeno, istraZivane su i promjene protoka i proto¢nih reZima na rijeci Ilovi
te je pokazano da su promjene proto¢nih rezima Ilove u razdoblju od 1961. do 2016.
ponajprije  uzrokovane promjenom klimatskih elemenata, unato¢ ve¢ navedenim
antropogenim utjecajima u porje¢ju, odnosno provedenim hidrotehni¢kim izmjenama kao i
postojanju nekoliko velikih ribnjaka (Oresi¢ i sur., 2018). Kvalitativni i kvantitativni sastav
makrozoobentosa 1991. godine je ukazao na dobro stanje, raznovrsnost i veliku biomasu u
gornjem Poilovlju, dok je u nizvodnom smjeru zabiljeZen puno manji broj vrsta §to govori i u
prilog losijem ekoloSkom statusu (Deli¢, 1991).

Uz ribnjake, koji su i podru¢ja rekreativnog i sportskog turizma te poljoprivrednu
aktivnost, srednji i donji dio toka rijeke llove ugrozeni su ispustom komunalnih voda grada
Kutine te neobradenih industrijskih otpadnih voda tvornice gnojiva (Durgo i sur., 2009). Za
razliku od rijeke Krke gdje se antropogeni utjecaj nije toliko o¢itovao u analizama kakvoce
vode i okolisa, uvid u Registar vodnih tijela rijeke llove (lzvadak iz Registra vodnih tijela
prema Planu upravljanja vodnim podru¢jima 2016. — 2021., klasifikacijska oznaka: 008-
02/21-02/74, 2021) ukazuje na loSe i vrlo loSe stanje vecine ispitivanih vodnih tijela ovog
ekosustava Sto se ti¢e bioloskih elemenata kakvoce, ekoloSskog i kemijskog stanja te
hidromorfoloskih elemenata, ali uglavnom jo$ uvijek zadovoljavaju¢e razine specifi¢nih

oneciscujucih tvari.
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Unatoc tome, utjecaj svih antropogenih aktivnosti na ovo podrucje slabo je istrazen te je
bio predmet samo dva prethodna istrazivanja koja su istrazivala kemijski sastav vode
skupljene u deponiju fosfogipsa iz tvornice gnojiva (Durgo i sur., 2009) te toksi¢ni potencijal
povrsinske vode rijeke Ilove (Radi¢ i sur., 2013). Usporedbom tih tvorni¢kih otpadnih voda
na temelju maksimalno dopustene koncentracije elemenata, prema tada vazecem Pravilniku o
grani¢nim vrijednostima parametara opasnih i drugih tvari u otpadnim vodama (NN 94/08),
otkriveno je najvece obogacenje elementima: F, V, Fe, Cr (VI), Cu i Zn, koji su bili 6-308
puta vi$i od maksimalno dopustenih vrijednosti (Durgo i sur., 2009). Kako bi se provelo
detaljnije istrazivanje cjelokupnog antropogenog utjecaja na Zivi svijet rijeke Ilove, kao dio
HRZZ projekta ,,AQUAMAPMET” u razdoblju 2017.-2018. godine istrazivane su dvije,
odnosno tri lokacije prema gradijentu onec¢is¢enja. Prvo mjesto uzorkovanja na rijeci llovi
smjeSteno je kod sela Maslenjaca i izabrano je kao referentna postaja za uzorke vode i
sedimenta jer je pod najslabijim antropogenim utjecajem, odnosno nalazi se u gornjem dijelu
njenog toka, uzvodno od svih ribnjaka, industrijaliziranog i poljoprivrednog podrucja (Slika
2). Druga lokacija smjesStena je nizvodnije kod sela Ilova i djelomi¢no je pod utjecajem
uzgajalista riba (Slika 2). Nadalje, rijeka llova oko 1 km nizvodno od grada Kutine prima
otpadne vode kroz rijeku Kutinicu u koju se ispustaju neobradene otpadne vode tvornice
gnojiva 1 grada Kutine. Dodatnu zabrinutost predstavlja i Cinjenica da se nizvodno od
Kutinice, Ilova ulijeva u rijeku Lonju koja tvori mocvarno podrucje zasticeno kao Park

prirode Lonjsko polje (http://www.pp-lonjsko-polje.hr/). Stoga je treca lokacija bila smjeStena

u blizini sela TrebeZ, koje se nalazi oko 8 km nizvodno od utoka rijeke Kutinice u Ilovu (Slika
2), odnosno unutar zasticenog podrucja PP Lonjsko Polje (Mijosek i sur., 2020a). IstraZivanje
je ukazalo na loSije okolisne uvjete u donjem toku rijeke Ilove kod sela Trebeza gdje su
ukupne otopljene soli, koli¢ina nitrata te fosfata bili iznad dopuStenih granica, dok je voda
kod sela Maslenjace i Ilove uglavnom bila dobre ili vrlo dobre kvalitete. Vec¢ina metala je
takoder bila statisticki znacajno viSa u uzorcima vode i sedimenata na oneciS¢enoj postaji kod
sela Trebez, pri ¢emu je najveéi porast u nizvodnom smjeru rijeke zabiljezen za elemente
poput Al, As, Cd i Ni koji su bili visestruko poviseni u odnosu na dvije uzvodne postaje i
ukazali su na znacajan antropogeni pritisak u nizvodnom dijelu rijeke llove te na potencijalne

opasnosti za park prirode (Mijosek 1 sur., 2020a).
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Slika 2. Karta rijeke llove s oznacenim mjestima uzorkovanja (Maslenjaca, selo Ilova, selo

Trebez) (preuzeto i prilagodeno iz Mijosek i sur., 2020a)

2.3. Metali u vodenim organizmima
2.3.1. Unos u organizme i medustanic¢ni prijenos

Metali u vodene organizme dospijevaju preko vanjske povrSine tijela, respiratornih
organa (8krge), probavnog epitela ili najceS¢e kombinacijom svih ovih putova (Deb i
Fukushima, 1999), pri ¢emu kao izvor metala za organizme sluze i voda i sedimenti i hrana.
Unos preko povrsine tijela dominantan je kod jednostavnijih vodenih organizama, dok u
slozenijih organizama veéu vaznost ima izravan unos metala putem Skrga i probavila (Deb i
Fukushima, 1999). Disanjem, odnosno izmjenom plinova, kroz Skrge prolaze i ostale
otopljene tvari, ukljucuju¢i metale, dok unos putem prehrane takoder predstavlja izravni unos
metala u organizam koji ¢esto ima i najveci doprinos u akumulaciji metala (Clearwater,
2000). Ukoliko do unosa metala uglavnom dolazi preko vode najces¢e govorimo o
biokoncentraciji metala u organizmu, a ako se nakupljanje metala odvija putem vode i hrane
govori se 0 bioakumulaciji (YYarsan i Yipel, 2013).

Opcenito se metali raspodjeljuju po organima, tkivima i stanicama organizma, kao i
razli¢itim unutarstani¢nim odjeljcima koji se prema Wallaceu i sur. (2003) dijele na stani¢ne
frakcije osjetljive na prisutnost metala (MSF, metal sensitive fraction) koje uklju¢uju organele
(mitohondriji, lizosomi, mikrosomi) i toplinski nestabilne proteine poput enzima (HDP, heat-
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denatured proteins), dok bioloski detoksicirane frakcije metala (BDF, biologically detoxified
fraction) ukljucuju granule bogate metalima (MRG, metal-rich granules) i toplinski stabilne
proteine poput metalotioneina (HSP, heat-stable proteins). Takva je unutarstani¢na raspodjela
metala uvijek specificna za pojedini metal, organ i organizam, ali i dinami¢na ovisno o
uvjetima izlozenosti metalima i nizu drugih okolisnih ¢imbenika (Wang i Rainbow, 2006).
Sam unos metala u stanicu se vrsi preko stani¢nih membrana procesima jednostavne
difuzije ili olaksane difuzije, aktivnog transporta i pinocitoze (Simkiss, 1998), a za unos u

stanice je najraspoloziviji hidratizirani ionski, odnosno bioloski raspoloziv oblik metala u
ionski oblik metala, dok se kompleksiranjem s organskim i anorganskim ligandima smanjuje
njihova toksi¢nost, iako postoje i izuzeci poput Hg, Pb, Se i Sn (Florence i Batley, 1977).
Ovisno o kemijskom obliku metala, postoje razli¢iti mehanizmi asimilacije i detoksikacije u
stanicama organizama. Ukoliko je metal vezan u neki lipofilni kompleks moZe u¢i u stanicu
direktno pasivnom difuzijom (Slika 3a). Hidrofilni oblici zahtijevaju aktivni oblik prijenosa
putem transportnih proteina (Slika 3b). U stanici dolazi do oksidacije ili redukcije metala $to
moze dovesti do povecanja koli¢ine reaktivnih kisikovih spojeva (ROS, reactive oxygen
species), Sto potom dovodi do oksidacijskog stresa i toksi¢nih ucinaka (Slika 3c,d). Kako bi se
izbjegla toksi¢nost, odredeni metali se vezu na termostabilne proteine poput metalotioneina
(Slika 3e). Drugi bioloski zastitni mehanizam protiv toksi¢nosti metala je njihova akumulacija
u organelima u formi inertnih granula koje se izluc¢uju tijekom zivotnog ciklusa (Slika 3f)
(Vijver i sur., 2004). Metali unutar stanice mogu biti vezani i na aminokiseline, proteine i
organske kiseline (Slika 3g), kompleksirani ve¢ u izvanstanicnom mediju (Slika 3h), a u

suvisku mogu se i eliminirati iz organizma (Slika 3i) (de Paiva Magalhaes i sur., 2015).
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Slika 3. Razli¢iti mehanizmi asimilacije i detoksikacije metala u stanicama (preuzeto i

prilagodeno iz de Paiva Magalhaes 1 sur., 2015)

Sto se ti¢e ekskrecije metala, ribe mogu izludivati Stetne tvari, pa tako i metale, iz
organizma putem koze, bubrega, Skrga i probavila (Olsson i sur., 1998), pri ¢emu se

dominantan nac¢in ponovno razlikuje ovisno o elementu.

2.3.2. Esencijalni i neesencijalni metali

S bioloske tocke gledista, metali se dijele na esencijalne i neesencijalne. Esencijalni
metali su prirodno prisutni u zivim bi¢ima te imaju vaznu i metabolicku funkciju u
organizmima kao dio enzima, hormona ili vitamina, odnosno molekula koje grade stanice i
tkiva te njihov nedostatak u organizmu moze biti uzrok mnogih $tetnih ucinaka. U skupinu
esencijalnih elemenata se ubrajaju makroelementi Ca, K, Mg i Na te mikroelementi, poput
Co, Cu, Fe, Mn, Se ili Zn (Wood i sur., 2012). Iako su ti elementi nuzni i neophodni za
funkcioniranje organizama, zbog prekomjernog unosa te prelaska optimalnih koncentracija i
oni mogu postati toksi¢ni. S obzirom na to da esencijalni elementi djeluju na organizme i
stimulativno 1 potencijalno toksicno, tesko je u potpunosti razluciti i definirati njihovu
toksi¢nost. Stoga se odnos koncentracije svakog elementa i njegovog ucinka moze opisati

krivuljom na kojoj je moguce definirati podrucje tolerancije i/ili optimuma, s grani¢nim
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gornjim i donjim koncentracijama metala, te podrucje toksi¢nosti i letalnosti (Slika 4). U
sluc¢aju esencijalnih elemenata, s obzirom da su neophodni zZivim organizmima, vidljivo je da
postoji podru¢je koje ukazuje na njihov nedostatak u organizmu, nesSto Siri raspon
koncentracija koje predstavljaju njihov optimum, ali i podruéje toksic¢nosti i letalnosti uslijed
pojacanog unosa (Slika 4).

One metale i metaloide koji se nalaze u prirodi, ali za koje do sada nije otkrivena
nikakva bioloska i metaboli¢ka uloga u Zivim organizmima nazivamo neesencijalnima, a to su
primjerice As, Cd, Hg i Pb. Zivi organizam podnosi vrlo uski koncentracijski raspon tih
elemenata te oni mogu izazvati toksi¢ne ucinke, pa i smrtnost, i ve¢ pri vrlo niskim
koncentracijama (Slika 4) (Verma i Dwiwedi, 2013). Njihova toksi¢nost uvelike proizlazi iz
slicnosti s esencijalnim metalima, zbog ¢ega mogu zamijeniti esencijalne elemente te istim
putovima u¢i u stanice i vezati se za vazne biomolekule $to dovodi do narusavanja

metabolic¢kih funkcija, a time i toksi¢nosti (Wood i sur., 2012).
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Slika 4. Odnos koncentracija esencijalnih i neesencijalnih metala i njihovih u¢inaka na

organizme (preuzeto i prilagodeno iz Forstner i Wittmann, 1981)

2.3.3. Toksi¢ni ucinci metala i mehanizmi detoksikacije

Kao i druge stetne tvari, metali u vodenim organizmima mogu imati Siroki spektar
negativnih i toksi¢nih ucinaka na svim bioloskim razinama od stanice, organa, organizma,
populacije pa sve do ¢itavog ekosustava (Slika 5).

Promjene na razini populacija, biocenoza i1 ekosustava su manje specificne, poput
promjena u sastavu, starosnoj strukturi, smanjenja geneticke raznolikosti te pada bogatstva

vrsta 1 bioraznolikosti, kao i promjena u hranidbenim mrezama nekog sustava te se javljaju
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nakon duge i kroni¢ne izlozenosti i znafajnog djelovanja zagadivala. Ipak, svaki toksi¢ni
ucinak pocinje na molekularnoj i stani¢noj razini, a posljedi¢no moze dovesti i do promjena
na razini cijelog organizma (Mussali-Galante i sur., 2013). U¢inci na razini organizma mogu
biti morfoloske (deformacija ljustura, Skrga, skeleta), bihevioralne (razliCite promjene u
ponasanju) 1 fizioloSke prirode (smanjen fekunditet 1 fertilnost, poremecaji 1 bolesti u radu
tkiva i organa).

Toksi¢ni ucinci na stani¢noj razini su inhibiranje enzima, promjene funkcija proteina,
oksidacijski stres, poremecaji mitohondrijske aktivnosti i propusnosti membrana, kao i
razli¢ita oste¢enja DNK (Phillips i Rainbow, 1993) (Slika 5). Naime, metali se mogu vezati na
funkcionalne skupine bioloski vaznih molekula, tzv. metaloproteina, te ukoliko se radi o
neesencijalnim elementima, dovesti do inhibicije ili promjene funkcija tih molekula
(Viarengo, 1985). Metali imaju ulogu i u nastanku oksidacijskog stresa koji predstavlja
metabolicko stanje organizma koje je prateno povecanjem koli¢ine reaktivnih kisikovih
spojeva. Reaktivni oblici kisika obuhvacaju radikale kisika (superoksidni, hidroksilni,
peroksidni) i reaktivne neradikalne derivate kisika (vodikov peroksid, hipokloritna kiselina).
lako su Kisikovi radikali u ograni¢enim koncentracijama sastavni dio metabolizma, oni su
visoko reaktivne molekule i u suvisku mogu ostetiti stani¢ne strukture (stani¢nu membranu i
organele), dovesti do inaktivacije enzima ili lipidne peroksidacije (Sevcikova i sur., 2011).
Oksidacijski stres pogubno utjece na vec¢inu stani¢nih struktura, ukljucujué¢i membrane, lipide,
proteine, lipoproteine i nukleinske kiseline te uzrokuje peroksidaciju lipida, s posljedi¢nim
oSteCenjima stanicne membrane i lipoproteina. Proteini se djelovanjem Kkisikovih radikala
podvrgavaju razli¢itim konformacijskim modifikacijama koje mogu imati utjecaja na gubitak
ili oSte¢enje njihove enzimske aktivnosti. Nadalje, mitohondriji koji ¢ine stani¢ni energetski
pogon, mogu akumulirati veée koli¢ine metala §to moze dovesti do inhibicije njihove
aktivnosti i oksidativne fosforilacije, ¢ime se narusava energetski status stanice (Viarengo,
1985). Toksi¢an uc¢inak metala dovodi i do poremecaja pasivnog i aktivnog prijenosa tvari
uslijed poremecaja propusnosti membrane, bilo vezanjem odredenih metala za fosfatne
skupine u lipidnim slojevima membrane, inhibicijom enzima Na/K ovisne ATP-aze, ili
posredno, smanjenjenom koli¢inom raspolozivog ATP-a (Viarengo, 1985).

Ipak, kako bi se sprijecili i/ili smanjili toksi¢ni uéinci metala, organizmi imaju razlicite
homeostatske i detoksikacijske mehanizme koji odrzavaju koncentracije metala u uskom
rasponu ili dovode do njihove eliminacije (Mason i Jenkins, 1995). Naime, metali se mogu
akumulirati u obliku inertnih granula, vezati unutar lizosoma ili za specifi¢cne biomolekule

koje imaju ulogu u njihovoj detoksikaciji poput metalotioneina (Viarengo, 1985). Nadalje, u
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obrani od oksidacijskog stresa postoji Citav sustav antioksidansa koji nastoje odrzati ravnotezu
u organizmu kako ne bi doslo do povecane proizvodnje kisikovih radikala. Antioksidansi se
dijele na antioksidacijske enzime i antioksidacijske molekule. Najvazniji antioksidacijski
enzimi su katalaza (CAT), superoksid dismutaza (SOD), glutation peroksidaza (GPx) te
glutation S-transferaza (GST), dok su vazne antioksidacijske molekule glutation (GSH),
vitamin C te vitamin E (Martinez-Alvarez i sur., 2005). Nadalje, akumulirana koli¢ina metala,
odnosno razlika izmedu unosa i izlu¢ivanja metala, pa tako i potencijalna toksi¢na djelovanja
metala, ovise o nizu abioti¢kih (temperatura, salinitet, pH, intenzitet svjetlosti, koli¢ina
otopljenih tvari) i biotickih ¢imbenika (veli¢ina, starost, spol, fiziologija i kondicijsko stanje
organizma). Budu¢i da se metali u organizmima akumuliraju u specifiénim organima i
tkivima koji sluze kao bioindikatorska tkiva, dodatan doprinos daje i afinitet nekog metala

prema odredenom tkivu, kao i struktura i funkcija samog tkiva.

Stanicnai

inbleknlarig # Razina ‘ Razina - Razina ‘ Razina
' jedinke populacije biocenoze ekosustava

razina

1 1 1 1 1

- DNK adukti -rizik od bolesti - narusena starosna - promjene u - promjene u
- oksidativni stres - kraéa Zivotna i spolna struktura bioraznolikostii kruZenju tvari
- indukcija metalotioneina doba - nizak bogatstvu vrsta - promjene u
- kromosomske aberacije - morfoloske reproduktivni - promjene hranidbenim
- DNK lomovi promjene uspjeh dominantnih vrsta mrezama

- indukcija ili inhibicija - promjene u - promjene - promjena sastava

metabolickih enzima ponasanju geneticke zajednice

- poremecaj popravka - smanjen raznolikosti - gubitak

DNK fekunditet - nizak fitness bioraznolikosti

- poremecaj - smanjena - pad brojnosti

mitohondrijske aktivnosti fertilnost populacije

- poremecaj propusnosti
membrana

Slika 5. Prikaz toksi¢nih ucinaka zagadivala na razli¢itim razinama bioloske organizacije

(preuzeto i prilagodeno iz Mussali-Galante i sur., 2013)

2.4. Bioindikatorski organizmi

Zbog dinamike vodenih sustava, mjerenje koncentracija metala u vodi ne odrazava
dugoro¢nu izloZenost metalima, te se, kako bi se procijenilo stanje i kvaliteta okoliSa, kao i
utjecaj antropogenih aktivnosti na onecis¢enje okolisa, najcesc¢e Kkoriste prikladni
bioindikatorski organizmi koji daju pouzdaniju i zbog dugorocne izlozenosti, vremenski

precizniju procjenu utjecaja onecis¢enja na okoli§ (Kraemer i sur., 2006; Ovaskainen i sur.,
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2019). Bioindikatori su organizmi koji svojom prisutno$¢u ili odredenom reakcijom na
¢imbenike u okoliSu mogu ukazivati na stanje okoliSa, prisutnost odredenih spojeva i
promjene tijekom vremena. Mogu odrazavati poremecaje u okoliSu nastale i zbog prirodnih i
antropogenih utjecaja, iako je fokus koriStenja bioindikatora najée$¢e upravo na procjeni
antropogenog utjecaja (Holt i Miller, 2010). NajéeS¢e koristeni akvaticki bioindikatorski
organizmi su ribe, rakovi i Skoljkasi (Langston i Bebiano, 1998, Ivankovi¢ i sur., 2005:
Geffard i sur., 2007; Filipovi¢ Mariji¢ i sur. 2016; Krasnici i sur., 2019). Medutim, jo$ uvijek
postoji potreba za pouzdanim i osjetljivim bioindikatorima, koji bi brzo odrazavali
biorasplozivu, a time i potencijalno toksi¢nu razinu metala, kao i ukazivali na kratkotrajne 1
dugotrajne promjene koncentracija metala u vodenom okolisu. Budu¢i da je za najcesce
koriStena indikatorska tkiva poput jetre, Skrge ili bubrega potrebno Zrtvovati Zivotinju,
neletalne alternative poput ljusaka riba pokazuju potencijal kao dobri pokazatelji stanja
okolisa koji bi smanjili invazivnost metoda i negativan utjecaj na bioraznolikost sustava i
bogatstvo vrsta do kojeg moZze do¢i wuslijed pojacanog uzorkovanja standardnih
bioindikatorskih organizama te koristenja njihovih organa za analize.

Idealni bioindikatorski organizmi moraju zadovoljiti niz kriterija koje ve¢inom ne moze
zadovoljiti samo jedna vrsta pa je dobro Koristiti grupu organizama. Prije svega,
bioindikatorski organizam treba biti Siroko rasprostranjen i zastupljen, treba imati ogranic¢eno
podrucje kretanja, nisku geneticku i ekoloSku varijabilnost, dovoljno dug Zivotni vijek i
veli¢inu za provodenje analiza, jasan troficki status te pokazivati osjetljivost na odredenu
grupu zagadivala. Odgovor dobrog bioindikatorskog organizma bi trebao upucivati i na
odgovore drugih vrsta, pa ¢ak i cijelog ekosustava. Prakti¢nost u smislu lakog uzorkovanja i
determinacije vrsta takoder je vazan kriterij. Nadalje, ponekad je bitna i socijalna komponenta
kada se radi o ekonomski ili komercijalno vaznim vrstama, onim vrstama koje se koriste u
poljoprivredi ili u slucaju donosenja regulativa o zastiti okolisa (Gerhardt, 2002; Holt i Miller,
2010).

S obzirom da upotreba bioindikatorskih organizama daje procjenu promjena u stanistu,
kumulativnih utjecaja i pristutnog zagadenja, njihova primjena ima prednost nad standardnim
kemijskim testovima i mjerenjima fizikalnih parametara okolisa. Ipak, uz brojne prednosti
bioindikatori imaju i nedostatke. Dok mnoge kemijske analize u okolisu predstavljaju stanje
samo u trenutku uzorkovanja, prednost organizama je Sto dodaju i vremensku komponentu
koja odgovara boravku organizma u odredenom sustavu i na taj nacin daju integriranu
informaciju o trenutnim i proslim uvjetima u okolisu (Holt i Miller, 2010). Budu¢i da

organizmi imaju sposobnost akumulacije nekih zagadivala, primjerice metala i organskih
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zagadivala, razina oneciS¢enja 1 utjecaja na organizme, posebno viSe troficke razine, bi bila
podcijenjena ukoliko bi se gledale samo kemijske i fizikalne analize. Takoder, odgovori
bioindikatorskih organizama daju jasnija predvidanja kako bi cijeli ekosustavi reagirali na
odredene poremecaje i ukazuju na sloZzene odgovore biocenoza i dinamic¢ne procese u
ekosustavima, Sto je komponenta koju kemijska 1 fizikalna mjerenja nemaju. Medutim, na
odgovore bioindikatora mogu utjecati i drugi abioticki (npr. temperatura, pH, otopljeni kisik) i
bioti¢ki ¢imbenici (npr. bolest, starost, parazitizam, veli¢ina organizma, kompeticija i
predacija), $to otezava razlikovanje prirodne i antropogene varijabilnosti (Steele i sur., 1984;
Carignan i Villard, 2002; Holt i Miller, 2010). Zatim, ekosustavi su bogati organizmima
razliCite razine i slozenosti te uoceni odgovori na jednoj razini ne moraju ukazivati na isti
obrazac kod organizama na drugoj razini. Primjerice, pokazatelji zabiljezeni kod kraljesnjaka
ne moraju odgovarati onima kod beskraljeSnjaka. Vrste imaju i specificne ekoloSke niSe
unutar staniSta pa upravljanje 1 eventualne mjere zaStite ekosustava prema nekom
bioindikatoru ne¢e nuzno uspjesno zastiti i vrste koje imaju drugacije zahtjeve stanista (Holt 1
Miller, 2010). Iz navedenih razloga bitno je koristiti barem nekoliko organizama razliitog
stupnja organizacije kako bi se dobio $to jasniji odgovor za kompleksne sustave i postigli

ucinkoviti na¢ini zastite primjenjivi na §to veci udio organizama nekog ekosustava.

2.4.1. Ribe kao bioindikatorski organizmi

Ribe su medu najceSce koriStenim bioindikatorskim organizmima u slatkovodnim
sustavima. Prednost njihove upotrebe je Sto imaju optimalnu veli¢inu za provodenje niza
analiza, nalaze se na vrhu hranidbenih lanaca pa ukazuju na troficko stanje u ekosustavu,
imaju dug Zzivotni vijek te time ukazuju i na dugoro¢nu i trenutaénu izlozenost, imaju
sposobnost akumulacije zagadivala, a za mno$tvo vrsta ve¢ postoji i niz podataka (Chovanec i
sur., 2003). S obzirom da su kraljesnjaci, ribe imaju i fizioloske i funkcionalne sli¢nosti sa
sisavcima, a ¢ine i vazan dio ljudske prehrane pa se koriste i U svrhu procjene opasnosti za
zdravlje ljudi usporedbom izmjerenih razina pojedinih tvari, ukljuujuéi i metale, s
pravilnicima i definiranim grani¢nim vrijednostima koje ne ugrozavaju zdravlje i okolis.
Problem ponekad moze predstavljati mobilnost riba, osobito ukoliko se radi o migratornim
vrstama, zbog Cega je teSko precizno definirati mjesto i1 vrijeme oneciS¢enja, kao 1 trajanje
izlozenosti (Chovanec i sur., 2003).

Opce je poznato da dugotrajna izloZenost stresorima iz okoliSa kao Sto su oneciscenje ili
niska razina kisika uzrokuje Stetne ucinke na vazne znacajke riba poput metabolizma, rasta,

otpornosti na bolesti, reproduktivnog potencijala te posljediéno na zdravlje, stanje i
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prezivljavanje riba (Barton i sur., 2002; Benejam i sur., 2008). Zbog navedenih karakteristika
ribe se izmedu ostalog smatraju i jednim od najznacajnijih bioindikatora za procjenu
onecis¢enja metalima (Barak i Mason, 1990; Rashed, 2001; Chovanec i sur., 2003; Dragun i
sur., 2018a).

Metali se akumuliraju u razli¢itim organima riba, ovisno o vrsti i 0 kojem se metalu radi
te se stoga Cesto koriste pazljivo odabrani ciljni organi i tkiva. Naj¢es¢e se analize rade u jetri
kao glavnom metaboli¢ckom i detoksikacijskom organu (Giguere i sur., 2004; Dragun i sur.,
2018a). Visoke koncentracije metala uofene su i u bubrezima koji su odgovorni za
homeostazu tjelesnih tekucina, te ekskreciju mnogih metabolita i ksenobiotika kojima riba
moze biti izlozena. Uz ove metabolicki aktivne organe, Cesto se koriste 1 Skrge kao mjesto
izravnog unosa toksikanata iz vode S§to je prikladno za pradenje trenutacne i kratkotrajne
izlozenosti metalima (Langston i Bebiano, 1998; Chovanec i sur., 2003). Medutim, iako je u
posljednjem desetlje¢u aktualna spoznaja da je unos metala putem hrane za ribe od jednakog
ili ¢ak veceg znacaja, nego unos metala vodom (Clearwater i sur., 2000; Lapointe i Couture,
2009), probavilo riba je rijetko koristeno kao bioindikatorski organ u dosadas$njim okoli$nim
istrazivanjima.

Ipak, izlozenost riba metalima tijekom dugih vremenskih razdoblja moze se najbolje
opisati uporabom tvrdih, odnosno kalcificiranih struktura poput ljusaka i otolita riba, koja
predstavljaju neaktivna i metabolicki inertna tkiva, Sto omogucava dobivanje trajnog zapisa o

izlozenosti metalima (Campana, 1999; Tzadik i sur., 2017).

2.4.1.1. Poto¢na pastrva (Salmo trutta Linnaeus, 1758) - rijeka Krka

Znanstvena klasifikacija:
Carstvo: Animalia
Koljeno: Chordata
Razred: Actinopterygii (zrakoperke)
Red: Salmoniformes (pastrvke)
Porodica: Salmonidae (pastrve)
Rod: Salmo

Vrsta: Salmo trutta Linnaeus, 1758

Potoc¢na pastrva je autohtona vrsta riba u Hrvatskoj koja pripada porodici Salmonidae
(pastrve) (Slika 6). Najbrojnija je i najrasprostranjenija autohtona vrsta pastrve u Europi, a

unesena je u Sjevernu Ameriku, Australiju i srednju Afriku (Mrakov¢ié i sur., 2006). Siroko
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je geografski rasprostranjena zbog izrazene sposobnosti adaptacije na novi okoliS,
koloniziranja novih vodenih tokova, a poznata je i kao kvalitetna namirnica te je popularna
vrsta za sportski ribolov (Klemetsen i sur., 2003). Reofilna je vrsta ribe koja uglavnom zivi u
gornjim i srednjim dijelovima rijeka te preferira hladnije i brze vodotoke temperature od 2 do
16 °C (Mrakov¢i¢ 1 sur., 2006).

Odrasle jedinke su predatori koji se hrane mnostvom organizama ukljucuju¢i manje
ribe, Zabe, $koljkase, rakusce, kao i kukce i njihove li¢inke (Mrakov¢i¢ i sur., 2006), §to ih
stavlja na vrh hranidbenih mreZa u slatkovodnim ekosustavima. Dosezu duzinu od 15 do
maksimalno 70 cm te masu od 100 g do 6 kg, ovisno o starosti jedinke i okolisnim uvjetima.
Postaju spolno zrele s 2-3 godine, a mrijest se odvija pri nizim temperaturama i uglavnom
pocinje u jesen (Klementsen i sur., 2003; Mrakov¢ié i sur., 2006).

Prema Crvenoj knjizi slatkovodnih riba Hrvatske poto¢na pastrva se ubraja u osjetljive
vrste, a glavni razlozi ugroZenosti su oneciséenje i mehani¢ke promjene Korita rijeka
(pregradivanje vodotoka, betoniranje, izgradnja hidroelektrana), ¢ime se onemogucava
migracija prema izvorisnim dijelovima $to je potrebno za mrijest (Mrakovci¢ i sur., 2006).
Negativan utjecaj ima i poribljavanje vodotoka koje moze utjecati na geneti¢ku raznolikost
autohtone populacije, a dodatno utjee i na problemati¢nost taksonomskog statusa ove vrste.
Naime, opisane su mnogobrojne forme i podvrste, poput jezerske i poto¢ne forme Ciji statusi u
Hrvatskoj jos nisu u potpunosti razjasnjeni i regulirani (Mrakovc¢ié i sur., 2006).

Poto¢na pastrva se ve¢ pokazala kao dobar bioindikator (Linde i sur., 1998), a kako je
zastupljena i u ljudskoj prehrani, zagadenje metalima u ove vrste je vazan ¢imbenik vezan i uz
ljudsko zdravlje (Culioli i sur., 2009).

Kao vrsta koja je u rijeci Krki zastupljena tijekom Ccitave godine, odabrana je kao
bioindikatorski organizam u naSem istraZivanju za procjenu stanja kakvoée vode ove
dinaridske krske rijeke i istrazivanja utjecaja antropogenih aktivnosti, posebno industrijskih i

komunalnih otpadnih voda, na Zivi svijet ovog ekosustava i obliznjeg NP Krka.

Slika 6. Prikaz poto¢ne pastrve Salmo trutta Linnaeus, 1758 iz rijeke Krke

Autor fotografije: dr. sc. Vlatka Filipovi¢ Mariji¢
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2.4.1.2. Babuska (Carassius gibelio Bloch, 1782) - rijeka Ilova

Znanstvena Klasifikacija:
Carstvo: Animalia
Koljeno: Chordata
Razred: Actinopterygii (zrakoperke)
Red: Cypriniformes (Saranke)
Porodica: Cyprinidae (Sarani)
Rod: Carassisus

Vrsta: Carassius gibelio Bloch, 1782

Babuska je invazivna vrsta u Hrvatskoj koja pripada u porodicu Cyprinidae (Sarani)
(Slika 7). Ova vrsta je autohtona za podruje Azije, toCnije Sibira, ali danas je Siroko
rasprostranjena po citavoj Aziji i Europi (Britton i sur., 2011). Od stani$ta preferira plice
lagune, jezera i sporije vodotoke. Takoder, odgovaraju joj viSe temperature pa je stoga
karakteristi¢na za eutrofna podrucja s puno vegetacije.

Hrani se planktonom, biljem, detritusom i sitnijim bentosom. Babuske mogu narasti do
45 cm, a najcescéa im je duzina 20-25 cm, a masa do 3 kg. Obi¢no se mrijeste u proljece 1/ili
ljeto izmedu travnja i srpnja na temperaturi iznad 14 °C (Kottelat i Freyhof, 2007; Sasi, 2008),
a s obzirom na sposobnost ginogeneze, jajaSca ne moraju biti oplodena od muZzjaka babuske
Sto Cesto rezultira populacijama u kojima su puno zastupljenije Zenke (Sasi, 2008).

Ima visok invazivni potencijal koji ugroZava autohtone vrste kroz kompeticiju za hranu
I staniste te inhibiciju reproduktivne aktivnosti drugih vrsta, ¢ime babuska brzo moze postati
dominantna vrsta u nekom ekosustavu i ¢ak dovesti i do nestanka nekih ribljih vrsta (Ergiiden,
2015). Iako je slatkovodna vrsta, babuska tolerira i odredene razine saliniteta pa ponekad
naseljava i bocate vode. Ima Siroku ekoloSku toleranciju koja ukljucuje razliite uvjete
hipoksije i anoksije, zagadenja i varijacija u temperaturi (De Boeck i sur., 2004; Kottelat i
Freyhof, 2007; Topi¢ Popovi¢ i sur., 2016) te se pokazala kao dobar indikator u procjeni
zagadenja okolisa (De Boeck i sur., 2004; Falfushynska i sur., 2011; Tsangaris i sur., 2011),
uklju€ujucéi 1 zagadenje metalima.

S obzirom na to da je dominatna vrsta u rijeci llovi, odabrana je kao bioindikatorski
organizam u naSem istraZivanju za procjenu stanja kakvoce vode ove panonske rijeke i
istrazivanja utjecaja antropogenih aktivnosti (poljopriveda, ribnjacarstvo, industrijske i

komunalne otpadne vode) na zivi svijet ovog ekosustava i obliznjeg PP Lonjsko Polje.
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Slika 7. Prikaz babuske Carassius gibelio Bloch, 1782 iz rijeke llove
Autor fotografije: dr. sc. Vlatka Filipovi¢ Mariji¢

2.4.1.3. Probavilo kao bioindikatorski organ

lako je pokazano da je unos metala putem hrane za ribe od jednakog ili ¢ak veceg
znaCaja nego unos metala vodom, probavilo riba je joS uvijek rijetko koristeno kao
bioindikatorski organ u okoli$nim istrazivanjima. Ipak, unos hranom je u nekim sluc¢ajevima
vazniji put unosa i za esencijalne elemente poput Cu, Zn i Fe (Clearwater, 2000; Bury i sur.,
2003), ali i neesencijalne poput Tl (Lapointe i Couture, 2009).

Unos metala putem hrane je od velike vaznosti jer ukljucuje metale koji se taloze u
sedimentu, §to zapravo daje podatak o kronicnoj izloZzenosti organizama metalima, za razliku
od unosa samo putem vode kroz Skrge koji ukazuje iskljucivo na trenutacno stanje. Medutim,
uz laboratorijska istrazivanja koja se provode u kra¢em trajanju i pri viSim koncentracijama
metala nego $to su u okoliSu, postoji svega nekoliko radova o akumulaciji metala u probavilu
autohtonih slatkovodnih vrsta riba (Dallinger i Kautzky, 1985; Unlii i sur., 1996; Sun i Jeng,
1998; Sures i sur., 1999; Andres i sur., 2000; Giguere i sur., 2004; Staniskiene i sur., 2006;
Filipovi¢ Mariji¢ 1 Raspor, 2010, 2012, 2014; Jari¢ 1 sur., 2011; Nachev 1 Sures, 2016;
Yeltekin i Saglamer, 2019) te se navode samo ukupne koncentracije metala koje ne ukazuju
na bioloSki 1 metaboli¢ki dostupnu, a time i1 potencijalno toksi¢nu frakciju metala, veé
ukljucuju i detoksicirane oblike metala (Wallace i sur., 2003; Urien i sur., 2018). Uz nekoliko
istrazivanja na klenovima iz rijeke Save u Hrvatskoj (Filipovi¢ Mariji¢ i Raspor, 2010, 2012),
do nasih istrazivanja poto¢ne pastrve i babuske nije bilo literaturnih podataka o citosolskim
koncentracijama metala u probavilu niti jedne vrste riba, $to ukazuje na nedostatak detaljnijih
informacija o toksi¢nim u¢incima metala na organizme do kojih dolazi putem prehrane.

Vazno je procijeniti bioraspolozivost metala, odnosno koli¢inu metala koju organizam
moze koristiti nakon probavljanja i apsorpcije §to ovisi o vrsti prehrane i samim fizioloskim
potrebama pojedinog organizma (Fairweather Tait, 1983). Opcenito se probavni sustav u riba

sastoji od usne Supljine, Zdrijela, jednjaka, zeluca, srednjeg i straZznjeg crijeva, a vecina
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apsorpcije tvari odvija se u crijevu (Ojo i Wood, 2008). Osnovna grada stijenke probavila riba
je sljedeca:

a) Sluznica (tunica mucosa) koju ¢ine pokrovni epitel, sloj lamine proprije i lamine
muskularis mukoze. Stanice epitela tvore mikrovile, a glavni tipovi stanica su enterociti
(odgovorni za razgradnju 1 apsorpciju) te vrcaste stanice (lu¢e mukus). Laminu propriju ¢ini
rahlo vezivno tkivo, zile, Zlijezde 1 limfno tkivo, a muskularis mukoze je tanki misi¢ni sloj.

b) Podsluznica (tunica submucosa) koju ¢ini gusée vezivno tkivo, krvne i limfne zile te
ziv€ano tkivo.

) Misiéni sloj (tunica muscularis) koji ¢ine glatke misi¢ne stanice koje obavijaju sluznicu i
podsluznicu i ¢esto se sastoji od dva sloja miSica, unutarnjeg kruznog i vanjskog uzduznog.

d) Seroza koju ¢ini jednoslojni plocasti epitel te tanki sloj vezivnog tkiva s masnim stanicama,
krvnim i limfnim zilama.

Glavnu funkciju epitela probavne cijevi predstavlja njegova uloga selektivno propusne
barijere koja omogucava prijenos i probavu hrane, apsorpciju proizvoda probave, proizvodnju
hormona, te proizvodnju sluzi. Metali se pri tome u probavnom sustavu vezu na mukozni sloj,
odakle se apsorbiraju u organizam ili izlu€uju putem mukusa, ovisno o koncentraciji i

potrebama organizama.

2.4.1.4. Kalcificirane (,,tvrde) strukture (otoliti i ljuske) kao indikatorska tkiva

Tvrde strukture riba su strukture bogate kalcijem koje mogu pruziti informacije o Zivotu
ribe zbog vidljivih zona rasta. Ukljucuju strukture poput otolita, ljuski, peraja, kraljesaka ili
o¢ne lece te su uglavnom sastavljene od tri glavna tipa matriksa - kalcijevog karbonata,
hidroksiapatita, i organskog matriksa (Slika 8). Primjerice, o¢na le¢a je sastavljena uglavnom
od organskog matriksa, ali ima isti potencijal za razja$njavanje dogadaja u zivotu riba (Dove i

Kingsford, 1998; Clarke i sur., 2007) kao i druge tvrde strukture bogate kalcijem.
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Slika 8. Kalcificirane/tvrde strukture riba (preuzeto i prilagodeno iz Tzadik i sur., 2017 i
Vilizzi, 2018)

Unato¢ tome §to na akumulaciju metala u kalcificiranim tkivima (otoliti, ljuske, kosti)
gotovo zanemarivo utje¢u procesi detoksikacije ili metabolicke transformacije, razlicita
kalcificirana tkiva su u dosadasnjim istrazivanjima uglavnom koristena za utvrdivanje sastava
i veli¢ine populacija riba (Mulligan i sur., 1983; Campana i sur., 2000; Milton i sur., 2008),
istrazivanje migracija riba (Hamer i sur., 2006; Sturrock i sur., 2012; Tabouret i sur., 2012;
Prohaska i sur., 2016), a samo u manjem obujmu kao bioindikatori oneciS¢enja okolisa
(Saquet i sur., 2002; Darafsh i sur., 2008; Ranaldi i Gagnon, 2008, Sultana i sur., 2017).
Nadalje, postoji svega nekoliko istrazivanja koja usporeduju koncentracije metala u vise
struktura odjednom, neovisno o tome radi li se o procjeni onecis¢enja ili istrazivanju ribljih
migracija i sastava populacija (Gillanders, 2001; Clarke i sur., 2007; Wolff i sur., 2013;
Kalantzi i sur., 2019).

Otoliti (Slika 9) su kalcificirane strukture u unutarnjem uhu riba kostunjaca sastavljene
od slojeva aragonita u proteinskom matriksu koji se talozi tijekom C¢itavog zivota riba
(Campana 1 Nielson, 1982), §to rezultira koncentricnom prstenastom strukturom koja se
sastoji od Sirih prozirnih dijelova kalcijeva karbonata 1 uskih neprozirnih zona organskog
matriksa (Brothers i sur., 1976). Ove metabolicki inertne strukture pokazuju prstenove rasta u
svojoj mikrostrukturi koji odrazavaju starost ribe i privremeni rast ribe u odnosu na uvjete

okolisa (Campana, 1999; Radhakrishnan i sur., 2009). Stoga analiza njihove mikrokemije daje
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vremensku razlucivost izlozenosti razli¢itim metalima, budu¢i da i anorganski i organski

dijelovi otolita imaju sposobnost ugradnje metala u svoje strukture (Saquet i sur., 2002).

wr

Slika 9. Prikaz otolita poto¢ne pastrve iz rijeke Krke prije i nakon postupka poliranja te
laserske ablacije

Autor fotografija: Tatjana MijoSek

Ljuske (Slika 10) riba kostunjaca sastoje se od tankog, tvrdog, vanjskog, dobro
mineraliziranog sloja koji je wuglavnom izgraden od kalcijem siromasnog (ne-
stehiometrijskog) hidroksiapatita Cai0(PO4)s(OH)2 koji prekriva deblji, slabo mineralizirani
sloj. Smanjuju otpor ribama pri kretanju kroz vodu, sluze kao skladi$te minerala i hranjivih
tvari te pruzaju zastitu tijelu, osobito za bo¢nu prugu koja je odgovorna za prepoznavanje
vibracija i kretanje u vodi (Able i Lamonaca, 2006). Zbog koncentri¢nog rasta ¢esto se koriste
za odredivanje dobi riba, kao i za identifikaciju vrsta. Njihova prstenasta struktura omogucéava
I procjenu unosa metala tijekom vremena i moze dati podatke o dugoro¢noj izlozenosti riba
metalima, za razliku od koncentracija metala u mekim tkivima. Ukoliko dode do ostecenja ili
gubitka ljusaka, ribe ih mogu regenerirati. Medutim, nove ljuske ne pokazuju karakteristicne
koncentri¢ne uzorke u sredistu te se stoga ne mogu koristi za analizu ¢itave povijesti Zivota
ribe, ukljuCujué¢i i migracije, izloZzenost metalima te okolisne uvjete opcenito jer ne
predstavljaju sve faze u njihovom zivotu (Ohira i sur., 2007). Budu¢i da prekrivaju povrSinu
tijela riba, prednost je Sto upotreba ljusaka omogucava neletalnu alternativu u procjeni

izlozenosti riba metalima i ostalim zagadivalima (Wells i sur., 2003, Muhlfeld i sur., 2005).

Slika 10. Prikaz ljusaka poto¢ne pastrve iz rijeke Krke prije i nakon postupka laserske
ablacije
Autor fotografija: Tatjana Mijosek

28



2. Literaturni pregled

2.4.2. Rakusci kao bioindikatorski organizmi

Rakovi porodice Gammaridae, a osobito roda Gammarus naseljavaju brojna
slatkovodna staniSta te su Cesto dominantni organizmi u zajednicama makrozoobentosa
svojom brojno$éu i masom (MacNeil i sur., 1997). Cesto su koristeni kao bioindikatori
onecis¢enja okoliSa zbog svoje svoje Siroke rasprostranjenosti, velike gusto¢e populacija i
brojnosti, spolnog dimorfizma, jednostavnog uzorkovanja i determinacije, sposobnosti
kolonizacije ekosustava, relativno dugog zivotnog Vvijeka te osjetljivosti na razlicite toksikante
(Ritterhof i sur., 1996; Geffard i sur., 2007). Nadalje, imaju vaznu ulogu u slatkovodnim
ekosustavima jer su vazan posrednik izmedu primarne i sekundarne produkcije u hranidbenim
mrezama, kao i vrS$ni predatori, tako da smanjena ili poveéana brojnost moze radikalno
utjecati na strukture citavih zajednica (Kunz i sur.,, 2010; Syrovatka i sur., 2020).
Razgradnjom nezive organske tvari pomazu oslobadanju i kruzenju hranjivih tvari vezanih u
detritusu, medutim recentna istrazivanja ukazuju i na vrSnu regulatornu ulogu rakuSaca u
slatkovodnim ekosustavima (Syrovatka i sur., 2020). Naime, ¢ak i nativne vrste rakusaca
mogu pokazivati omnivornu, pa ¢ak i predatorsku prehranu te utjecati na brojnost i sastav
¢itavih vodenih zajednica, a osobito pojedinih skupina beskraljesnjaka (Syrovatka i sur.,
2020). Nadalje, rakusci su rezerva hrane za mnoge beskraljesnjake, ribe, vodozemce i ptice te
imaju kljuénu ulogu u usitnjavanju listinca produciraju¢i sitne Cestice organskog materijala
koji moze biti koriSten od drugih funkcionalnih grupa manjih organizama (Wallace 1 Webster,
1996) te povecavaju biodostupnost nutrijenata razbijaju¢i organsku tvar u finije Cestice
(Boeker i Geist, 2015) sto je krucijalno za opskrbu energijom u gornjim dijelovima vodotoka
olaksavaju¢i produktivnost u vodenim ekosustavima gdje je smanjena primarna produkcija

(Collins i sur. 2016).

2.4.2.1. Gammarus balcanicus Schiferna, 1922 i Echinogammarus acarinatus
Karaman, 1931 - rijeka Krka

Znanstvena klasifikacija:
Carstvo: Animalia
Koljeno: Arthropoda
Razred: Malacostraca
Red: Amphipoda
Porodica: Gammaridae
Rod: Gammarus i Echinogammarus

Vrste: Gammarus balcanicus Schéferna, 1922 i Echinogammarus acarinatus Karaman, 1931
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Raku$ci (Amphipoda) u rijeci Krki su prema istrazivanju Gottstein i sur. (2007)
zastupljeni s 13 vrsta iz 7 rodova i 5 porodica. Predstavnici porodice Gammaridae prisutni su
s vrstama iz rodova Echinogammarus (E. acarinatus, E. pungens, E. stammeri, E. veneris),
Fontogammarus (F. dalmatinus krkensis) i Gammarus (G. balcanicus, G. aequicauda). Pri
tome je najbrojnija vrsta, zabiljeZena na 13 lokaliteta toka rijeke Krke, vrsta G. balcanicus,
koja je 1 inaCe Siroko rasprostranjena vrsta na podrucju Europe (Karaman i Pinkster, 1987;
Pinkster, 1993; Gottstein i sur., 2007; Hou i Sket, 2016).

U nasSem istrazivanju u gornjem dijelu toka Krke, kod izvora kao referentnoj postaji,
zabiljeZene su i uzorkovane dvije vrste rakusaca (G. balcanicus i E. acarinatus, Slika 11), dok
Su na onecis¢enoj postaji nizvodno od grada Knina bile prisutne samo jedinke vrste G.
balcanicus. Vrsta E. acarinatus je endemska vrsta ograni¢ena na rijeke Jadranskog sliva na

podru&ju Hrvatske, Bosne i Hercegovine te Crne Gore (Zganec i sur., 2016).

X

Slika 11. Prikaz rakuSsaca Gammarus balcanicus Schaferna, 1922 i Echinogammarus
acarinatus Karaman, 1931

Autor fotografija: prof. dr. sc. Sanja Gottstein

2.4.2.2. Gammarus fossarum Koch, 1936 i Gammarus roeselii Gervais, 1835 - rijeka

llova

Znanstvena Klasifikacija:
Carstvo: Animalia
Koljeno: Arthropoda
Razred: Malacostraca
Red: Amphipoda
Porodica: Gammaridae
Rod: Gammarus

Vrste: Gammarus fossarum Koch, 1936 i Gammarus roeselii Gervais, 1835

U rijeci llovi bile su zastupljene dvije vrste rakusaca: Gammarus fossarum s ve¢om

zastupljenoscu te Gammarus roeselii (Slika 12) u manjem broju, i to samo na najuzvodnijoj
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postaji rijeke Ilove kod sela Maslenjaca, na kojoj su uzorkovani samo voda i sediment, dok na
postajama kod sela Ilova i sela Trebez, gdje su uzorkovane i ribe, su zabiljeZzeni samo
pojedinacni nalazi invazivne vrste rakusaca Dikerogammarus haemobaphes (Eichwald,
1841).

Slika 12. Prikaz rakusaca Gammarus fossarum Koch, 1936 i Gammarus roeselii Gervais,
1835

Autor fotografija: Tomislav Kralj

2.4.3. Kukasi

2.4.3.1. Tipologija, rasprostranjenost i sistematika kukasa

Mnogobrojne vrste slatkovodnih riba su domadari razliitih vrsta obligatnih ili
fakultativnih nametnickih vrsta koje im mogu nanijeti odredenu Stetu, ali najCeSce bez
smrtnog ishoda. Utjecaj nametnika moze predstavljati koegzistenciju koja ne dovodi do
narusavanja homeostaze domadara, ali moze uzorkovati i opc¢e i laganije simptome koji
ukazuju na povecani broj nametnika, kao i poremecaje odredenih fizioloskih procesa
domadara koji povremeno mogu dovesti ¢ak i do smrti (Macrogliese, 2004; Sures, 2006; Timi
i Poulin, 2020). Nametnicke organizme moguce je podijeliti na ektoparazitske i
endoparazitske vrste. Ektoparaziti se nalaze na vanjskoj povrSini domadara, dok se
endoparaziti nalaze u unutraSnjim dijelovima ukljuuju¢i misi¢e, membrane i1 unutras$nje
organe. Kod riba, ektoparaziti se najc¢es¢e nalaze na kozi, ljuskama Skrgama ili perajama, dok

Cesti crijevni nametnici u probavnom sustavu slatkovodnih riba pripadaju koljenu
kukaSa (Acanthocephala). Ime im dolazi od grckih rije¢i acanthias (bodljikav) i cephalo
(glava) (Crompton i Nikol, 1985). Zivotni ciklus im je sloZen, a ukljuuje medudomadare,
krajnje domadare i potencijalno fakultativne domadare (Kennedy, 2006).

Imaju izrazito slozenu sistematiku te njihov polozaj i odnosi prema drugim skupinama i
dalje nisu u potpunosti razjasnjeni. Svrstavaju se u natkoljeno Gnathifera zajedno s

kolnjacima (Rotifera) te su filogenetske analize pokazale da je razred Bdelloidea sestrinska
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grupa s kukaSima (Steinauer i sur., 2005; Gazi i sur., 2012; Garcia-Varela i Pérez-Ponce de
Leon, 2015). Dijele se na 4 razreda, te 26 porodica s 122 roda s opisanih 1298 vrsta (Amin,
2013). Tri glavna razreda su Archiacanthocephala, Palaesacanthocephala i Eoacanthocephala,
dok je Cetvrti razred Polyacanthocephala zastupljen s vrlo malim brojem vrsta koje koriste
juznoameric¢ke kajmane kao krajnje domadare (Kennedy, 2006). Pripadnici razli¢itih razreda
morfoloski su razliciti, imaju razli¢ite medudomadare i kona¢ne domadare te ekologiju i
stanista (Kennedy, 2006; Garcia-Varela i Pérez-Ponce de Leon, 2015). Eoacanthocephala su u
cijelosti vodeni nametnici koji koriste ¢lankonoSce, pripadnike skupina Ostracoda i
Copepoda, kao medudomadare te ribe, vodozemce i gmazove, posebno kornjace, kao krajnje
domadare. Nasuprot tome, predstavnici razreda Archioacanthocephala su isklju¢ivo kopneni
nametnicki organizmi koji koriste kopnene kukce kao medudomadare, a ptice i sisavce kao
konacne domadare. Ipak, najveéi broj poznatith vrsta kukaSa pripada razredu
Palaeacanthocephala, ¢iji su najcesc¢i krajnji domadari ribe (38,8 %), ptice (36,9 %) i sisavci
(20,5 %). lako su se uspjesno prilagodili i kopnenom zivotu zarazavajuci sve razrede
kraljeSnjaka, vecina ih ipak zarazava vodene zivotinje (62,7%), najcesée slatkovodne
(Kennedy, 2006). Medutim, i zarazenost riba varira ovisno o ekologiji ribljih vrsta i njihovim
prehrambenim navikama. Cesti domadari kukasa su slatkovodne omnivorne i predatorske
vrste, dok herbivorne vrste nisu domadari s obzirom da se te ribe ne hrane medudomadarima

(rakovima) potrebnim za razvoj kukasa.

2.4.3.2. Vanjska i unutrasnja grada kukasa

Kukasi imaju crvoliko 1 bilateralno simetri¢no tijelo te su najceSce bijele, krem 1ili
zuckaste do narancaste boje, a duzina im varira od svega nekoliko mm do 65 cm. Tijelo nije
segmentirano, ali se moze podijeliti na podrucje trupa te rila (proboscisa) s kukicama koje se
mogu uvuéi i u unutraS$njost tijela u strukturu receptakula. Rilo najée$¢e ima radijalnu
simetriju te se broj, oblik i raspored kukica na njemu razlikuje izmedu vrsta i rodova pa se to
svojstvo koristi 1 u odredivanju vrsta kukaSa (Kennedy, 2006). Pomocu rila kukasi probijaju
stijenku probavila domadara te se trajno pri¢vrséuju (Fijan, 2006). Uz kukice, neke vrste
kukasa imaju i dodatne hitinizirane strukture, nazvane trnovima, po ostatku tijela ¢ija je uloga
takoder vezana uz pri¢vrs¢ivanje u domadaru (Kennedy, 2006).

Stijenku tijela kukaSa €ini vanjski tegumentum te slojevi prstenastih 1 uzduznih misica,
a na povrsini se nalazi glikokaliks koji ima ulogu u resorpciji hrane i obrani od probavnih
enzima domadara (Habdija i sur., 2011). Kroz te dijelove se proteze i sustav lakuna te Citava

stijenka ima ulogu u metabolizmu, prehrani i zastiti kukasa. U prednjem dijelu tijela se nalazi
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receptakul, vrecasta struktura u koju se uvlaci rilo uz koju je smjesten i jedan par lemniska za
koje se ne zna imaju li jos neku dodatnu uloga, ali povecavaju slobodnu povrsinu stijenke
tijela u unutrasnjosti kukasa te kao hidarulicke vreéice olaksavaju ispruzanje rila (Crompton i
Nickol, 1985; Habdija i sur., 2011).

Unutra$nje strukture su malobrojne jer kuka$i nemaju usta, probavilo, i sustav za
izlucivanje te hranjive tvari vjerojatno apsorbiraju kroz stijenku tijela iako sam mehanizam
nije u potpunosti razjasnjen (Crompton i Nickol, 1985). Kroz povr$inu tijela Se vjerojatno
odvija i izlu¢ivanje, premda neke vrste ovih nametnika posjeduju i protonefridije (Crompton i
Nickol, 1985). Medutim, imaju razvijen Zivéani te osobito reproduktivni sustav. Ziv&ani
sustav Cine veliki srediS$nji ganglij ispod vreéice rila s pripadajué¢im zivcima, dok u straznjem
dijelu tijela postoje genitalni gangliji koji su kod muzjaka podijeljeni na dva simetri¢na
ganglija na bazi kopulatornih organa, a kod Zenki ih ¢ini nakupina stanica oko gonopore.
Kukasi su razdvojenog spola, a razmnozavanje je isklju¢ivo spolno uz unutarnju oplodnju
(Kennedy, 2006). Muski reproduktivni sustav ¢ine najéeSée dva testisa, ispod kojih se nalazi
nekoliko parova cementnih zlijezdi kroz koje luce ljepljivu izluc¢evinu na gonoporu nakon
kopulacije. Uz to, dijelovi reproduktivnog sustava muzjaka su i ekskretorni kanal, kopulatorni
organ te kopulatorni tobolac (Crompton i Nickol, 1985; Kennedy, 2006). Reproduktivni
sustav zenki je jednostavniji i ¢ine ga jajnici, koji u obliku ovalnih granuloznih tvorbi plutaju
oko ligamenta, te se dalje izdvajaju vagina, maternica, zvonoliko proSirenje maternice i
jajovodi. Oplodena jajasca plutaju u trbusnoj Supljini Zenki dok nisu dovoljno zrela da dodu u
probavni sustav domadara i putem fecesa u okoli§ gdje zapocinju slozen li¢inacki zivotni

ciklus od prvog stadija hazvanog akantor (Slika 14).

2.4.3.3. Zivotni ciklus kukasa

Zreli, zasti¢eni akantori, odnosno jaja, ispustaju se u probavni trakt domadara kojeg
napustaju putem fecesa (Slika 14). Zvonoliko proSirenje maternice kod Zzenki kukasSa
funkcionira na principu uredaja za razdvajanje jaja koji dopustaju da se u okoli§ otpustaju
iskljucivo zreli akantori zarazni za medudomadara. Jaja predstavljaju mirujudi i otporni stadij
koji moze prezivjeti nepovoljne uvjete, ukljucujuéi i velike temperaturne fluktuacije (-16 °C
do +26 °C, Kennedy, 2006). Nadalje, jaja razli¢itih vrsta kukasa imaju odredene specificne
prilagodbe kako bi njihov prijenos bio sto uspjesniji. Kod nekih vrsta, jaja ispustaju filamente
¢ime se laksSe pri¢vrste za vodeno bilje, kod nekih se vrsta grupiraju u klastere, ili pak uzimaju
vece koli¢ine vode Cime se Sire 1 lakSe plutaju u zoni svojih medudomadara (Kennedy, 2006).

Zivotni ciklus se nastavlja kad akantore pojede odgovarajuéi medudomadar, $to je uvijek neka
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vrsta Clankonozaca — Arthropoda (Slika 14). U slu¢aju kukasa koji zarazavaju ribe,
medudomadari su najcesce rakovi (Kennedy, 2006). U tijelu medudomadara akantor se prvo
razvija u li¢inku akantelu, koja prelazi u hemocel gdje se razvija u konacni i infektivni
licinacki stadij, cistakant (Slika 14). To je miruju¢i stadij koji moze Zivjeti jednako dugo kao i
medudomadar (najesc¢e do godinu dana) te omogucava prezivljavanje nepovoljnih uvjeta.
Ciklus se zatvara kad kona¢ni domadar (kralje$njak) pojede medudomadara i cistakant
dospijeva u probavni sustav domadara i razvija se u odrasli, spolno zreli oblik koji ponovno
mozZe stvoriti jajasca (Slika 15, Kennedy, 2006). Zivotni vijek odraslog oblika kukasa
uglavnom ne prelazi nekoliko mjeseci (Kennedy, 2006). Medutim, u nekim sluc¢ajevima, ribe,
gmazovi ili vodozemci se mogu ukljuéiti u zivotni ciklus kao parateni¢ni ili fakultativni
domadari koji nisu prikladni kao konac¢ni domadari, ali sudjeluju u prijenosu cistakanta do
kona¢nog domadara (Garcia-Varela i Pérez-Ponce de Leon, 2015). Cistakant u parateni¢nom
domadaru prezivljava iako nece rasti i dalje se razvijati sve dok takvog domadara ne pojede
prikladni krajnji domadar u kojemu cistakant dalje nastavlja svoj razvoj do odraslog oblika
kukasa (Kennedy, 2006; Garcia-Varela i Pérez-Ponce de Ledn, 2015).

QOdrasli oblik kukasa

Medudomadar Jaje kukaSa
\.‘ I I/
)

Akantor Akantela Cistakant

Slika 14. Zivotni ciklus kuka3a (preuzeto i prilagodeno iz Garcia-Varela i Pérez-Ponce de
Leén, 2015)
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2.4.3.4. Kukasi kao bioindikatorski organizmi

U proteklih dvadesetak godina raste interes za otkrivanjem veze izmedu onecisc¢enja i
parazitizma u vodenim ekosustavima te moguc¢om primjenom nametnika kao indikatora
kakvoce vode, $to je dovelo do stvaranja novog znanstvenog podruéja nazvanog “okoliSna
parazitologija” (Sures, 2001; Sures i sur., 2017). Kao i ve¢ina nametnika, i kukasi pokazuju
mnogobrojne osobine dobrih bioindikatora zagadenja okoliSa: imaju poznat zivotni ciklus,
reproduciraju se unutar domadara, uglavnom nemaju znacajnog utjecaja na patologiju i
ponasanje domadara, Siroko su rasprostranjeni te se lako uzorkuju (Kennedy, 2006). Ipak,
kukaSi imaju i neke karakteristike koje ne pogoduju indikatorskim organizmima: zbog
mobilnosti njihovih domadara postoji velika varijabilnost u akumulaciji zagadivala izmedu
jedinki kukasa, Sto otezava procjenu razlika izmedu lokaliteta, te imaju relativno kratak
zivotni vijek (Siddal 1 Sures, 1998).

Unato¢ odredenim nedostacima, pokazuju potencijal kao bioindikatori zagadenja
metalima, eutrofikacije ili pak zakiseljavanja okolisa (Kennedy, 2006). Naime, zakiseljavanje
voda, odnosno pad pH vrijednosti uzrokuju manju brojnost parazita tako da promjene u
strukturi 1 raznolikosti zajednica kukasSa i ostalih nametnika mogu posluziti kao bioindikatori
zagadenja (MacKenzie, 1999). Organsko zagadenje takoder moze utjecati na razinu invazije
kukasima iako su promjene razine nametnika uglavnom uvjetovane utjecajem na brojnost
¢lankonoZaca kao medudomadara te su stoga ¢lankonoSci zapravo bolji indikatori organskog
zagadenja.

Dosada$nja istrazivanja nekoliko znanstvenih grupa u svijetu potvrdila su vrlo
ucinkovitu sposobnost akumulacije metala u nekoliko vrsta kukasa (Pomphorynchus laevis,
Acanthocephalus lucii, Acanthocephalus anguille), koja je visa u odnosu na druge vodene
organizme, ukljucuju¢i i Skoljkasa vrste Dreissena polymorpha kao cesto koristenog
bioindikatorskog organizma (Sures i sur., 1997, 2017; Sures, 2001, 2004; Filipovi¢ Mariji¢ i
sur., 2013, 2014; Nachev i Sures, 2016). Kukasi apsorbiraju hranjive tvari preko stijenke
probavila domadara, ¢ime ujedno unose i esencijalne metale kao neophodne mikronutijente.
Uz esencijalne se, zbog kemijske slicnosti, istim putevima unose i neesencijalni metali, za
koje se pokazalo da se posebno ucinkovito akumuliraju u kukaSima. Posljedi¢no, kukasi
potencijalno pruzaju i zastitnu ulogu svojim domadarima akumuliraju¢i dio unesenih metala
(Filipovi¢ Mariji¢ i sur., 2013; Sures i sur., 2017). Omjer koncentracija metala u kukasima i
pojedinim tkivima riba nazvan je biokoncentracijski faktor (BCF) te predstavlja omjer

kratkotrajne i dugotrajne izlozenosti metalima s obzirom da je zivotni vijek kukasa relativno
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kratak (50-140 dana) u usporedbi s puno duzim zivotnim vijekom riba (10-15 godina)
(Kennedy, 1985; Kottelat i Freyhof, 2007). Stoga visi omjer ukazuje na porast nedavne
izlozenosti metalima S obzirom na brz unos metala u nametnike, dok nizi omjer upucuje na
dugotrajniju izlozenost (Siddal i Sures, 1998). Uz to, koncentracije metala u kukasima
predstavljaju i bioloski raspolozivu frakciju koja je unesena iz probavila ribe u nametnike.
Osim podataka o koncentracijama metala t¢ BCF u kukaSima, do sada nije razjasnjen
mehanizam ucinkovitog unosa i vezanja metala, kao niti mehanizam zastite od toksi¢nih
djelovanja metala. Uz to, u dostupnoj znanstvenoj literaturi nema podataka o akumulaciji

metala u vrsti Dentitruncus truttae, uzorkovanoj u probavilu poto¢nih pastrva iz rijeke Krke.

2.4.3.5. Dentitruncus truttae Sinzar, 1955

Znanstvena Klasifikacija:
Carstvo: Animalia
Koljeno: Acanthocephala
Razred: Palaeacanthocephala
Red: Echinorhynchida
Porodica: Illiosentidae
Rod: Dentitruncus

Vrsta: Dentitruncus truttae Sinzar, 1955

Vrsta D. truttae (Slika 15) jedina je vrsta svojeg roda unutar porodice kukaSa
Illiosentidae te ima ograni¢en areal rasprostranjenosti. ZabiljeZena je u nekim podrucjima
Bosne 1 Hercegovine (giniar, 1956; Cankovié i sur., 1968), Italije (Moravec, 2004; Dezfuli 1
sur., 2008) te Hrvatske (Topi¢-Popovi¢ i sur., 1999; Barisi¢ 1 sur., 2018). Najces¢i zabiljezeni
domadar ove vrste kukasa je potoc¢na pastrva iako su nadeni i u nekim drugim ribljim vrstama
poput mekousne i kalifornijske pastrve te jegulje (Cankovi¢ i sur., 1968; Dezfuli i sur., 2009,
2012). Visoka invadiranost poto¢nih, ali i kalifornijskih pastrva (Oncorhynchus mykiss) ovom
vrstom kuka$a u rijeci Krki potvrdena je tijekom viSe godina (2005.-2008., 2015.-2016.) i
iznosila je 70-100% (Vardi¢ Smrzli¢ i sur., 2013; Barisi¢ i sur., 2018) te je pretpostavljeni
zivotni ciklus ove vrste u nasem podneblju D. truttae — E. acarinatus/G. balcanicus — S.
truttae/O. mykiss (Vardi¢ Smrzli¢ i sur., 2013).

Ultrastrukturalno istrazivanje ove vrste ukazalo je na postojanje cilindricnog proboscisa
s 18 longitudinalnih redova kukica. U svakom redu nalazi se 18 kukica, ponekad 19-20

(Dezfuli 1 sur., 2008). Na tijelu postoji i veci broj trnova ¢ija brojnost se Smanjuje prema
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posteriornom dijelu tijela. Analiza elektronskim mikroskopom ukazala je i na postojanje

prugica na kukicama D. truttae, ¢ija funkcija nije poznata, a neuobicajene su za druge vrste
kukasa (Dezfuli i sur., 2008).

Slika 15. Prikaz kuka$a Dentitruncus truttae Sinzar, 1955

Autori fotografija: dr. sc. Vlatka Filipovi¢ Mariji¢ i dr. sc. Irena Vardi¢ Smrzli¢

Ova vrsta kukaSa u probavilu domadara prodire vrlo duboko pri ¢emu moze dovesti do
progresivnih i regresivnih promjena poput upalnih procesa, osteéenja crijevnih resica,
smanjenog broja mukoznih stanica ili povecanog broja eozinofila (Dezfuli i sur., 2011;

Barisi¢ i sur., 2018).

2.5. Biomonitoring i biomarkeri

S obzirom na to da su slatkovodni ekosustavi medu najugrozenijim, a cesto i
metodama procijeniti stvarno stanje tih sustava te pratiti dinamiku unosa te utjecaj zagadivala
i njegove posljedice, odnosno provoditi redoviti monitoring. Monitoring obuhvaca
proucavanje utjecaja okolisnih ¢imbenika u prostoru i vremenu, S ciljem prikupljanja
podataka o prisutnosti one€i§¢ujucih tvari, njihovih izvora, kao i odredivanja njihovih
koncentracija na mjernim tockama kako bi se prepoznale eventualne opasnosti za promatrani
ekosustav. Moze biti kemijski (CM, eng. Chemical Monitoring), bioakumulacijski (BAM,
eng. Bioaccumulation Monitoring), bioloski (BEM, eng. Biological Effects Monitoring),
zdravstveni (HM, eng. Health Monitoring) i monitoring ekosustava (EM, eng. Environmental

Monitoring).

2.5.1. Biomonitoring

S obzirom na to da uobicajeno provodeni kemijski monitoring koji obuhvac¢a mjerenje
razine metala u vodi/ili sedimentu, ne daje pouzdanu informaciju o mogué¢em ucinku na same
organizme, uobicajeno je mjeriti i bioakumulaciju u prikladno odabranim akvati¢kim

bioindikatorskim organizmima, kao dio biomonitoringa koji omogucava procjenu mogucéih
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ucinaka metala na akvaticku biotu. Takoder, mjerenje koncentracija metala u vodi odrazava
samo stanje u trenutku uzorkovanja, dok je sediment ipak bolji pokazatelj dugoro¢ne
izloZenosti, ali ti metali nisu uvijek u potpunosti bioraspolozivi organizmima (Phillips i
Rainbow, 1993) niti dobivamo informacije o potencijalno toksi¢nim frakcijama metala |
njihovim toksi¢nim u¢incima na biotu.

Bioloski monitoring ili biomonitoring stoga koristi razli¢ite metode pracenja stanja
ekosustava odredivanjem bioloskih promjena (biomarkera) u indikatorskim organizmima,
odnosno njthovim organima i tkivima, Sto omogucava otkrivanje Stetnih ucinaka. Cilj
biomonitoringa je S$to ranije odrediti promjene na stani¢noj razini organizama uslijed
izlozenosti metalima, prije nego §to (sub)letalno djelovanje zahvati vise sinekoloske razine.
Biomonitoring omogucava procjenu integriranog ucinka slozenih skupina zagadivala,
omogucava 1 otkrivanje ucinaka niskih koncentracija akumuliranih metala zbog brzih
molekularnih 1 staniénih odgovora organizama te ne zahtijeva kontinuirano uzorkovanje
(Zhou i sur., 2008). Zhou i sur. (2008) navode razlicite tehnike biomonitoringa: analizu
bioakumulacije i biokemijskih promjena (biokemijski biomarkeri), morfoloska pracenja (npr.
imposeks), pra¢enja ponaSanja (npr. biotestovi), analize na razini populacije (npr. gustoca,
veli¢inske kategorije) i zajednice (npr. bogatstvo vrsta, sastav zajednice) te modeliranje (npr.
razvoj modela akumuliranja i otpustanja metala ili predvidanja njihovog moguc¢eg mehanizma
metabolizma 1 toksi¢nosti), a u ovom su istrazivanju primijenjene tehnike procjene
bioakumulacije te biokemijski biomarkeri. Medutim, uz prednost koju organizmi pruzaju u
odnosu na isklju¢ivo kemijske analize, i oni mogu pokazivati varijabilne rezultate na to da na
njihove odgovore utjeu mnogi abioticki i bioti¢ki Cimbenici, fiziologija organizma i
fizikalno-kemijski ¢imbenici stanista. Stoga se preporuca Koristiti kombinaciju kemijskog i
multibiomarkerskog pristupa koja realnije ukazuje na stvarne uvjete okoliSa te na prisustvo i
ucinke odredenih grupa zagadivala (Monseratt i sur., 2007), kao i sezonsko uzorkovanje, kako
bi se razlucili abioti¢ki i1 bioticki utjecaji od antropogenih utjecaja na bioloske odgovore

organizama.

2.5.2. Biomarkeri

Biomarkeri predstavljaju promjene stani¢nih struktura ili funkcija koje upucuju na
medudjelovanje bioloSkog sustava i nekog potencijalno Stetnog fizikalnog, kemijskog ili
bioloskog ¢imbenika. Kada Stetne tvari dospiju do mjesta djelovanja izazivaju mjerljivi i
specificni ucinak na molekularnoj 1 stani¢noj razini, poput osteCenja te pobudne sinteze ili

inhibicije bioloski vaznih molekula, te stoga imaju velik toksikoloski znacaj i smatraju se
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ranim pokazateljima izloZzenosti one¢iS¢enju (Erk i sur., 2002). Osim na stani¢noj razini,
zagadenje moze uzrokovati posljedice i na visim sinekoloskim razinama, poput promjena na
razini populacije ili ekosustava. Medutim, poremecaji na razini populacije su manje specifi¢ni
i daju odgovor tek nakon dugotrajne izlozenosti, kada je toksi¢nim u¢inkom zahvacena vec
Citava populacija, dok su biomarkeri na razini stanice rani signali za uzbunu na znacajne
promjene u organizmu, buduci da svakom stresu na razini populacije mora prethoditi onaj na
nizoj (stani¢noj i molekularnoj) razini (Lam, 2009).

Biomarkeri se dijele u tri osnovne kategorije: biomarkeri izloZzenosti, biomarkeri u¢inka
i biomarkeri osjetljivosti (van der Oost i sur., 2003). Biomarkeri izloZenosti ukazuju na
izlozenost organizma odredenim kemikalijama, ali ne daju informaciju o toksi¢nim u¢incima
supstanci (npr. indukcija metalotioneina). Biomarkeri u¢inka ukazuju na u¢inak kemikalije na
organizam i mjere biokemijske ili fizioloske promjene, poput oStecenja DNK, inhibicije
enzima odgovornih za homeostazu, dok su biomarkeri osjetljivosti pokazatelji naslijedene ili
steCene sposobnosti organizama da odgovori na izlozenost nekoj kemijskoj tvari (van der
Oost i sur., 2003).

lako vrlo korisni, biomarkeri u ekotoksikoloskim istrazivanjima nisu idealni, jer bi
njihov odgovor trebao odrazavati stupanj oneciS¢enja te varirati isklju¢ivo ovisno o njemu, §to
je u praksi vrlo rijetko. Naime, ¢esto postoji sezonska i starosna varijabilnost, varijacije s
obzirom na dostupnost hrane ili reproduktivni status, kao i na razne okolisne uvjete, sto treba
uzeti u obzir prilikom interpretacije rezultata. Kako bi se nadvladali navedeni problemi, nuzno
je koristiti set biomarkera, odnosno multibiomarkerski pristup, $to omogucava pouzdanije
razlikovanje utjecaja okoliSnih ¢imbenika od antropogenog utjecaja (Hamer 1 sur., 2008). 1z
tog razloga je potrebno odrediti i bazalne koncentracije biomarkera u sto vise bioindikatorskih
organizama i tkiva, kako bi se promjene uzrokovane onecis¢enjem mogle razlikovati od
prirodne varijabilnosti biomarkera, sto omogucuje donosenje valjanih zakljucaka te usporedbu

u ekoloski sli¢énim sustavima diljem svijeta.

2.5.2.1. Metalotionineni (MT) - biomarkeri izloZenosti metalima

Metalotioneini (MT) su niskomolekulski, termostabilni proteini s visokim udjelom
cisteinskih ostataka na ¢ije tiolne skupine (-SH) vezu metale. Prisutni su kod prokariotskih i
eukariotskih organizama te su identificirani u svim skupinama kraljesnjaka, kao i u 50
razli¢itih vrsta beskraljesnjaka iz pet koljena (Hamza-Chaffai i sur., 2000). Unato¢ postojanju
razli¢itih izoformi, struktura im je ostala konzervirana tijekom evolucije, okarakterizirana

specificnim aminokiselinskim sastavom s oko 30 % cisteina, nedostatkom aromatskih
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aminokiselina i histidina, niskom molekulskom masom od 6000-7000 Da te toplinskom
stabilno$¢u (Shaw i sur., 1992). Postojanje izoformi ovih proteina moze ukazivati na to da
razliciti oblici imaju razli¢ite uloge, Sto moze biti vrlo vazno za funkcioniranje stanice, kao i
regulaciju metala. U molekuli MT postoji sedam veznih mjesta za dvovalentne metale (Zn?*,
Cd?*) koji su tetraedarski koordinirani u dvije metalotioneinske domene: karboksi-terminalna
a-domena sa stehiometrijom MsS11 (klaster s 4 atoma metala) te amino-terminalna B-domena
sa stehiometrijom MsSe (klaster s 3 atoma metala). Ako se radi o jednovalentnim ionima,
poput Cu® i Ag", struktura moze biti digonalna ili trigonalna (Blindauer i sur., 2010). U
stanicama se MT najc¢esce nalaze u citosolu, ali i u lizosomima te u jezgri stanica (Langston i
Bebiano, 1998).

Kao njihova primarna funkcija Cesto se istiCu odrzavanje homeostaze esencijalnih (Zn i
Cu) i detoksikacija neesencijalnih metala (Cd, Hg i Ag) (Vasak, 2005; Amiard i sur., 2006),
ali i zaStita od oksidacijskog stresa te transport metala, iako sve funkcije i mehanizmi zapravo
ni nisu potpuno razjasnjeni jer se radi o multifunkcionalnim proteinima (Isani i Carpene,
2014). U vodenih organizama koncentrirani su u jetri, bubrezima, Skrgama i probavnom
sustavu, odnosno organima vezanim uz unos i/ili detoksikaciju tvari (Roesijadi, 1992).

S obzirom na to da u prisustvu poviSenih koncentracija metala dolazi do pobudne
sinteze MT, redovito se koriste kao biomarkeri izloZzenosti metalima u procjeni stanja okolisa.
Takvu indukciju prvi je opisao Piscator (1964) u jetri zeca izlozenog Cd te je otkriveno da su
za vezanje metala odgovorne -SH skupine. Zastitno djelovanje metalotioneina (MT) sastoji se
u pojacanoj sintezi apoproteina (apoMT) koja nastupa vezanjem unesenih metala na “metal-
responsive transcription factor” (MTF), koji time mijenja konformaciju i veze se na “metal
regulatory elements” (MREs) metalotioneinskog gena (MT gen), ¢im se povecava intenzitetet
transkripcije MT gena, §to uzrokuje povecanje koncentracije metalotioneina (Roesijadi, 1992;
Filipovi¢ Mariji¢ i Raspor, 2005).

Medutim, iako se MT koriste kao indikatori izloZenosti metalima, njihova koncentracija
i pobudni odgovor ovise 0 mnogim abioti¢kim i bioti¢kim ¢imbenicima, kao $to su vrsta i/ili
starost organizma, spol, staniste i prehrambene navike, sezona, reproduktivna aktivnost,
fiziolosko stanje i rast (Viarengo i sur., 1999). Stoga je u okoli$nim istrazivanjima vrlo bitno
razluciti bioticke i1 abioticke uzroke indukcije MT od antropogenih utjecaja. Istrazivanja o
unosu metala hranom 1 posljedi¢cnom odgovoru MT na izloZenost metala u probavilu su rijetka

(Handy i Taylor, 1996).
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2.5.2.2. Biomarkeri oksidacijskog stresa i antioksidacijskog kapaciteta

Oksidacijski stres je metabolicko stanje u kojem dolazi do poremecaja u ravnotezi
oksidacijsko-redukcijskih procesa u organizmu pri ¢emu dolazi do prekomjernog stvaranja
kisikovih reaktivnih spojeva (ROS, eng. reactive oxygen species), odnosno narusavanja
mehanizama antioksidacijske obrane (Betteridge, 2000). Reaktivni oblici kisika obuhvacaju
slobodne radikale i neradikalne molekule koje mogu uzrokovati ostecenja stanica. Slobodni
radikali su atomi, molekule ili ioni s nesparenim elektronom zbog ¢ega cesto stupaju u
kemijske reakcije (Halliwell i Gutteridge, 1984; Lushchak, 2011), dok neradikalne molekule
nemaju nespareni elektron, ali mogu oksidirati biomolekule te se brzo i nepredvidivo spajaju s
bilo kojom prostorno bliskom molekulom proteina, lipida, ugljikohidrata ili nukleinske
kiseline (Fogarasi i sur., 2016). lako mogu biti i izuzetno Stetni, slobodni radikali kisika su
neophodni za fizioloSke procese u organizmima (sinteza nekih hormona, antibakterijski
kapacitet makrofaga i neutrofila, antitumorsko djelovanje, apoptoza, signalizacija u stani¢énim
procesima, regulacija tranksripcije) te se njihova proizvodnja stalno odvija u stanicama zivih
organizama (Halliwell i Gutteridge, 2007; Rada i Leto, 2008).

Najvazniji reaktivni kisikovi spojevi su: superoksidni anion (O2¢), perhidroksilni
radikal (HOOv), hidroksilni radikal (OH¢), vodikov peroksid (H202), hidroksidni ion (OH"),
hipokloritna kiselina (HCIO) i drugi. Pri tome se hidroksilni radikal (OHe) smatra
najreaktivnijim oblikom, jer ga karakterizira niska specificnost prema supstratu i kratko
vrijeme poluzivota ¢ime lako oduzima elektrone susjednim molekulama te je vazan pokreta¢
lipidne peroksidacije (Loncar, 2015). Svi ti spojevi mogu nastati kao posljedica endogenih
(unutarnjih) izvora kao $to su proces stani¢nog metabolizma, razgradnja makromolekula,
upalni procesi, fagocitoza; ili pak egzogenih (vanjskih) izvora poput radijacije, oneciS¢enja
metalima ili organskim otapalima (Kohen i Nyska, 2002; Rada i Leto, 2008).

Kako bi nadvladali $tetne posljedice ROS-a, organizmi imaju dobro razvijen
antioksidacijski sustav koji obuhvaca enzimske i neenzimke komponente. Njihova zadaca je
ukloniti slobodne radikale i zaustaviti lan¢anu reakciju stvaranja novih radikala ¢ime prestaje
njihovo S$tetno djelovanje. Djelovanje antioksidansa moze se opisati kroz nekoliko
mehanizama: uklanjanje kisika ili smanjivanje njegovih lokalnih koncentracija, uklanjanje
metalnih iona, uklanjanje ciljnih ROS-a poput superoksida ili vodikovog peroksida,
uklanjanje slobodnih radikala ili singletnog kisika (Gutteridge, 1995; Stefan i sur., 2007).
Najvazniji antioksidacijski enzimi su: katalaza (CAT), superoksid dismutaza (SOD), glutation
peroksidaza (GPx), glutation reduktaza (GR), glukoza-6-fosfat dehidrogenaza (G6PD) te
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glutation S-transferaza (GST) (Halliwell i Gutteridge, 2000; van der Oost i sur., 2003). Nisko-
molekularni antioksidansi poput glutationa (GSH), B-karotena (vitamin A), askorbinske
kiseline (vitamin C) ili pak a-tokoferola (vitamin E) ¢ine neenzimatsku komponentu
antioksidacijskog sustava organizama i takoder imaju znac¢ajnu ulogu u procesu uklanjanja
radikala (van der Oost i sur., 2003). Medutim, unato¢ ovom nacinu zastite i obrane, mnoga
zagadivala (ukljucuju¢i i metale) mogu dovesti do poremecéaja u ravnotezi nastanka i
uklanjanja oksidansa, §to u organizmima uzrokuje oksidacijski stres (Valko i sur., 2005;
Sevcikova i sur., 2011).

Zna se da su metali jedan od ¢imbenika koji utjeCu na razinu oksidacijskog stresa pri
¢emu zeljezo (Fe), bakar (Cu), krom (Cr), vanadij (V) i kobalt (Co) stvaraju radikale preko
reakcija redoks ciklusa, dok ziva (Hg), kadmij (Cd) ili nikal (Ni) djeluju neizravno preko
vezanja za glutation i sulfhidrilne skupine proteina (Valko i sur., 2005; Sevcikova i sur.,
2011). Tre¢i nacin djelovanja metala je i kroz Fentonovu reakciju u kojoj mogu sudjelovati
Fe, Cu, Cr, V, Co i njihovi kompleksi te kroz koju nastaje i hidroksilni anion (Valko i sur.,
2005; Luschak, 2011).

Glavne posljedice oksidacijskog stresa su: ostecenje DNK, lipidna peroksidacija,
oksidacija aminokiselina u proteinima, inaktivacija enzima, naruSavanje strukture
biomembrana, poremecaj mitohondrijskog transporta elektrona te u konacnici i smrt stanice
(Pinto i sur., 2003; Martinez-Alvarez i sur., 2005). Tijekom lipidne peroksidacije dolazi i do
formiranja lipooksidacijskih produkata koji se ¢esto koriste kao biomarkeri oksidacijskog
stresa u in vivo uvjetima (Petlevski i sur., 2006).

Budué¢i da se pokazalo da aktivnost antioksidacijskih enzima moze biti vrijedan
¢imbenik U procjeni stanja okoliSa, smatra se nuznim koriStenje Siroke lepeze biomarkera
vezanih uz oksidacijski stres koji daju potpuniju sliku uc¢inaka koje odredeni ksenobiotici
imaju na oksidacijski stres u organizmima. Ti biomarkeri bi trebali ukljucivati i samu
oksidacijsku stetu, ali i promjene u antioksidacijskom kapacitetu organizama (Carney
Almroth i sur., 2008).

2.5.2.2.1. Malondialdehid (MDA) — biomarker oksidacijskog stresa

Lipidna peroksidacija je proces kojim slobodni radikali uzimaju elektrone s
polinezasi¢enih masnih kiselina u stani¢nim membranama pri ¢emu dolazi do oSte¢enja lipida
I nastanka lipidnih peroksila te krajnjih produkata, reaktivnih aldehida poput malondialdehida
(MDA) (Petlevski i sur., 2006). Najcesce je uzrokuje hidroksilni radikal (OHe), ali i pojedini

drugi radikali poput superoksida O takoder mogu pokrenuti proces oksidacije nezasi¢enih
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masnih kiselina (Stefan i sur., 2007). Sam proces lipidne peroksidacije sastoji se od inicijacije,
propagacije i terminacije. Tijekom inicijacije dolazi do oksidacije lipida u kojoj visoko
reaktivni oksidans oduzima atom vodika viSestruko nezasi¢enoj masnoj kiselini pri ¢emu
nastaje alkilni, odnosno lipidni radikal. Ukoliko ne dode do ucinkovitog djelovanja
antioksidansa slijedi faza propagacije i nastanak lancane reakcije lipidne peroksidacije u kojoj
sudjeluju i ioni Zeljeza. Lipidni hidroperoksidi lako reagiraju s Fe?* i Fe3* ionima, pri ¢emu
nastaju lipidni peroksilni radikali i alkoksi radikali. Nastali lipidni peroksil radikal je vrlo
reaktivan i dolazi do grananja lancane reakcije procesa lipidne peroksidacije. Zadnji korak
dogada se ako neki antioksidans donira vodik lipidnom peroksil radikalu i zaustavi proces
otimanja vodika susjednom lipidu, ¢ime nastaju krajnji produkti lipidne peroksidacije poput
malondialdehida (MDA\), ili 4-hidroksi-2-nonenala (HNE) (Stefan i sur., 2007; Alaya i sur.,
2014).

Lipidna peroksidacija ima znacajan utjecaj na bioloSke sustave jer dovodi do gubitka
fluidnosti membrana koje postaju krute, opadanja vrijednosti membranskog potencijala,
poveéanja propusnosti, pucanja stanica i otpustanja njihovog sadrzaja (Stefan i sur., 2007).

Najstetniji, najces¢i 1 jedan od najvaznijih produkata lipidne peroksidacije je upravo
MDA, koji se dugi niz godina koristi kao prihvac¢eni biomarker oksidacijskog stresa (Del Rio i
sur., 2005; Valko i sur., 2005). Dokazano je kako je MDA vrlo dobar pokazatelj one¢iséenja
okolisa te se koristi u procjenama stanja vodenog okolisa kao biomarker oksidacijskog stresa
uzrokovanog onecis¢enjem (Farombi i sur., 2007). Organski je spoj kemijske formule
CH2(CHO):> te ima izrazite citotoksi¢ne ucinke. U fizioloSkim uvjetima se najées¢e nalazi u
obliku enolatnog iona te reagira s proteinima, s osobitim afinitetom prema lizinskom
aminokiselinskom ostatku. Gvaninska baza DNK je drugo ciljno mjesto MDA $§to moze
dovesti do mutacija. U organizmu MDA se metabolizira do malonatne kiseline koja je
kompetitivni inhibitor mitohondrijske sukcinat dehidrogenaze (Stefan i sur., 2007).

U procjeni stanja vodenih okoliSa pod utjecajem zagadenja metalima razine MDA su
uglavnom mjerene u $krgama, miSicu i jetri (Banerjee i sur., 1999; Fatima i sur., 2000;
Durmaz i sur., 2006; Dragun i sur., 2017), dok za probavno tkivo postoji manje podataka te se
radi o izlaganju odredenim metalima (Berntssen i sur., 2000; Carriquiriborde i sur., 2004),

dok su istrazivanja U okoli$nim uvjetima izlozenosti onecis¢enju rijetka (Dragun i sur., 2017).
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2.5.2.2.2. Katalaza (CAT) i ukupni glutation (GSH) — biomarkeri antioksidacijskog
kapaciteta

Katalaza je antioksidacijski enzim Kkoji Katalizira dvostupanjsku konverziju dviju
molekula vodikovog peroksida (H202) u dvije molekule vode i jednu molekulu kisika, stitec¢i
stanicu od vodikovog peroksida (Young i Woodside, 2001). U prvom se koraku jedna
molekula H20> reducira do vode, uz oksidaciju Zeljeza u hem skupini katalaze; a u drugom se
koraku, druga molekula H>O> oksidira daju¢i molekulu vode i molekulu Kisika, uz
istovremenu redukciju Zeljeza unutar hem skupine katalaze. Taj molekularni mehanizam
razgradnje vodikovog peroksida uz pomo¢ katalaze odvija se u prema slijede¢im reakcijama:

H202 + Fe(lll)-E — H20 + O=Fe(IV)-E(.+)

H20, + O=Fe(IV)-E(.+) — H20 + Fe(lll)-E + O2 (Alfonso-Prieto i sur., 2009).

Prisutna je u svim Zivim organizmima koji su izloZeni kisiku. Iako je najcesca u
peroksisomima (Radovanovi¢ i sur., 2010), moze se na¢i i u mitohondrijima, kloroplastu,
citosolu i izvan stanice kao slobodan enzim ili vezana za membranu (Pordevi¢, 2004; Sharma
i sur., 2014). Molekula katalaze je tetramer sastavljen od Cetiri polipeptida, odnosno Cetiri
podjedinice od kojih svaka sadrzi preko 500 aminokiselina i prosteticku grupu hem u
katalitickom centru. Katalaza je enzim vrlo velike aktivnosti, odnosno jedna molekula
katalaze moze u jednoj minuti reducirati i viSe milijuna molekula H>O> do vode i kisika.
Medutim, uz veliku kataliticku sposobnost, CAT zapravo ima nizak afinitet prema supstratu,
tako da se njezina aktivnost ocituje tek pri viSim koncentracijama H20.. Uvjeti blagog
oksidacijskog stresa djeluju pobudno na ekspresiju i aktivnost CAT kao nacin obrane od
Stetnih u¢inaka radikala, ali jaki oksidacijski uvjeti mogu dovesti do inhibicije enzima, $to se
biljezi u uvjetima jakog oneciSéenja okoliSa i naruSavanja homeostaze oksidacijsko-
redukcijskih procesa. Cesto se koristi kao biomarker antioksidacijskog kapaciteta u
istrazivanju utjecaja pesticida i metala na kopnene i vodene okolise (Saint-Denis, 1998;
Ribera i sur., 2001; Atli i sur., 2006; Hernandez-Moreno i sur., 2014).

Glutation je jedna od najznacajnijih neenzimatskih molekula u antioksidacijskoj obrani
organizama. Radi se o tripeptidu aminokiselinskog sastava Glu-Cys-Gly s reduciranom
tiolnom skupinom. Glutation ima nekoliko vaznih uloga u obrani od oksidacijskog stresa:
kofaktor je za detoksikaciju enzima kao Sto su glutation peroksidaza (GPx) i glutation
transferaza (GST), uklanja hidroksilne radikale i singletni kisik izravno, dok razinu vodikovog
peroksida regulira putem katalitickog djelovanja glutation peroksidaze te moze regenerirati
oksidirani vitamin C i vitamin E (Forman i sur., 2009). U slucaju obrane od oksidacijskog

stresa uzrokovanog metalima, glutation djeluje kao prva linija obrane stanice, dok jo§ nije
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doslo ni do indukcije metalotioneina (Canesi 1 sur., 1999). Osim toga, ima i brojne fizioloSke
uloge u procesima poput prijenosa signala, transporta aminokiselina, konjugacije metabolita i
detoksikacije razlicitih ksenobiotika (Masella i sur., 2005). U organizmu glutation postoji u
reduciranom stanju (GSH) i oksidiranom stanju (GSSG) (Slika 16) ¢iji se omjeri odrzavaju
pomocu procesa reverzibilne oksidacije i redukcije. U zdravim stanicama i tkivu veéina
ukupnog glutationa je u reduciranom obliku (GSH). U stanicama se odrzava u reduciranom
obliku uz pomo¢ enzima glutation reduktaze (GR) koriste¢ci NADPH kao izvor elektrona
(Rahman i MacNee, 1999). S druge strane, u reakciji redukcije vodikovog peroksida i lipidnih
hidroperoksida u vodu i odgovarajuci alkohol, Kataliziranoj glutation peroksidazom (GPx),
dolazi do oksidacije tiolne skupine cisteina u GSH te tada reducirani glutation (GSH) prelazi
u oksidirani oblik (GSSG) koji je zapravo Stetan za stanicu. Buduci da oksidacijski stres u
stanicama moze uzrokovati smanjenje koncentracije GSH i povecanje razine oksidiranog
GSSG oblika (Luperchio i sur., 1996), promjene u koncentraciji GSH sluze kao jedan od
bioloskih biljega izlozenosti zagadivalima koji uzrokuju oksidacijski stres, odnosno kao
biomarker antioksidacijskog kapaciteta stanica. S obzirom na to da i metali znacajno
doprinose nastanku i povecanju razina oksidacijskog stresa, i GSH se, kao i enzimi vezani uz
slatkovodne sustave i ribe kao bioindikatore.

Reducirani oblik (2 GSH)

COOH o

H
N
NADP+ HzNJ\/\n/ %”Acoou H,0,
¢ SH /

GP

<

GR COOH w8
N
o
I /
NADPH+H* S 2H20
o H
H,N N._COOH
COOH o

Oksidirani oblik (GSSG)

Slika 16. Metabolizam glutationa u organizmu (preuzeto i prilagodeno iz Xiong i sur., 2011)

Razli¢iti odgovori opisanih antioksidansa zabiljeZeni su kod riba izlozenih metalima,
ovisno o dozi, elementu, vrsti ili putu izlaganja (Liu i sur., 2005; Atli i sur., 2006; Tsangaris i

sur., 2011; Greani i sur. al., 2017) te literaturni podaci izvjeStavaju o vi§im, nepromijenjenim
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ili nizim aktivnostima i/ili koncentracijama antioksidansa kao odgovor na izloZenost
oneciS¢ujué¢im tvarima u laboratorijskim 1 terenskim istrazivanjima (van der Oost i sur.,
2003). Stoga je u istrazivanjima najbolje kombinirati odgovore nekoliko antioksidansa,
zajedno s markerom oksidacijskog stresa, kako bi se provela pouzdanija procjena stanja

okolis$a i stupnja oksidacijskog stresa i ostecenja.

2.5.2.3. Acetilkolinesteraza (AChE) - biomarker izloZenosti organskim

zagadivalima i metalima

Enzim acetilkolinesteraza (AChE) je vaZzan molekularni biomarker u ekotoksikologiji te
esencijalni enzim za ispravno prenoSenje ziv€anih impulsa koji katalizira razgradnju
acetilkolina, najvaznijeg neurotransmitera u mnogih zivotinja, na acetat i kolin u sinapsama,
odnosno mjestima prijenosa zivcanog impulsa s jednog neurona na drugi. Pripada porodici
enzima kolinesteraza (ChE), specijaliziranih hidrolaza koje sudjeluju u razgradnji kolinskih
estera. AChE je serinska hidrolaza s iznimno visokom i specifi¢nom katalitickom aktivnoScu.
Iako se prvenstveno nalazi u zivéano-mis$i¢énim sinapsama zivC¢anog tkiva, AChE se u
organizmu nalazi u nekoliko razli¢itih molekulskih oblika u raznim tkivima i stanicama:
mi$i¢ima i zivcima, sredi$njim i perifernim tkivima, motornim i senzornim vlaknima te na
membranama eritrocita u krvi (Daniels, 2007; Lionetto i sur., 2011; Colovi¢ i sur., 2013).
Primarna uloga joj je zavrSetak sinapti¢kog prijenosa impulsa $to sprjeCava kontinuirano
podrazavanje receptora na zivéanim zavrSetcima. Dakle, inhibicija aktivnosti AChE dovodi
do neprestanog prijenosa podrazaja (hiperstimulacije) $to moZe dovesti do paralize miSica.

Premda se inhibicija aktivnosti AChE prvenstveno koristi kao biomarker izlozenosti
karbamatnim 1 organofosfornim spojevima, pokazalo se da 1 mnogi drugi spojevi u okoliSu,
poput ugljikovodika, deterdZenata ili metala uzrokuju promjene u aktivnosti 0vOg enzima
(Lionetto i sur., 2003, 2011; Jebali i sur., 2006; de Lima i sur., 2012). U mnogobrojnim
istrazivanjima potvrden je i utjecaj metala na inhibiciju aktivnosti AChE (Frasco i sur., 2005;
Lionetto i sur., 2011; de Lima i sur., 2012), ali mehanizam inhibicije razlikuje se od organskih
spojeva te jo§ nije U potpunosti razjasnjen i nije sigurno radi li se izravnoj ili neizravnoj
inhibiciji enzima, odnosno o fizioloskim promjenama u organizmu koje posljedi¢no dovode i
do smanjene aktivnosti enzima, ili o izravnom utjecaju metala na spomenuti enzim (de Lima i
sur., 2012).

Kod riba je aktivnost AChE uglavnom mjerena u misicu, jetri, srcu i mozgu (Romani i
sur., 2003; Yadav i sur., 2009; Hernandez-Moreno i sur., 2014), dok su drugi organi poput

Skrga ili probavila rijetko koristeni. Sto se ti¢e probavila riba, dostupno je samo istraZivanje
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Szabd i sur. (1991) u kojem je usporedena aktivnost AChE u mozgu, misi¢ima, srcu i
probavilu 11 vrsta riba, pri ¢emu je probavilo pokazalo najnizu aktivnost od svih organa u
okolisu koji nije izlozen onecis¢enju. U znanstvenoj literaturi vidljivo je da je aktivnost ovog
enzima ¢eS¢e mjerena u vodenim beskraljesnjacima, osobito Skoljkasima, ali i rakovima, nego

u kraljesnjacima. Naime, organska zagadivala se ¢eS¢e odreduju u ovim organizmima Koji su

(Lionetto i sur., 2011).

Budu¢i da nije toliko specifican biomarker, koristenje AChE pojedinacno ne daje
sigurne 1 potpune podatke te se odredivanje AChE ukljucuje u set biomarkera koji se koriste
kao sredstva procjene stanja okoli$a i organizama. Naime, razumijevanje medusobnog odnosa
biomarkera pri izloZzenosti zagadivalima i na¢ina na koji se odgovori razlikuju medu vrstama
daje kljuéne podatke za pravilno tumacenje rezultata. Stoga se AChE Kkoristi integrirano,
osobito u kombinaciji s promjenama u antioksidacijskim enzimima i razinama peroksidacije
lipida, s ciljem pracenja okolisa i otkrivanja moguce izlozenosti ili uinka izazvanog

zagadivalima na zive organizme.

2.5.2.4. Ukupni citosolski proteini (TP) - biomarkeri opéeg stresa

Kao nespecifican biomarker opéeg stresa organizma cesto se koristi 1 koncentracija
ukupnih citosolskih proteina (TP). Citosol je unutarstani¢na tekuéina koja se najveéim
dijelom sastoji od vode, ali i niza makromolekula poput nukleinskih kiselina, ugljikohidrata,
proteina i lipida te je stoga i mjesto aktivnog metabolizma, prijenosa signala i metabolita.
Proteini imaju vaznu ulogu kao esencijalne makromolekule za gradu stanica i tkiva, prijenos i
pohranu tvari, prijenos informacije izmedu stanica, kontrolu rasta i diferencijaciju stanica,
obranu od infekcija te osiguravanje fizioloskih funkcija poput disanja. Nadalje, kao enzimi
kataliziraju gotovo sve kemijske reakcije u biolo§kim sustavima pa tako imaju ulogu u gotovo
svim aktivnostima u stanici (Robinson, 2015).

Smanjena ili pojacana sinteza proteina stoga odraZava stanje ravnoteze u organizmima
te ukazuje na poremecaje opceg stanja organizama koji mogu nastati pod utjecajem vanjskih
¢imbenika. Odredivanje ukupnog sadrzaja citosolskih proteina moze ukazati na mogucu
izloZzenost nekim zagadivalima, ukljucujuc¢i metale, ali kao 1 kod ve¢ine biomarkera, utjecaj
imaju 1 abioticki 1 bioticki ¢imbenici te koncentracija proteina ovisi i o vrsti organizma, tkivu,
fizioloSkom stanju organizma, reproduktivnom ciklusu, temperaturi, a Cesto odrazava i
prehrambene navike vrsta i dostupnost hrane (Peragén i sur., 1994; Filipovi¢ Mariji¢ i Raspor,

2010). Stoga se TP koristi kao dodatna i popratna informacija u procjeni stanja okoliSa, kao
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rani pokazatelj odredenih poremecaja, ali u kombinaciji s drugim, specificnijim

biomarkerima.

2.6. Analitiéke metode

2.6.1. Analiticke metode za odredivanje koncentracija metala u uzorcima iz okolisa

Danas je u upotrebi niz tehnika kojima se mogu odredivati koncentracije metala u
uzorcima iz okolisa, poput atomske apsorpcijske spektrometrije (AAS), atomske emisijske
spektrometrije s induktivno spregnutom plazmom (ICP-AES), spektrometrije masa s
induktivno spregnutom plazmom (ICP-MS), atomske fluorescencijske spektrometrije (AFS),
rendgenske fluorescentne analize (XRF) te elektrokemijskih metoda (Lobinski i Marczenko,
1997; Szpunar, 2004; Michalke and Nischwitz, 2010; Dragun i sur., 2018b). Dodatno se mogu
koristiti i analize neutronske aktivacije (NAA) ili djelomi¢no inducirane rendgenske emisije
(PIXE) te sustav laserske ablacije povezan s ICP-MS koji omogucava mjerenje u ¢vrstim

bioloskim uzorcima (Prohaska i sur., 2016; Walkner i sur., 2017).

2.6.1.1. Masena spektrometrija s induktivno spregnutom plazmom (ICP-MS)

ICP-MS je tehnika u kojoj se induktivno spregnuta plazma koristi kao ionizacijski izvor,
a detekcija se vrsi spektrometrijom masa. Koristi se kao pouzdana metoda za mjerenje metala
u teku¢im uzorcima, dok se kruti uzorci analiziraju neizravno nakon razgradnje i prevodenja u
tekucinu. Odredivanje kemijskih elemenata moZe se podijeliti na nekoliko faza: atomizacija,
pretvaranje atoma u ione, razdvajanje iona na osnovu omjera njihovih masa i naboja te
detekcija i kvantifikacija iona prisutnih u uzorku (Montaser, 1998). Glavni dijelovi su: sustav
za uvodenje uzorka, plazma za kao ionizacijski izvor, analizator masa te detektor (Slika 17).

Tekuéi uzorak se unosi u sustav pomocu pumpe (na primjer, peristalticke) te otopina
ulazi u rasprsivac gdje se pomocu argona pretvara u aerosol. Dalje se u komori za rasprSivanje
velike kapi odvajaju iz aerosola i izlaze iz komore, a aerosol ulazi u plazmu u plameniku.
Uzorci u plameniku prolaze kroz faze desolvacije, isparavanja, atomizacije i ionizacije.
Molekule aerosola putuju plazmom te se formiraju pozitivno nabijeni ioni koji se kroz dva
metalna konusa prenose u sucelje masenog spektrometra, koji se sastoji od sustava leca,
analizatora i1 detektora (Slika 17). Pozitivno nabijeni ioni se odvajaju od ostalih Cestica te se
na temelju omjera masa/naboj razdvajaju i potom detektiraju upotrebom multiplikatora
elektrona (Montaser, 1998).
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Slika 17. Osnovni dijelovi i princip rada spektrometrije masa s induktivno spregnutom

plazmom (preuzeto i prilagodeno iz Kashani i Mostaghimi, 2010)

U odnosu na druge metode, ICP-MS omogucava multiclementnu i brzu analizu, ¢ime se
omogucava analiza viSe uzoraka u kracem vremenu, ima niske granice detekcije, sposobnost
mjerenja izotopa te su dobiveni spektri relativno jednostavni za tumacenje i analizu (Garcia i
sur., 2006). Pomoéu ICP-MS-a moguée je provoditi kvalitativne, polukvantitativne i
kvantitativne analize.

Posebno osjetljiv i pouzdan uredaj je spektrometar masa visoke rezolucije s induktivno
spregnutom plazmom (HR ICP-MS) koji kombinacijom fizickog ograni¢avanja snopa iona
prolaskom kroz usku pukotinu razli¢itih dimenzija, te specifi¢ne konstrukcije spektrometra
masa S dvostrukim fokusiranjem u elektricnom i magnetskom polju omoguéava znatno
preciznije fokusiranje izotopa i koriStenje tri razli€ite rezolucije (niske, srednje i1 visoke).
Izborom odgovarajue rezolucije za pojedini element postize se nhjihovo maksimalno
razdvajanje od mogucéih interferencija, koje su time svedene na minimum (Préfrock i Prange,
2012).

2.6.1.2. Spektrometrija masa s induktivno spregnutom plazmom i laserskom
ablacijom (LA ICP-MS)

Nadogradnju tehnike ICP-MS ¢ini i laserska ablacija (LA ICP-MS) koja omogucava
analizu koncentracije metala izravno u ¢vrstim uzorcima bez prethodne obrade i razgradnje
uzoraka. S obzirom na to, smanjuje se moguénost onecis¢enja, za mjerenje su potrebne
izuzetno male koli¢ine uzorka (< pg) te se postize dobra rezolucija (Russo i sur., 2002).

Uzorak za analizu se priprema slicno mikroskopskim preparatima, kao tanki presjek
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materijala pricvrs¢en za podlogu, ali bez pokrova, tako da povrSina bude izlozena ablaciji
pulsirajuceg lasera koji stvara aerosol i koji se dalje prenosi u ICP sustav te se analiza dalje
odvija kao u slu¢aju tekucih uzoraka (Russo i sur., 2002).

Ubrzo nakon prve upotrebe 1985. godine, za analizu uzoraka stijena (Gray, 1985),
metoda LA ICP-MS je dobila Siroku primjenu u razliitim okoliSnim i geoloSkim
istrazivanjima, forenzici te arheoloskim istrazivanjima (Russo i sur., 2002; Friedrich i Halden,
2008; Hola i sur., 2009; Liu i sur., 2013; Pozebon i sur., 2014, 2017; Almirall i Trejos, 2016;
Tanner i sur., 2016).

U istrazivanjima slatkovodnih ili morskih sustava, koriStenjem riba kao indikatorskih
organizama, LA ICP-MS omogucava preciznu i detaljnu analizu elemenata u tragovima,
istovremeno moze detektirati i mjeriti mnoge elemente, a mjerenja duz laserskih linija
indikatorskih kalcificiranih tkiva omogucavaju pracenje razine onecis¢enja tijekom Citavog

zivota riba, $to daje informacije o trajanju i intenzitetu izloZenosti (Zitek i sur., 2010).

2.6.2. Analiticke metode za razdvajanje biomolekula na koje se vezu metali

S obzirom na to da se metali u organizmima javljaju vezani na citav niz razli¢itih
biomolekula, uz tradicionalno odredivanje njihove koncentracije sve vaZniji postaje 1
sveobuhvatni pristup proucavanja njihove specijacije, lokalizacije i uloge unutar organizama i
ekosustava (Thiele i Gitlin, 2008). S tim ciljem se relativno nedavno razvila i nova grana
nazvana metalomika koja je, prema Szpunar (2004), definirana kao "sveobuhvatna analiza
svih oblika metala 1 metaloida u stanicama ili tkivima," a obuhvaca specijaciju metala u
najsirem smislu, uklju¢ujuéi kompleksiranje elemenata, kao i utjecaj kompleksiranja na okolis
te i na ljudsko zdravlje. Jedan od ciljeva je identificirati i razjasniti fiziolosku funkciju
biomolekula koje veZzu metale u bioloskim sustavima kombinacijom razli¢itih znanstvenih
podruc¢ja poput geokemije, biologije, farmakologije te fiziologije (Mounicou i sur., 2009).
Cjelokupna istrazivanja u podruc¢ju metalomike provode se pomocu vise metodoloSkih
pristupa te se analize sastoje od mnostva koraka kako bi se doslo do konacnog cilja.

Osnovu za analizu biomolekula koje vezu metale Cine razlicite kromatografske i
elektroforetske tehnike (Szpunar i Lobinski, 1999; Monicou i sur., 2009). Kromatografija je
fizikalno-kemijska metoda odjeljivanja u kojoj se sastojci razdvajaju izmedu dviju faza od
kojih je jedna pokretna (mobilna), odnosno kre¢e se u odredenom smjeru, dok je druga

nepokretna (stacionarna). Jedna od osnovnih i najces¢e koriStenih tehnika je tekucinska
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kromatografija koja se primjenjuje u modernim bioloskim znanostima, te u analiti¢koj ili

preparativnoj kemiji (Cindri¢ i sur., 2009).

2.6.2.1. Tekuéinska kromatografija visoke djelotvornosti s iskljuéenjem po veli€ini
(SEC-HPLC)

Tekucinska kromatografija se koristi za razdvajanje otopljenih tvari pri ¢emu tvari iz
otopina stupaju u interakciju sa stacionarnom (nepokretnom) i teku¢om mobilnom
(pokretnom) fazom zbog razlika u adsorpciji, ionskoj izmjeni, razlici u veli¢ini Cestica ili
stereokemijskih interakcija. Stoga se tvari ovisno o tehnici i svojstvima razli¢ito dugo
zadrZavaju na stacionarnoj fazi (Cindri€ i sur., 2009).

Kod kromatografije s isklju¢enjem po veliini razdvajanje komponenti se provodi
uglavnom na osnovi veli¢ine Cestica te djelomi¢no prema njihovom obliku (Szpunar, 2004). U
slu¢aju ove metode stacionarna faza sadrzi pore razli¢itih veli¢ina §to utjeCe na mehanizam
razdvajanja molekula koje prolaze kroz kolonu. Naime, najmanje molekule koje mogu uéi u
pore svih veli¢ina punila zaostaju duze na koloni, dok vece samo prolaze izmedu Cestica
punila, zaobilazeci pore i na taj nacin ranije izlaze iz kolone. S obzirom na razliku u veli¢ini
pora, samo najvece molekule ¢e vrlo lako i vrlo brzo pro¢i kroz kolonu, dok ¢e druge ovisno o
svojoj veli€ini ulaziti u pore s veom ili manjom ucestalosti 1 razdvajati se kroz kolonu od
najvecih, srednjih pa do najmanjih molekula (Burgess, 2018).

Razdvajanje se u ovoj metodi odvija pod blagim fiziolo§kim uvjetima, §to omogucava
da proteini i druge vazne biomolekule ostanu strukturno i funkcionalno oc¢uvani, a §to je
vazno u analizi metaloproteina (de la Calle Guntinas i sur.,, 2002). Nadalje, moguce je
povezati ovu metodu s ICP-MS analizom za odredivanje koncentracije metala te se na taj
nacin povezivanjem kromatografa i spektrometra masa mogu dobiti profili raspodjele metala
vezanih za pojedine biomolekule te odgovaraju¢i rasponi molekulskih masa biomolekula koje
vezu metale.

Identifikacija 1 izuCavanje biomolekula koje vezu metale u vodenim organizmima jos
uvijek se rijetko provodi i kao biomarker se Koristi tek nekoliko poznatih metaloproteina
(Hauser-Davis i sur., 2012), prije svega metalotioneini. Ipak, kombinacija SEC-HPLC-a i
ICP-MS-a u okoliSnim istraZivanjima kao prvi korak razdvajanja biomolekula ve¢ je
primijenjena za analizu raspodjele pojedinih elemenata u skoljkasima, i to dagnji (Mytilus
galloprovincialis; Strizak i sur., 2014) te smedoj dagnji (Perna perna; Lavradas i sur., 2016),
kao i u tkivima razli¢itih vrsta riba, poput limande (Limanda limanda; Lacorn i sur., 2001),

jegulje (Anguilla anguilla; Van Campenhout i sur., 2008) ili Sarana (Cyprinus carpio;
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Goenaga Infante i sur., 2003). Analize niza metala u ribama u svrhu odredivanja njihove
citosolske raspodjele pomoc¢u kombinacije SEC-HPLC i ICP-MS metoda provedene su za
Skrge 1 jetru europskog klena (Squalius cephalus) iz rijeke Sutle u Hrvatskoj (Krasniéi i sur.,
2013, 2014) te vardarskog klena (Squalius vardarensis) iz triju makedonskih rijeka -
Bregalnice, Zletovske i Krive (Krasni¢i i sur., 2018, 2019), a slina su istrazivanja
napravljena i u jetri mladih americkih Zutih grgeca (Perca flavescens; Caron i sur., 2018) te
jetri i gonadama bijelih sisaca (Catostomus commersonii; Urien i sur., 2018). Nadalje,
citosolska raspodjela Cd, Co, Cu, Fe, Mn, Mo, Se, Tl i Zn odredena je i za jetru poto¢nih
pastrva (Salmo trutta) iz rijeke Krke (Dragun i sur., 2018b), dok je raspodjela Cd, Cu, Fe, Mo,
Se i Zn medu citosolskim molekulama odredena za jetru i Skrge babuski (Carassius gibelio) iz
rijeke llove (Dragun i sur., 2020). Medutim, u dosad dostupnoj znanstvenoj literaturi nema
podataka o raspodjeli metala medu citosolskim biomolekulama probavila niti jedne vrste riba,
¢ime je i dalje zanemaren znacajan unos metala putem hrane u ovih organizama i moguce
specifi¢ne razlike u raspodjeli metala medu razli¢itim organima ovisno o njihovoj fizioloskoj

funkciji i gradi.

2.6.3. Spektrofotometrijske metode za odredivanje koncentracija i/ili aktivnosti

biomarkera

Spektrofotometrijske metode omogucavaju odredivanje koncentracija, koli¢ina ili
aktivnosti analita u uzorku mjerenjem koli¢ine svjetlosti koju je uzorak apsorbirao.
Spektrofotometar se u osnovi sastoji od nekoliko dijelova - izvora zracenja, monokromatora i
detektora. Princip rada se zasniva na tome da svjetlost iz izvora zrafenja putuje kroz
monokromator koji propusta svjetlost odredene valne duljine, koja zatim prolazi kroz mjereni
uzorak. Valna duljina koju monokromator propusta moze se mijenjati, ovisno o specifi¢noj
metodi te tipu uzorka i produkta reakcije koji se Zele mjeriti. Naposljetku se mjeri propusteni
intenzitet svjetlosti kroz uzorak pomoc¢u nekog svjetlosnog senzora, odnosno detektora
(Reule, 1976).

Ukoliko se radi o koncentraciji nekog uzorka, mjerenjem intenziteta svjetlosti koju je
analit u uzorku apsorbirao te usporedbom sa specifi¢nim kalibracijskim pravcem, dobivenim
mjerenjem apsorpcije svjetlosti pri poznatim koncentracijama analita, moze se odrediti
koncentracija analita u uzorku. Ukoliko se radi o aktivnosti enzima, mjeri se promjena
koli¢ine supstrata ili produkta u odredenom vremenskom razdoblju. Pri tome se aktivnost
enzima moze mjeriti izravno, ako su supstrat ili produkt jednostavno mjerljivi, odnosno

neizravno, ukoliko ih nije moguce izravno izmjeriti. Kontinuirani test se koristi kao izravna
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mjera, pri ¢emu se prati promjena koncentracije supstrata ili produkta u kratkim intervalima
tijekom odredenog vremenskog razdoblja. Aktivnost enzima se odreduje i testovima fiksnog
vremena, Sto podrazumijeva da se enzimska reakcija odvija neko vrijeme te se zatim prekida
bilo inhibicijom ili denaturacijom enzima, nakon ¢ega se odredi koli¢ina nastalog produkta ili
utroSenog supstrata. Takav oblik testa se najceSce koristi kad promjene nije moguce pratiti
izravno te se u tom slucaju koliina potroSenog supstrata ili nastalog produkta najcesce
odreduje dodatkom nekog reagensa koji dovodi do obojenja otopine (Bisswanger, 2014).
Ovakve spektrofotometrijske metode imaju Siroku primjenu u fizici, kemiji, medicini,
kemijskoj tehnologiji, molekularnoj biologiji, a koriste se i u mnogim biokemijskim
eksperimentima koji ukljucuju izolaciju DNK, RNK i proteina, kinetiku enzima i razliite

biokemijske reakcije (Trumbo i sur., 2013).

2.7. Dosadasnja istrazivanja u rijeci Krki i Ilovi

Sto se ti¢e istrazivanja kakvoce vode i ekosustava rijeke Krke, dosada$nja istrazivanja
su ukljuc¢ivala mjerenje koncentracija metala u sedimentu (Cukrov i Barisi¢, 2006, Cukrov i
sur., 2007, 2008a, 2013) te vodi (Cukrov i sur., 2008b, 2012, Cindri¢ i sur., 2015),
ugljikohidrata (Tepic¢ i sur., 2007), kao 1 ukupnog i otopljenog ugljika (Vojvodi¢ i sur., 2007,
Marcinek i sur., 2020), uglavnom u podrucju NP Krka te podrucju rije¢nog estuarija.

U podru¢ju uzvodno od NP Krka, koje je pod potencijalnom opasnos$¢u zbog ispusta
neprikladno procis¢enith komunalnih voda grada Knina 1 industrijskih otpadnih voda tvornice
vijaka samo 2 km uzvodno od granice parka, radena su istrazivanja kakvoée vode (Stambuk-
Giljanovi¢ 1 Smol¢i¢, 1982), citotoksicnosti 1 genotoksicnosti povrSinskih voda 1 sedimenata
(Mihaljevi¢ 1 sur., 2011; Ternjej 1 sur., 2013), utjecaja otpadnih voda na morfologiju i
oste¢enja DNK u rakuSaca u rijeci Kosov¢ici (Ternjej i sur., 2014), te mikrobioloska
istrazivanja (Kolda i sur., 2019). Nadalje, nekoliko lokacija rijeke Krke predmet su i stalnog
monitoringa Hrvatskih voda (Izvjes¢e o stanju povrsinskih voda u 2019. godini). Medutim,
nedostatna su istrazivanja koja istovremeno povezuju kemijsku kakvocu okolisnih uzoraka
vode i sedimenata te utjecaja na organizme ovog osjetljivog krskog ekosustava. Stoga su
kakvoca vode te bioloski odgovori razlic¢itih bioindikatorskih organizama (ribe, rakusci,
kukasi) u tom dijelu toka rijeke Krke bili prvo istrazivani u okviru projekta koji je financirala
Zaklada ADRIS, ,Procjena kakvoée vodotoka rijeke Krke i potencijalne opasnosti za
Nacionalni park Krka primjenom novih bioindikatora i biomarkera” (voditeljica dr. sc. Vlatka
Filipovi¢ Mariji¢), te zatim i projekta koji je financirala Hrvatska zaklada za znanost,
,»2Akumulacija, unutarstani¢no mapiranje 1 ucinci metala u tragovima u akvati¢kih
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organizama” (AQUAMAPMET, voditeljica dr. sc. Marijana Erk), a u okviru kojega je
izradena i ova doktorska disertacija.

Prethodna istrazivanja rijeke Ilove obuhvacaju promjene morfoloskih znacajki porjecja
rijeke Ilove, prema Okvirnoj direktivi EU o vodama, pri ¢emu je otkriveno da 38,5 %
ukupnog sliva, odnosno 21 vodno tijelo u porje¢ju Ilove, ne zadovoljava ciljeve Okvirne
direktive EU o vodama jer su dobili ocjenu umjereno promijenjeno, lose ili vrlo loSe
morfolosko stanje (Plantak i sur., 2016). Uz ova hidroloska i hidrogeografska istrazivanja, u
podrucju toka rijeke llove ranijih je godina istraZivana ihtiofauna (Deli¢, 1989; Jeli¢ i sur.,
2009) te kvalitativni i kvantitativni sastav makrozoobentosa (Deli¢, 1991), no podrucje rijeke
llove, osobito u nizvodnom dijelu, je uglavnom zanemareno u ekotoksikoloskim i kemijskim
istrazivanjima unato¢ blizini zaSticenog podru¢ja PP Lonjsko polje i potencijalnim
opasnostima do kojih dolazi zbog ispusta otpadnih voda tvornice gnojiva, mnogobrojnih
ribnjaka i razvijenih poljoprivrednih aktivnosti na tom podru¢ju. Dva takva istrazivanja na
ovom podrucju (Durgo i sur., 2009; Radi¢ i sur., 2013) bila su fokusirana na (geno)toksi¢ni
potencijal povrSinske vode rijeke Ilove onecis¢ene otpadnim vodama tvornice gnojiva, pri
¢emu je doSlo do znacajnog oksidacijskog stresa u odabranim modelnim organizmima
prilikom izlaganja, kao i pojacane akumulacije odredenih metala, poput Cd, Cr, Ni, Pb i Zn,
ali sveobuhvatna analiza izloZenosti metalima kao posljedica svih navedenih antropogenih
aktivnosti (poljoprivreda, ribnjacarstvo, industrijske i komunalne otpadne vode) nije
provedena sve do HRZZ AQUAMAPMET projekta, osobito ne u okoliSnim i terenskim

uzorcima vode, sedimenata i bioindikatorskih organizama.
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ARTICLE INFO ABSTRACT

Keywords: Application of metallothionein (MT) as an early warning sign of metal exposure in aquatic organisms is common
Biomarkers in biomonitoring, but there is a huge variability in MT concentrations among different studies. Present research
Me‘a“Mhi?"Eiﬂs aims to assess MT responses in freshwater fish brown trout (Salmo trutta Linnaeus, 1758) and gammarids
i‘;’;:“i‘:sd“s“e (Gammarus balcanicus Schiferna, 1922 and Echinogammarus acarinatus Karaman, 1931) as indicators of metal

exposure within the freshwater karst environment (Krka River, Croatia). Sampling was performed upstream
(reference site) and downstream (anthropogenically impacted site) of the wastewater discharges in autumn and
spring seasons. Brown trout intestine was applied as a bioindicator tissue due to its role in dietborne metal
uptake while gammarids were chosen as fish food and potential metal uptake source. Moreover, there is a lack of
data on intestinal MT levels, so our results on MT and metal/metalloid concentrations, measured as total and
metabolically available cytosolic levels, represent the first data of this kind for the selected indicator species. The
results indicated that the ecotoxicological impact of technological and municipal wastewaters on the biota of the
karst Krka River was moderate, although higher metal levels at the affected site were evident in both, fish and
gammarids. The modified Brdi¢ka reaction applied in this study was confirmed as reliable electrochemical
technique for MT quantification in both vertebrates and invertebrates, and it indicated higher MT levels in
gammarids (1.9-4.1 mg g~ ' w.w) than in fish intestine (0.5-2.8 mg g T w.w). Due to the lack of the data on MT
concentrations in S. trutta and gammarid species G. balcanicus and E. acarinatus, presented results can serve as a
preliminary data to establish MT background levels in intestine of wild freshwater fish and gammarids. Obtained
MT levels showed species-, tissue- and method-specific differences, so comparison between MT levels should
always involve the same species, tissue and measurement method.

Karst aquatic environment

1. Introduction

First measurable changes related to the exposure of contaminants
and their impacts on the aquatic organisms are biochemical responses
used as cellular and histological biomarkers (Hinton and Lauren, 1990).
One of the major biomarkers pointing to metal exposure of aquatic
organisms is the increase in metallothionein (MT) levels as a con-
sequence of the induction of MT synthesis associated with increased
capacity for metal binding and MT involvement in protection against
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metal toxicity (Roesijadi, 1992). MTs are low molecular mass cysteine-
and metal-rich proteins containing sulphur-based metal clusters that
have significant roles in maintaining the homeostasis of essential trace
metals (Zn and Cu), sequestration of toxic metals (Cd, Ag and Hg), and
protection against oxidative damage (Vasdk, 2005; Amiard et al.,
2006). Although often used as the best known biochemical responses to
metal exposure in the environment, MTs are also inducible by other
biotic and abiotic factors, e.g., starvation, freezing (Amiard et al.,
2006), reproductive state, age and sex, temperature, seasonal
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environmental changes (Viarengo et al., 1999; Isani et al., 2000), which
contribute to variations of the MT-cellular concentrations.

As organisms at the top of aquatic food chains, fish are commonly
used as bioindicator species for the assessment of metal accumulation.
Metal uptake in fish occurs through gills and skin (i.e., sites of water-
borne uptake), and intestine (i.e., site of dietborne uptake). Most stu-
dies dealing with metal contaminant exposure involved gills (Dragun
et al., 2009), liver (Podrug and Raspor, 2009) and kidney (Sevcikova
etal., 2013) as indicator organs in fish. The investigations on the uptake
and effects of dietary metals in fish and the respective MT responses to
metal exposure in fish intestine are still rare (Handy and Taylor, 1996).
It was reported that metals are accumulated in the epithelial cell layer
of the intestinal tissue and can be eliminated from the organism by
desquamation of mucus layer (Sorensen, 1991). MT induction is evident
in intestinal absorptive cells, enterocytes, and serves as a biological
mechanism which reduces transfer of metals from the luminal to the
serosal side. Most of the previous studies considered laboratory ex-
periments in which applied metal concentrations were often higher
than their environmental levels, and metals sourcing from the diet were
usually ignored, due to complexity of wild fish nutrition (Schlekat et al.,
2005; Giguére et al., 2006).

In the present study MT and metal levels were estimated in the
gastrointestinal tissue of the salmonid fish brown trout (Salmo trutta
Linnaeus, 1758), selected as a widely spread freshwater species in rivers
in Europe. The potential of fish intestinal tissue to be applied as
bioindicator organ of metal contamination in the aquatic environment
was evaluated. Additionally, the present study included the assessment
of the MT and metal levels in amphipod crustaceans, Gammarus bal-
canicus Schiferna, 1922 and Echinogammarus acarinatus Karaman,
1931. Crustaceans of the genus Gammarus are often used as bioindi-
cators of environmental pollution due to their wide distribution, high
abundance, clear sexual dimorphism, easy sampling and identification,
and due to their sensitivity to different kinds of toxicants (Geffard et al.,
2007). Gammarids often play a central role in freshwater ecosystems
because they represent an important link between detritus and fish in
the aquatic food webs and a reduction in their number can have dele-
terious effects on the structures of biological communities (MacNiel
et al., 1997; Kunz et al., 2010). Moreover, in a pilot-study of bentos-
drift relationship in the Krka River it was suggested that gammarids,
which were found most numerous in drift, could be considered as the
most suitable bioindicators of a contaminant (i.e., metal) accumulation
and mobilization within karst aquifers (Serti¢ Peri¢ et al., 2018).

Metal exposure assessment of the organisms (i.e., fish, gammarids)
was conducted in anthropogenically impacted karst Krka River. The
study involved evaluation of MT and metal levels, including total metal
concentrations in fish intestine and cytosolic metal concentrations in
fish intestine and whole gammarids, as a fraction which presents me-
tabolically available and therefore potentially toxic metals (Caron et al.,
2018; Mijosek et al., 2019). Aquatic systems, especially the sensitive
karst ecosystems, are nowadays threatened by a variety of con-
taminants, often originating from different anthropogenic sources.
Among them, metals/metalloids represent one of the most troublesome
pollutants in the aquatic environment due to their high toxicity, long
persistence and tendency of bioaccumulation and biomagnification in
the food chain (Eisler, 1993). Heavy metals can originate from direct
atmospheric deposition, geologic weathering as natural sources or
through the discharge of different waste products; agricultural, muni-
cipal or industrial, as one of the main anthropogenic sources (Demirak
et al., 2006).

Our main goals were to evaluate the impact of known pollution
sources (technological and municipal wastewaters) on the biota in-
habiting the Krka River using electrochemically measured MTs as bio-
markers of metal exposure, and metal/metalloid concentrations in the
whole intestinal tissue of brown trout and additionally in cellular cy-
tosol of fish intestine and whole gammarids. Cytosolic metal fraction
involves respective metal levels which are available of binding to
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biomolecules in the cell cytosol of the organisms and therefore may
constitute metal-sensitive (enzymes) or metal detoxified fraction (me-
tallothioneins) (Filipovié Mariji¢ et al.,, 2010; Caron et al., 2018).
Moreover, seasonal and spatial differences in metal and MT levels in
fish and gammarids from the two sites (reference site — upstream of the
wastewater discharge, and pollution impacted site — downstream of the
wastewater discharge) were compared, as well as MT levels measured
by electrochemical method among different wild freshwater bioindi-
cator organisms.

2. Experimental section
2.1. Study area

The samplings of both S. trutta and gammarids were performed at
the two sampling sites of the Krka River and involved two sampling
campaigns, autumn (October 2015) and spring (May 2016).
Coordinates for the reference site were 44°04.11’ N 16°23.24’ E and for
the contaminated site 44°03.37'N 16°19.04’ E.

Krka River watercourse is situated in the Dinaric area of the
Republic of Croatia. Due to its unique tufa-barriers, a large part of the
watercourse was proclaimed national park in 1985. Based on the pre-
viously published data on the physico-chemical water parameters and
total dissolved metal levels in the river water (Cukrov et al., 2008;
Filipovi¢ Mariji¢ et al., 2018), river source was chosen as the reference
site, whereas a location downstream of the town of Knin, located 2 km
upstream of the northern border of the Krka National Park, was selected
as the contaminated site. Krka River is threatened by two known
sources of contamination: technological wastewaters of the screw fac-
tory and municipal wastewaters of the town of Knin. The wastewaters
are released without a proper treatment into the river watercourse just
2km upstream of the border of the Krka National Park. Krka River
water analyses, conducted at the same time as fish and gammarids
upstream and downstream of the wastewater discharge, have shown
that metal/metalloid concentrations were increased at the affected site
(Dragun et al., 2018; Filipovi¢ Mariji¢ et al., 2018; Serti¢ Peri¢ et al.,
2018). Dissolved metals in water with the highest concentrations at the
anthropogenically impacted site were Fe, Li, Mn, Mo, Sr, Rb and Ca and
among them Fe and Mn are metals specific for technological waste-
waters and often used in the manufacture of iron and steel alloys, and
manganese products (Dragun et al., 2018; Filipovi¢ Mariji¢ et al., 2018;
Serti¢ Peri¢ et al.,, 2018). All measured physico-chemical water para-
meters indicated slightly deteriorated environmental conditions at the
site downstream of wastewater discharge, of which temperature, con-
ductivity, total dissolved solids and total water hardness showed sig-
nificant between-site differences (Serti¢ Peri¢ et al., 2018). The map
and detailed description of the area have already been published
(Filipovié¢ Mariji¢ et al., 2018).

2.2. Sampling procedure

Sampling was conducted in two campaigns; in the autumn 2015, a
total of 36 individuals of brown trout were sampled (16 from the re-
ference site and 20 from the contaminated site), while in the spring
2016, a total of 32 fish were sampled (16 per each site).

Electrofishing was applied as a fish sampling tool, according to the
Croatian standard HRN EN 14011, After capture, fish were placed in an
opaque plastic tank with aerated river water in order to be kept alive
until further processing in the laboratory. Fish were euthanized using
freshly prepared anaesthetic tricaine methane sulphonate (MS 222,
Sigma Aldrich, USA) and sacrificed. Body mass and the total length of
the fish were recorded. The posterior part of the intestinal tissue was
dissected, weighed and stored at —80 °C until further analyses.

Gammarids were collected by benthos hand net (625 cm? and mesh
size 250 ym) in aquatic macrophytes and on the stony substrate at the
same sampling sites as fish. At least 200 individuals of G. balcanicus
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were collected at each location in both seasons, while E. acarinatus was
recorded only at one location, the Krka River source, and at least 180
individuals were sampled. Gammarids were stored at —80 °C until
further analyses in the laboratory. Prior to homogenization process,
individuals were dried on the filter paper, subjected to manual exclu-
sion of detritus that might contaminate the samples, and pooled to-
gether due to their small masses. At the reference site, 14 pooled
samples of G. balcanicus in autumn and 10 samples in spring were ob-
tained, whereas at the contaminated site, 16 samples were obtained in
autumn, and 17 in spring. From the reference site, 5 pooled samples of
the E. acarinatus were obtained in autumn and 6 in spring. A pooled
sample of the G. balcanicus from the reference site consisted of 11-15
individuals, whereas 6-12 individuals were pooled at the contaminated
site. For the appropriate sample of E. acarinatus collected at the re-
ference site, 20-30 individuals were pooled.

2.3. Homogenization of posterior intestinal tissue and whole gammarids

Samples of the fish intestine were cut in small pieces and diluted 6
times with cooled homogenization buffer. The homogenizing buffer
contained 100 mM Tris-HCl/base (Merck, Germany, pH 8.1 at 4°C) in
which 1 mM DTT (dithiothreitol, Sigma, USA) was added as a reducing
agent and 0.5mM PMSF (phenylmethylsulfonyl fluoride, Sigma, USA)
and 0.006 mM leupeptin (Sigma, USA) as protease inhibitors (Filipovi¢
Mariji¢ and Raspor, 2007). Intestinal tissue was homogenized by 10
strokes of Potter-Elvehjem homogenizer (Glas-Col, USA) in an ice
cooled tube at 6000 rpm. Whole gammarids were homogenized in a
same way; only pooled samples were 10 times diluted with the homo-
genization buffer to get enough material for the measurements
(Filipovi¢ Mariji¢ et al., 2016). Considering fish intestinal tissue, one
part of the obtained homogenates was separated and subjected to the
digestion procedure, in order to determine the total metal content
(insoluble and soluble tissue fraction) in this tissue. The other part of
the homogenates was centrifuged to obtain cytosolic cellular fraction,
which was also digested for subsequent metal measurements. Cytosolic
metals represent only soluble tissue fraction (Wallace and Luoma,
2003). In whole gammarids, due to the existence of chitin exoskeleton
metals were measured only in cytosolic fractions.

2.4. Preparation of cytosolic and heat-treated cytosolic fractions

Fish and gammarid homogenates were centrifuged in the Avanti J-E
centrifuge (Beckman Coulter, USA) at 50,000xg for 2h at 4°C.
Resulting supernatants (S50), representing the water soluble tissue
fractions (cytosol), were used for metal analyses, while MT measure-
ments were performed in the heat treated S50 fraction (HT S50). Heat-
treatment was applied because this procedure denatures high molecular
mass cytosolic proteins, which would otherwise interfere with the
electrochemical MT determination, while MT as a thermostable protein
remains in the solution after heat-treatment (Erk et al., 2002). The
cytosolic S50 fraction was firstly 10 times diluted with 0.9% NaCl
(Suprapur, Merck) to prevent co-precipitation of MTs with denatured
proteins and then heat-treated at 85°C for 10 min in the Dri Block
(Techne, GB). Afterwards, heat-treated samples were placed on ice at
4°C for 30 min and centrifuged at 10,000 x g in Biofuge Fresco cen-
trifuge (Kendro, USA). The resulting supernatant (HT S50), containing
heat-stable proteins was stored at —80 °C until further analyses, while
the pellet was discarded.

2.5. Electrochemical determination of MT concentrations

MT concentrations were measured by differential pulse voltam-
metry (DPV) following the modified Brdi¢ka procedure (Raspor et al.,
2001). Voltammetric measurements were performed on 797 VA Com-
putrace (Metrohm, Switzerland) with a three-electrode system (hanging
mercury drop electrode, HMDE, as a working electrode, an Ag/AgCl/
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saturated KCl reference electrode and a platinum counter electrode).
Measurements were done in duplicate (A and B subsample) in 10 mL of
an electrolyte solution consisting of 5mL of 2M NH4Cl/NH4OH and
5mLof 1.2 x 102 M Co (NH3)6Cls, pH = 9.5 which was thermostated
to 20 °C and purged with the pure nitrogen. The applied measurement
parameters for DPV were the following: potential scan from —0.9V to
—1.65V; scan rate 0.013Vs™%; voltage pulse amplitude 0.02502 V;
duration of the pulse application 0.057 s and a step time 0.2s (Mijosek
et al., 2018). MT concentrations were derived from the straight cali-
bration line, constructed with the commercially available standard
rabbit liver MT-2 (Enzo, USA) dissolved in 0.25 M NaCl. Final results
were expressed as mg MT g~ ' of wet tissue (w.w.). In order to enable
comparison with other available studies reporting MT levels on protein
content, our data on MT levels were also standardized by the protein
content (pgmg~ 'prot). Protein concentrations were measured ac-
cording to Lowry et al. (1951). Calibration was accomplished using a
bovine serum albumin (BSA) (Serva, Germany) as a reference standard
(0.25-2 mgml ! BSA).

2.6. Digestion of homogenates and cytosolic cellular fractions

Prior to the metal measurement, homogenates of fish intestine and
cytosolic fractions of fish intestine and whole gammarids were digested
in duplicates by adding the oxidation mixture of concentrated HNO;
(Rotipuran® Supra 69%, Carl Roth, Germany) and 30% H,0,
(Suprapur®, Merck, Germany). In all cases, concentrated acid and hy-
drogen peroxide were added in the volume ratio of 3:1. Digestion was
performed in the laboratory dry oven at 85 °C for 3.5 h. Cooled samples
were afterwards diluted with Milli-Q water, 1:20 for Na, K, and Mg
analyses, and 1:5 for the remaining elements (Dragun et al., 2018). The
validation of acid digestion efficiency was performed by the digestion
of dogfish muscle certified reference material for trace metals (DORM-
2, National Research Council of Canada, NRC, Canada). Recoveries
means of the trace elements studied from the certified reference ma-
terial ranged from 95 to 105% as follows: As (103%), Cd (105%), Co
(99%), Cu (100%), Fe (101%), Mn (101%); Se (102%), Tl (100%) and
Zn (95%).

2.7. Determination of total and cytosolic metal concentrations

Elements were analyzed using high resolution inductively coupled
plasma mass spectrometer (HR ICP-MS, Element 2; Thermo Finnigan,
Germany), equipped with an autosampler SC-2 DX FAST (Elemental
Scientific, USA). During the metal measurements, three resolution
modes were used. Measurements of *2Se, “*Mo, ''cd, '*Cs, and 2°°TI
were all operated in low resolution mode; of *°Na, **Mg, **Ca, *Mn,
56pe, 5°Co, ®*Cu and ®°Zn in medium resolution mode; and high re-
solution mode was used for *°K and 7°As determination. External cali-
bration for macro elements was made using multielement stock stan-
dard solution containing Ca 2.0gL~', Mg 0.4gL"!, Na 1.0gL "', and
K 2.0gL~! (Fluka, Germany). Calibration solution for the trace ele-
ments was prepared by dilution of multielement stock standard solution
(Analitika, Czech Republic) supplemented with Cs (Fluka, Germany).
Indium (1pgL ', Indium Atomic Spectroscopy Standard Solution,
Fluka, Germany) was added to all solutions as an internal standard
(Fiket et al., 2007). Quality control samples were used to test the ac-
curacy and the precision of measurements; QC Minerals, Catalog
number 8052, UNEP GEMS, Burlington, Canada for the macro elements
and QC trace metals, catalog no. 8072, UNEP GEMS, Burlington, Ca-
nada for the trace elements. A generally good agreement was observed
between our data and certified values, with the following recoveries
based on five measurements in the control sample (%): As
(101.4 + 10.3), Ca (95.7 = 1.3), Cd (95.6 * 0.6), Co (97.0 = 1.6),
Cu (95.7 + 2.2), Fe (95.4 + 5.1), K (90.7 + 5.1), Mg (93.3 + 2.5),
Mn (96.5 + 1.8), Na (97.3 + 3.9), Se (99.1 + 3.6), Tl (96.3 + 0.8)
and Zn (96.9 = 2.3). Limits of detection (LOD) were calculated based

* *
* * *
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on three standard deviations of ten consecutively determined trace
element concentrations in blank sample (100 mM Tris-HCl/Base, 1 mM
DTT) which was digested the same way as samples. LODs for trace
elements measured within this study were the following (ngg™'): As,
6.72; Cd, 0.430; Co, 0.266; Cs, 0.102; Cu, 13.5; Fe, 141; Mn, 0.810; Mo,
0.680; Se, 2.93; Tl, 0.001 and Zn, 635, while for macro elements
(ugg™"): Ca, 1.07; K, 0.112; Mg, 0.024; and Na, 0.320.

2.8. Statistical methods

Basic calculations were performed in Microsoft Office Excel 2007,
while SigmaPlot 11.0 (Systat Software, USA) was used for all statistical
analyses. Since assumptions of normality and homogeneity of variance
were not always met, the significance of differences between seasons or
locations was tested by application of Mann-Whitney U test. Differences
were regarded as significant when p < 0.05. Correlation between
different parameters was calculated using Spearman correlation ana-
lysis. Levels of significance of applied statistical tests were indicated in
the text. Fulton condition indices (FCI) were expressed according to
Ritz and Lloret (2003), i.e. K = W/L?, where W is the body mass (g)
and L is the total length of fish (cm).

3. Results and discussion
3.1. Biological responses in brown trout

Comparison of biometric parameters of sampled fish from two
sampling sites indicated comparable total length but higher body mass
of fish from the wastewater impacted site in both seasons, although not
significantly. Only FCI values were significantly higher at the con-
taminated site in both investigated seasons (U = 6.00; p = 0.001 in
autumn and U = 9.00; p = 0.002 in spring). This could be due to the
higher fish masses, which are likely a consequence of better nutrient
availability (Lambert and Dutil, 1997) originating from municipal and
industrial wastewaters discharged into the Krka River water down-
stream of the town of Knin. Average total length and body mass both
pointed to significantly higher fish biometric parameters in the autumn
than spring season at both locations (U = 14.5; p = 0.008 and U = 20;
p = 0.026 for fish length in reference and contaminated site, respec-
tively; U = 16; p = 0.011 and U = 21; p = 0.031 for fish mass in re-
ference and contaminated site, respectively). Other than that, FCI va-
lues were elevated in spring, although not significantly which could be
a result of the seasonal mobilization of energy reserves needed for re-
productive development (Maddock and Burton, 1999). However, in
different studies the opposite trend of lower FCI values in polluted sites
is also often observed (Couture and Rajotte, 2003; Jenkins, 2004;
Shobikhuliatul, 2013; Zhelev et al., 2016, 2018). Our results might
suggest that the wastewater impact at the contaminated site was not
high enough to induce defense mechanism of fish in a way which would
require a lot of energy and consequently result in decreased FCI values.

3.1.1. MT concentrations in the heat-treated cytosol of intestine of brown
trout

Average fish intestinal MT levels were higher at the contaminated
site (downstream of the town of Knin) compared to the river source in
both seasons, but the site- or season-specific differences were not
proven significant (Fig. 1). Average MT concentrations in the intestine
of fish from the reference site in autumn and spring campaign were 0.85
and 0.96 mg g ' w.w, and from polluted site 1.5 and 1.45mg g~ ' w.w,
respectively (Fig. 1). To our knowledge, MT levels reported in this study
represent the first data set for the intestinal tissue of brown trout
measured by electrochemical method DPV. Different research groups in
the world use variety of spectrometric, immunochemical and electro-
chemical methods for MT determination but obtained MTs levels are
highly variable depending on the measurement method (Isani et al,
2000; Dabrio et al., 2002; Zorita et al., 2005). Therefore, it would not
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Fig. 1. MT levels (mgg ™' w.w, mean values and standard deviations) in in-
testinal tissue of S. trutta from the Krka River at two sampling sites (reference
site: Krka River source; contaminated site: town of Knin) in two samplings
(autumn 2015 and spring 2016).

be relevant or correct to compare our records with the MT levels ob-
tained by different methods. Data on MT levels determined by elec-
trochemical method were reported for different tissues of wild fresh-
water fish species, i.e., European chub (Dragun et al., 2009; Filipovié¢
Mariji¢ and Raspor, 2010; Dragun et al., 2013), rainbow trout (Roch
et al., 1982), common carp, perch, pike, bream, roach and rudd
(Sevcikova et al., 2013). Filipovi¢ Mariji¢ and Raspor (2010) reported
average MT concentrations in the intestine of European chub from the
Sava River to be around 3mg g" w.w, which is therefore 2-3 times
higher than values observed for the brown trout from the Krka River in
our study, but also higher compared to MT levels in gills (around
2mgg~ ' w.w) and liver (around 1.5mg g~ ' w.w) of the same species
(Dragun et al., 2009; Podrug and Raspor, 2009; Dragun et al., 2015). As
gastrointestinal tissue and gills are organs which are known to be in-
volved in the uptake, detoxification and excretion processes (Van Cleef
et al., 2000), higher MT concentrations observed in these tissues could
probably be linked to the important function of MTs in metal home-
ostasis and detoxification. In humans, higher MT concentrations can
even indicate more serious disorders in the body, such as carcinoma
(Krizkova et al., 2009b). However, there is no real connection of higher
MT concentrations with carcinoma in fish. Barisi¢ et al. (2018) made
the investigation on architectural and histopathological biomarkers in
the intestine of the same brown trout specimens as used in this research
and concluded that serious histopathological lesions, such as neoplasia,
were not evident in fish from the Krka River.

3.1.2. Total and cytosolic metal concentrations in intestine of brown trout

Metal levels measured in digested homogenate, presenting total
metal concentrations in insoluble and soluble tissue fractions, were, as
expected, higher compared to their levels measured in cytosolic in-
testinal fraction, i.e. soluble fraction (Table 1). For Ca, Cu, Fe, Mn and
Zn < 50% of the total metal levels were present in the insoluble cel-
lular fractions (Fig. 2a), pointing that these metals are partially present
in tissue fraction which is not considered as metabolically available
(such as metal rich granules) and partially in cytosolic fraction, which
represents potentially toxic part of metals which can bind to physio-
logically important molecules (Wallace and Luoma, 2003; Vijver et al.,
2004; Caron et al., 2018). The proportion of other measured metals, As,
Cd, Cs, Mo, Se, K, Mg, and Na, was over 67% in cytosolic fraction
(Fig. 2b), indicating that these metals are mostly found in soluble
fraction where they can be bound to cytosolic biomolecules, for ex-
ample metallothioneins (detoxified metal fraction) or enzymes (metal-
sensitive fraction) (Wallace and Luoma, 2003; Caron et al., 2018).
Presented relation of total and cytosolic metal/metalloid concentrations
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Table 1

Ecological Indicators 105 (2019) 188-198

Total and cytosolic metal and metalloid concentrations (ugkg ' or mgkg ™' (macroelements)) in the intestinal tissue of S. trutta from the Krka River at two sampling
sites in two sampling campaigns. For each element first row represents the total levels and the second cytosolic levels. Results are showed as mean values * standard

deviations.
Krka River source Town of Knin
October 2015 May 2016 October 2015 May 2016
For all elements: first row - total levels; second row - cytosolic levels
As 20.27 + 12.14° 32,53 + 9.24° 30.28 + 14.73 4283 + 17.35
1245 = 71974 20.63 * 7.40° 33.94 + 34.94% 37.06 + 15.03
cd 88.87 + 12378 135.47 + 125.79* 27.68 + 25.30° 3.81 + 290" ®
64.76 + 91.80% 85.39 * 89.94% 30.80 * 51.54 B 3.12 * 258" "
Co 39.12 * 17.42 24.33 + 58.86" 61.34 + 37.73 58.86 * 27.45%
15.38 + 11.57* 13.73 + 5.93* 46.33 + 56.26" 57.62 + 45.03%
Cs 10.03 + 2.18% 7.82 + 1.83 5.79 + 4.50° 597 + 1.84
9.28 + 23174 7.01 + 1934 425 + 2.86" 4.82 + 1.70%
Cu 777.88 + 242.17 942,37 + 221.62 966.58 + 413.62 897.67 + 312.04
253.10 + 126.32% 356.22 + 115.68 597.41 * 560.92% 345.58 + 158.98
Fe ™ 19116.76 *+ 11560.96 11009.87 + 2281.04 17529.05 + 4137.32 14749.16 + 5247.41
ug kg 8185.41 + 3138.92 5939.63 + 3153.94 6614.67 + 3321.66 7037.54 + 1597.50
Mn 921.23 + 478.61 783.62 + 139.55 881.87 + 209.90 953.15 * 435.44
399.26 + 308.03 282.13 + 60.16 266.48 + 112.80 316.30 *+ 115.86
Mo 50.90 + 39.22 48.28 + 13.06" 4248 + 8.90° 31.00 + 5.31" B
31.96 + 10.89 30.67 + 8.55 41.10 + 20.60 23.81 + 7.72"
Se 807.83 + 323.81% 845.26 + 172.90" 1201.36 + 385.90" 1173.95 = 292.24%
721.83 + 329.897 677.11 *+ 69.57* 1120.86 * 511.20% 1056.38 + 296.96"
Tl 45.97 + 31.73% 44.62 + 12.96" 19.24 = 7.90% 19.89 = 8.15%
29.62 + 15.38" 30.78 + 10.62* 8.68 + 4.04% 11.76 + 553"
Zn 98677.54 + 39032.26 107033.66 + 49100.97 138929.69 + 86549.18 124701.27 + 23088.43
42579.36 + 12009.36 45995.21 *+ 12593.36 46981.93 + 20645.43 54950.47 + 6834.28
Ca 221.28 *+ 160.72 136.74 + 49.24% 202,98 + 298.14 245.27 + 93.49"%
91.37 * 93.31 53.95 + 18.77* 112.42 * 117.82 94.67 + 41.56"
K 2935.06 + 357.63 2887.32 + 364.96 293830 + 430.18 2911.28 * 364.25
o 2842.10 *+ 326.10 2749.35 * 171.76 2681.73 * 402.69 2811.05 * 287.30
Mg mg kg 154.53 * 21.07 163.59 + 21.51 164.01 + 23.72 148.39 + 24.96
103.16 + 18.64 103.52 + 11.10 100.45 + 15.67 100.55 * 23.17
Na 1107.76 + 132.20 932.87 + 177.15° 1117.55 * 115.57" 974.32 + 162.13
1071.33 * 111.14 904.32 + 125.92° 981.17 + 173.13 976.78 *+ 127.09

Significant difference at p < 0.05 level between two seasons at each sampling site is marked with asterisk (*) and significantly different values at two sampling sites
within the same sampling campaign are assigned with different superscript letters (A and B).

in S. trutta intestinal tissue is in accordance to the proportions of total
metals in hepatic cytosol of the same fish (Dragun et al., 2018). Ex-
ceptions were only Co, Cu, Mn and Zn, with around 20% higher pro-
portion of total levels in liver cytosol than intestinal cytosol. Total
concentrations of trace elements in S. trutta intestinal tissue followed
the descending order Zn > Fe > Se > Mn=Cu > Cd >
Co = Mo > Tl = As > Cs, which is quite similar to total metal trends
observed in hepatic tissues of the same fish (Dragun et al., 2018). Due to
the lack of data on cytosolic metal levels in fish intestine, comparison

a)
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with other literature was only possible for total metal levels and also
confirmed the common trend of the highest Fe, Zn, Mn and Cu levels in
the intestine of rainbow trout from rivers Augraben and the Leiferer
Graben in Italy (Dallinger and Kautzky, 1985), perch from the lake
Mondsee in Austria (Sures et al., 1999), different freshwaters fish spe-
cies in waters of Lithuania (Staniskiene et al., 2006), starlet from the
Danube River in Serbia (Jari¢ et al., 2011), barbel from the Danube
River in Bulgaria (Nachev and Sures, 2016) and in Salmo trutta mac-
rostigma and rainbow trout from Catak River in Turkey (Yeltekin and
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Fig. 2. Proportions (%) of metal/metalloid levels present in cellular cytosolic fraction (soluble) and insoluble fraction of the intestine of S. trutta caught in the Krka
River: a) metals present in cytosolic fraction up to 60% and b) metals present in cytosolic fraction above 60%.
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Saglamer, 2019). In fish from Croatian rivers, average total Cu, Fe and
Mn levels in the intestinal tissue of European chub from the lowland
Sava River were either comparable or lower than their values in in-
testine of brown trout from the karst Krka River, depending on the
season and location, while total Cd and Zn levels were mostly higher in
the intestine of European chub from the Sava River (Filipovi¢ Mariji¢
and Raspor, 2012; Dragun et al., 2015).

Despite differences in total and cytosolic metal concentrations, their
relation between two locations indicated similar pattern, with higher
total and cytosolic concentrations of As, Ca, Co, Se and Zn in brown
trout from the contaminated compared to the reference site (Table 1).
Such pattern of elevated intestinal metal/metalloid levels at the con-
taminated site might reflect higher metal/metalloid exposure level in
the river water at the location near the town of Knin, influenced by
technological and municipal wastewaters, as already reported by
Filipovi¢ Mariji¢ et al. (2018) and Serti¢ Peri¢ et al. (2018). Other
measured metals, Fe, K, Mg, Mn and Na did not show a clear trend
between two locations (Table 1), while Cd, Cs, Mo and Tl concentra-
tions were higher in the intestinal homogenate and cytosolic fraction of
fish from the Krka River source in at least one season (Table 1). Pre-
sented results are in accordance with the trend reported for hepatic
metal levels of S. trutta from the same locations (Dragun et al., 2018)
but the exact cause of significantly higher Cd, Cs, Mo and Tl con-
centrations in fish from the reference site requires further investigation,
with special emphasis on river sediment and food as metal sources,
considering dietary intake as the important uptake route in fish
(Clearwater et al., 2000). Cd, Cs and Tl were also significantly higher in
gammarids from the same site, which might serve as possible fish prey
and consequently as a possible metal source for fish.

Regarding seasonal differences, majority of studied metal/me-
talloids in intestinal homogenate and cytosolic fraction had higher le-
vels in autumn than spring season. Significant differences were ob-
served in both fractions only for As and Na at the reference site, and for
Mo and Cd at the contaminated site, with the elevated metal levels in
autumn, except for As (Table 1). Unique seasonal differences at both
locations, but without significant differences, were evident as higher
Co, Cs, Fe, Mo and Na levels in autumn in intestinal homogenate and as
higher Mo, Se and Na levels in autumn in intestinal cytosol (Table 1).
Mostly lower intestinal metal levels in spring could be due to the lower
dissolved metal levels in the river water accompanied by the more ef-
fective self-purification process of the Krka River in that period (Cukrov
et al., 2008; Filipovi¢ Mariji¢ et al., 2018).

Since one of the main MT roles in the organisms is the regulation of
essential metals (Cu and Zn), and detoxification of heavy metals (Cd,
Hg, Ag) (Amiard et al., 2006), which increased levels may induce MTs
synthesis, we evaluated possible contribution of intestinal metals to the
observed MT levels. Spearman correlation analysis confirmed a sig-
nificantly positive relation of MT with cytosolic Cd (r = 0.762;
p = 0.02) and Cu levels (r = 0.786; p = 0.0149) in fish from the re-
ference site in spring, while in autumn with cytosolic Cu in fish from
contaminated site (r = 0.782; p = 0.005). Total metal levels did not
show significant correlation with MT, probably because cytosolic me-
tals are those which might be directly bound to biomolecules and have
impact on their concentrations, activities or structures (Caron et al.,
2018). However, metal content obviously cannot completely explain
variability and complexity in MT levels, which may be affected by other
parameters such as season, temperature, pH values, size, fish gender or
nutritional status (Hylland et al., 1998; Dragun et al., 2009; Filipovié
Mariji¢ and Raspor, 2010). Intestinal MT and metal levels did not show
significant correlation with brown trout biometry, what is in agreement
with the existing literature data where intestine has already been re-
ported as an organ with no additional metal accumulation with fish age
and growth (Giguére et al., 2004; Filipovi¢ Mariji¢ and Raspor, 2007).
Of physico-chemical factors, temperature, conductivity, total dissolved
solids and total water hardness showed significant differences between
the sites and pointed to deteriorated ecological status near the town of
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Knin (Serti¢ Peri¢ et al., 2018), possibly influencing MT levels as well.
Since in polluted environment organisms are exposed to a mixture of
different metals and contaminants, it is generally impossible to connect
the elevated MT synthesis only to specific elements, especially knowing
that a combination of various biotic and abiotic factors greatly affects
MT induction.

3.2. Biological responses in gammarids

In both seasons, individuals of G. balcanicus were bigger at the
contaminated site with the average weight of 27 and 23 mg in autumn
and spring, respectively. At the Krka source, average weights were
about 15mg in both seasons. E. acarinatus individuals were sampled
only at Krka River source and they were much smaller than G. balca-
nicus, which is the inherent property of this species. The average
weights of E. acarinatus were of 6 mg in autumn, and 8 mg in spring.
Gammarid mass differences were most likely caused by habitat or mi-
crohabitat conditions. In the source part of the rivers, higher water
velocity takes away nutrients and consequently can affect size of the
organisms. Zganec et al. (2016) also observed dominance of smaller
species of gammarids in both microhabitat types, stones and mosses, at
the upper course of the Krka River, which represents food limited lo-
cation due to the lack of packs of detritus/leaves — likely as a result of a
very strong water current and absence of detritus in upstream sections
of the river. Usually, higher abundance and bigger gammarid in-
dividuals are found in the downstream parts where more fine particu-
late organic matter can be found.

3.2.1. MT concentrations in the heat-treated cytosol of Gammarus
balcanicus

Opposite to the intestinal MT levels in brown trout, MT con-
centrations in G. balcanicus differed significantly between locations and
seasons (Fig. 3a). Spatial differences were observed in spring with
significantly higher MT levels in gammarids from the wastewater im-
pacted location (U = 23.00; p = 0.002), while in autumn MT con-
centrations were comparable between the reference and contaminated
site. Significant seasonal differences were present at both locations,
pointing to increased MT levels in autumn (U = 6.00; p < 0.001 in the
reference site and U = 32.00; p < 0.001 at the contaminated site)
(Fig. 3a). Average MT concentration in gammarids in autumn was
around 3.30mg g~ w.w in both locations while average MT levels in
spring were lower, 2.43mg g~ ' w.w in individuals from the reference
site and 2.87mgg~'w.w in individuals from the Krka near Knin
(Fig. 3a). These values were comparable or a bit higher than the MT
levels obtained in the research on G. fossarum from the Sutla River,
where reported average MT values were around 2.50 mgg lww
(Filipovi¢ Mariji¢ et al., 2016).

3.2.2. Cytosolic metal concentrations in Gammarus balcanicus

Reported differences in MT levels might be, to some extent, linked
to cytosolic metal/metalloid concentrations, which were higher in G.
balcanicus from the contaminated site, and this trend was proven sig-
nificant for Co, Fe, Mn, Mo, K and Na in both seasons and for As, Cu and
Zn in one season (Table 2). Therefore, a significant difference in MT
levels between the two sites in spring could be linked to the much
higher concentrations of Cu and Zn as important MT inducers at the
location downstream of the town of Knin (Table 2). Zn was also sig-
nificantly correlated to MT levels in G. balcanicus in autumn at the
contaminated site (r = 0.621; p = 0.0101). On the other hand, Cd, Cs
and TI levels were significantly elevated in G. balcanicus from the re-
ference site in both seasons, the same as recorded in fish intestine
(Table 1), and Ca and Se only in autumn (Table 2). Again, as dissolved
metal concentrations in water do not follow such pattern, the exact
cause of these higher concentrations at the reference site needs to be
further investigated. Ternjej et al. (2014) reported total metal levels in
G. balcanicus from the Kosovéica River, which is Krka tributary, and
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*
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a) G. balcanicus

O

MT/mg g" W.W.

MT/mg g'l W.W.

2 autumn

b) E. acarinatus
spring

Krka source town of Knin

Krka source

Fig. 3. MT levels (mg g ' w.w, mean values and standard deviations) in a) G. balcanicus and b) E. acarinatus from the Krka River at two sampling sites (reference site:
Krka River source; contaminated site: town of Knin) in two samplings (autumn 2015 and spring 2016). Statistically significant differences (Mann-Whitney U test) at
p < 0.05 level between two seasons at each sampling site are marked with solid line and asterisk (*) and between two sampling sites within the same season are

assigned with dashed line and different superscript letters (A and B).

also pointed to higher Cd levels in gammarids from the river spring
compared to the pollution impacted river watercourse.

Significant seasonal differences in metal accumulation in G. balca-
nicus were observed for As, Cd, Cu, Fe, Mn, Mo, Ca, Mg and Na at the
reference site with mostly higher values in autumn. Only As and Na
levels were higher in spring, similar to As concentrations in fish intes-
tine (Table 1). At the contaminated site, statistically significantly higher
Cd, Cs and Mo levels were evident in autumn and Co, Se, Tl, Zn and Na
levels in spring (Table 2). In addition, cytosolic As and Ca levels were
higher in spring than autumn, but without significant differences, what
is in accordance to the seasonal trend of As found in intestine of brown
trout (Table 1).

Correlation of Cd, Cu or Zn with MT was mostly not significant,
except Zn (r = 0.621; p = 0.0101) in autumn at Knin location, but as in
other organisms, MT induction in gammarids might be impacted by
other factors such as season, temperature, size, gender or reproductive
status (Rainbow and Moore, 1986; Correia et al., 2004; Geffard et al.,
2007). However, data on the impact of these parameters are not always
consistent. For example, Geffard et al. (2007) concluded that MTs levels
in G. pulex were significantly negatively related to the organism weight,
while on the other hand, Filipovi¢ Mariji¢ et al. (2016) have not

Table 2

observed any significant differences in MT concentration in relation to
the G. fossarum size. No significant differences in MT levels were ob-
served between the different age-groups of G. locusta either (Correia
et al., 2004).

There is not much detailed data on the life cycle of G. balcanicus in
the world, but in the area of Bieszczady Mountains in Poland, the
breeding period of G. balcanicus lasts from the beginning of April to the
end of October (Zielinski, 1995). However, depending on the water
temperature and geographical region, in localities with constant water
temperatures, this species may have acyclic breeding without a winter
pause (Dedju, 1980). In the case of the Krka River, the exact life cycle of
the species is not known yet, but observed seasonal differences in MT
levels might be associated with the different reproductive stages. Levels
of MT were significantly higher in autumn at both locations, likely
during the reproduction period for this species. Generally, as most of
the gammarids have similar life-cycles, MT synthesis is directly related
to seasons, with higher values in autumn and winter and lower in
spring, as for example observed in G. pulex (Geffard et al., 2007). Many
studies on different invertebrate species like Corbicula fluminea
(Baudrimont et al., 1997), Mytilus galloprovincialis (Raspor et al., 2004;
Ivankovi¢ et al., 2005) or Mytilus edulis (Geffard et al., 2005) have also

Cytosolic metal and metalloid concentrations (ugkg ' or mgkg ™' (macroelements)) in G. balcanicus from the Krka River at two sampling sites in two sampling
campaigns and E. acarinatus from the Krka River source in two campaigns. Results are showed as mean values + standard deviations.

Krka River source

Town of Knin Krka River source

October 2015 May 2016 October 2015 May 2016 October 2015 May 2016
Gammarus balcanicus Echinogammarus acarinatus

As 79.11 + 19.89" A 152,70 + 24.5 135.17 + 11.60° 147.18 + 23.88 157.46 + 23.51* 220.35 + 13.36*
cd 204.30 + 38.05" * 100.18 * 12117 A 15.81 = 3.71" B 1242 + 2,627 ® 180.79 + 23.42* 121.98 * 14.67*
Co 17.87 + 2.0° 19.09 + 1.94* 34.41 * 3.16"® 70.07 = 1111 ® 24.57 + 8.22 21.96 *+ 0.59
Cs 4.01 + 0.4 3.84 + 0.25% 3.03 + 046" " 262 + 022" 8 4.43 + 0.28* 4.10 + 0.16*
Cu 5365.41 + 1207.69 4184.47 + 563.15 5525.71 + 529.37 5684.54 + 651.55% 4464.71 + 1106.95 4345.17 + 299.37
Fe pg kg ! 1417.96 + 552.66" * 977.09 + 126.11™ 4 2124.95 + 353.67% 1972.47 + 359.78"% 1638.18 + 497.07 1284.98 + 509.41
Mn 335.80 + 37.43" A 281.40 + 22.21" A 648.00 + 88.88" 622,53 + 78.17% 433.74 * 30.44* 32571 + 28.83*
Mo 39.25 * 6.85" A 27.60 + 3.06" A 68.06 + 8.70" ® 57.02 + 7.94™ P 35.80 + 5.58* 26.71 1.54*
Se 321.81 + 45.96" 299.68 + 44.38 290.65 + 31.94" ® 323.91 * 47.21° 32277 + 18.79 330.11 + 18.23
Tl 19.41 + 2494 18.55 * 1.02% 557 + 077" P 7.38 + 1.20™ P 27.66 + 1.51* 22.83 + 2.18*
Zn 6806.64 + 719.10 6675.64 + 595.40 * 6794.99 + 393.87 8061.22 + 838.43" ® 7252.82 + 886.40 6883.24 + 596.36
Ca 4698.53 + 322.75" 4 4041.23 + 293.38° 4140.15 + 252.09" 4310.13 + 415.00 5084.05 *+ 454.71* 4414.88 + 335.72*
K - 1627.99 + 206.60 * 1530.02 + 70.29 * 1762.77 + 145.89" 1746.65 + 95.18% 1726.35 + 120.58 * 1579.29 + 53.14*
Mg meke 269.72 + 27.09 4 220.81 + 19.49™ A 228.92 + 18.45% 239.34 + 19.50% 280.43 *+ 24.66* 22440 *+ 18.67*
Na 1178.64 = 70.27" A 1352.78 + 87.68" 4 1060.26 + 73.87™ " 1291.18 * 50.19™ ® 1244.49 * 100.92* 1491.57 + 75.54%

Significant difference at p < 0.05 level between two seasons at each sampling site is marked with asterisk (*) and significantly different values at two sampling sites

within the same pling ¢

paign are

24

194

d with different superscript letters (A and B).
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already shown that variations in MT levels are often related to the
physiological conditions of organisms, especially to their reproductive
stage.

3.2.3. MT concentrations in the heat-treated cytosol of Echinogammarus
acarinatus

Krka River source has already been reported as a habitat of another
two gammarid species — Echinogammarus acarinatus Karaman, 1931 and
Fontogammarus dalmatinus krkensis S. Karaman, 1931, both being en-
demic species in Dinaric karst rivers (Gottstein et al., 2007; Zganec
et al., 2016). These species do not inhabit the area of the chosen con-
taminated site, so in our research results on E. acarinatus are presented
only for the reference location in October 2015 and May 2016, whereas
F. dalmatinus krkensis was not recorded in macrophytes of the Krka
spring, but reaches the highest densities in the moss microhabitats of
the spring head (Zganec et al., 2016). Absence of E. acarinatus and F.
dalmatinus krkensis in the anthropogenically impacted area of the Krka
River was already reported and explained as a consequence of their
sensitivity on pollution impact, so their habitat in the Krka River
comprises only clean parts of the watercourse (Gottstein et al., 2007).

MT levels in E. acarinatus were higher in autumn, the same as in G.
balcanicus, but the seasonal differences were not significant. Average
MT values in E. acarinatus were 2.94 and 2.53 mg g" w.w in autumn
and spring, respectively (Fig. 3b). These values were also similar and
comparable to the MT concentrations observed in G. balcanicus, so the
average MT levels were not significantly different between the two
gammarid species at the Krka source in any season (Fig. 3).

3.2.4. Cytosolic metal concentrations in Echinogammarus acarinatus

Since E. acarinatus species only inhabit unpolluted area of the Krka
River, cytosolic metals were presented regarding their seasonal differ-
ences in gammarids from the river source. Among investigated metals
only As and Na were significantly increased in the spring campaign,
while Cd, Cs, Mn, Mo, Tl, Ca, K and Mg were significantly increased in
autumn (Table 2). Such pattern was found in G. balcanicus, in which As
and Na were the only elements elevated in spring (Table 2), as also
showed for As in fish intestine (Table 1). Significant differences be-
tween the two gammarid species were observed for As, Co, Cs, Mn and
Tl in both seasons, while for Cd, Ca and Na only in the spring season. All
of these elements had higher concentrations in E. acarinatus (Table 2).
As E. acarinatus individuals were much smaller, the differences in metal
accumulation might be caused by the gammarid size differences. For
example, Rainbow and Moore (1986) showed that the smallest am-
phipods accumulated the highest concentrations of Cu, Zn, Fe and Pb.
Moreover, even closely related species like these two gammarid species
may be feeding on different food sources which results in different
dietary inputs of metals (Rainbow and Moore, 1986). If we consider Cd,
Cu and Zn, as the main MT inducers, their levels were not significantly
correlated with MT levels in E. acarinatus, as already stated for other
gammarid species, G. balcanicus (Table 2).

3.3. Comparison of cytosolic metal concentrations in intestine of freshwater
fish and whole gammarids

Most of the cytosolic metal levels were higher in gammarids than in
brown trout intestine, therefore confirming that most of the metals are
not expected to biomagnify in aquatic food webs (Mathews and Fisher,
2008). The highest difference existed for Ca, Cu and As, which average
levels were around 50, 15 and 8 times higher in gammarids than in fish
cytosolic fraction, respectively. Twice as higher cytosolic Cd and Mg
levels were recorded in gammarids than in fish intestine, while few
metals showed the opposite pattern, i.e. K, Se and Cs levels were 2-3
times lower and Fe and Zn about 5 times lower in gammarids (Tables 1
and 2). Such results are in accordance to trophic transfer factors ob-
tained for metals in marine food chain, which indicated that possible
biomagnification is specific for Cs, Se and Zn (Mathews and Fisher,
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2008). Descending order of cytosolic metal levels in intestine of brown
trout from the Krka River was the following: K > Na > Mg >
Ca > Zn > Fe > Se (average metal levels higher than 1000 pgkg ™)
and Cu=Mn > Cd=Co > Mo > As > Tl > Cs (average metal
levels lower than 1000 pg kg_]) (Table 1). Comparison of cytosolic
metal levels between two gammarid species, E. acarinatus and G. bal-
canicus indicated higher metal levels in E. acarinatus, but the con-
centration range in both species was comparable. Thus, descending
order of cytosolic metal levels in both gammarid species from the Krka
River was the following: Ca > K > Na > Mg > Zn > Cu > Fe
(average metal levels higher than 1000 pgkg™') and Mn > Se >
As =Cd > Mo > Co =Tl > Cs (average metal levels lower than
1000 ug kg™ 1) (Table 2).

To our knowledge, comparison of intestinal cytosolic metal/me-
talloid concentrations in brown trout with other fish species was pos-
sible only for cytosolic metal levels in the intestinal tissue of European
chub from the Sava River, which showed the same descending order of
investigated metal levels and mostly comparable concentrations
(Zn > Fe > Cu > Mn > Cd) (Filipovi¢ Mariji¢ and Raspor, 2012).
Cytosolic metal levels in gammarids can be compared with levels in G.
fossarum from the Sutla River where Cs, Cu, Mn and Zn levels were
approximately 2 times higher than in our research, while the levels of
Ca and Tl were about 2 and 6 times higher in gammarids from the Krka
River, respectively (Filipovi¢ Mariji¢ et al., 2016). Such differences in
cytosolic metal levels between different gammarid species are probably
influenced by variability in metal exposure and environmental condi-
tions of their habitat.

3.4. Comparison of MT concentrations measured by electrochemical
methods in freshwater fish and gammarids from different studies

Modified Brdicka reaction is recognized as a commonly and widely
used electrochemical method for MT determination in biological sam-
ples (Fabrik et al., 2008; Dragun et al., 2009; Krizkova et al., 2009a;
Filipovié Mariji¢ et al., 2016). In our research, newly modified Brdi¢ka
method (Mijosek et al., 2018) was confirmed as a fast and reliable
technique for quantification of MTs in both intestinal fish tissue and the
whole individuals of gammarids species. One of the main advantages of
the applied method is that it requires a small amount of the sample to
conduct the assay. Our results on MT concentrations were compared to
other so far published data on MT levels in natural populations of or-
ganisms measured by electrochemical method in order to get an over-
view on MT levels in different freshwater fish and gammarid species
(Table 3). For the purposes of correct comparison, MT levels (mg
g~ ' w.w) from our study were additionally divided with the total cy-
tosolic protein concentrations, resulting in the average concentrations
in brown trout intestine of around 20.5 ygmg ' proteins and in gam-
marids of around 60 pgmg ™' proteins. Also, MT levels (mg g~ ' w.w)
were divided with MT molecular weight of 6600 Da, resulting in MT
average concentrations in brown trout intestine of around 20 nmol g~
and in gammarids of around 40 nmol g~ '. So far, intestinal MT levels
were only reported for the European chub from the Sava River
(Croatia), which MT levels (2.9-3.1 mg g*l w.w) were twice as high as
in brown trout intestine (0.8-1.5mg g_l w.w) (Table 3). In other fish
tissues electrochemically determined MTs ranged 0.3-2mgg ' w.w
and 2-7pgmg ! prot. in gills; 2-12mgg~ 'w.w and 5-18 pgmg !
prot. in liver; 9-16 mgg 'w.w and 1-10ugmg~" prot. in kidney
(Table 3). In G. pulex from La Bourbre River (France) and G. fossarum
from the Sutla River (Croatia) MTs ranged 1-4 mgg"l w.w (Table 3),
what is comparable to our data reported for MT levels in G. balcanicus
and E. acarinatus from the Krka River (3mgg™ ' w.w).

4. Conclusions

Obtained MT concentrations in the intestinal tissue of salmonid fish
S. trutta and two gammarid species from the karst Krka River in Croatia
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Metallothionein concentrations reported in different tissues of freshwater fish (liver, kidney, gills and the intestine) and crustaceans (whole organisms) species from
natural populations obtained by electrochemical methods.

Species Tissue MT concentration References
Rainbow trout Liver 58-269nmol g ! Roch et al. (1982)
(Salmo gairdneri)
; Liver 4.37-12.60mgg ' w.w
lj‘.:rop;lan Be ila Kidney 9.35-15.86mgg ' w.w Urenia et al. (2007)
Canguilla angidla) Gills 0.30-0.50mgg ' w.w
Liver 1.6-1.9mgg ' ww Podrug and Raspor (2009)
European;chiiy~/Shva Gills 1.3-2.0mgg ™' ww Dragun et al. (2009)
_Rlver Intestine 2.9-3.1 l'ngg’l w.w Filipovi¢ Mariji¢ and Raspor (2010)
(Squalius cephalus) and Dragun et al. (2015)
European chub - Sutla Liver 0.80-3.73mgg ' w.w
River Gills 0.66-2.35mgg " Ywaw Dragun et al. (2013)
(Squalius cephalus)
Liver 7.4-7.5 pgmg "’ prot
/_\SP ) Gills 3.6-3.9 pgmg ! prot
(rruciscis aeitis) Kidney 1.4-2.3 ugmg "' prot
o Liver 6.4-7.0 uggmg ' prot
Pll(e-perc.h Gills 3.9-5.0 pgmg ! prot
(Sander lucioperca) Kidney 3.4-9.4 ygmg ' prot
Liver 4.8-83pgmg~! prot
Perch Gills 4.0-5.5 igmg ! prot
(Perca fluviatilis) Kidney 1.3-2.8 ugmg ' prot
. Liver 11.0-18.1 pgmg ' prot
Pike Gills 2.4-5.4pgmg ! prot
(Bsox lucius) Kidney 3.3-6.8 igmg ' prot
Liver 5.3-10.1 pgmg "' prot
Bream Gills 4.0-4.7 ygmg ' prot
(Abramis brama) Kidney 2.5ugmg™ ! prot
Sevcikova et al. (2013)
Liver 4.8-7.1 pgmg ™' prot
Chub Gills 2.0-2.9 nygmg ' prot
(Squalius cephalits) Kidney 2.9-4.4 pgmg ' prot
Liver 5.7-12.3pgmg ' prot
Roach Gills 3.4-4.3 pgmg ! prot
(Rutilus rutilus) Kidney 1.7-2.3 pgmg "~ prot
g Liver 7.5ugmg " prot
Sll\{er hr?nm Gills 4.5ugmg ! prot
(Blicca bjoerkna) Kidney 8.9ugmg ™" prot
Liver 8.5ugmg ! prot
Oomm?n carp Gills 4.1 pgmg ' prot
(Gyprinus carpio) Kidney 5.0 ugmg ' prot
Rudd Liver 9.6 ugmg ' prot
(Scardinius Gills 6.5ugmg " prot
erythrophthalmus) Kidney 10.3 pgmg ™’ prot
Brown trout Intestine 0.85-1.5mgg ' w.w
(Salmo trutta) 18-25ugmg ' prot This study
21-38 nmolg '
Gammarus pulex Whole organism 1.25-3.25mgg " w.w Geffard et al. (2007)
Gammarus fossarum Whole organism 1.55-3.65mg g' w.w Filipovi¢ Mariji¢ et al. (2016)

Gammarus balcanicus

Whole organism

2.43-3.39mgg " ww
52-70 ugmg ' prot
37-51 nmolg ™!

Echinogammarus
acarinatus

Whole organism

2.53-2.94mgg " ww
55-60 ngmg ! prot
38-45nmol g '

This study
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revealed that anthropogenic impact near the wastewater outlets was
evident, although not significantly in all cases. Wastewater impact was
also confirmed regarding metal concentrations in all organisms, and
comparison of total and cytosolic metal levels in fish intestine showed
that As, Cd, Cs, Mo, Se, K, Mg, and Na were present mostly in the cy-
tosolic fraction (over 67%), pointing that these metals are present in
metabolically available intestinal fraction, where they can be bound to
important biomolecules (enzymes) or might be detoxified by MT.

Electrochemically obtained MT levels in vertebrate and invertebrate
organisms were species specific, showing higher MT concentrations in
the gammarids than in the fish intestine. Despite variable MT levels,
both bioindicator organisms pointed to the same trend, with higher MT
values in the organisms from the contaminated compared to the re-
ference site. Therefore, in freshwater salmon fish and gammarids MTs
reflected metal contamination in the aquatic environment, so electro-
chemical method was confirmed as a sensitive tool in biomonitoring
studies of metal exposure. Comparison of MT levels from our study with
the literature data pointed to variability in MT concentrations among
native fish and gammarid species, as well as among different fish tis-
sues. Thus, proposed electrochemical method can be applied in bio-
monitoring studies as a tool for detecting MT changes in relation to
anthropogenic impact on aquatic ecosystems and biota, but the inter-
pretation should be done with caution knowing all the factors affecting
MT levels. Advantage of the used electrochemical method is that it
requires a small amount of the sample, but it also needs specialized and
sensitive laboratory equipment. Presented results indicated that MT
levels are species- and tissue-specific, so the comparison between MT
levels should always be performed for the same species, tissue and
measurement method.
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only moderate, although cytosolic metals and most of the biomarkers in fish intestine were confirmed as
initial indicators of pollution impact, which pointed to the need of continuous monitoring of the Krka
River in order to protect this natural karst world phenomenon.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Among aquatic environments, karst systems represent the most sen-
sitive areas from both ecological and conservation points of view (Dossi
et al., 2007). Specific geological and hydrological constructions contrib-
ute to formation of complex ecosystems, which are vulnerable to con-
taminants due to their ability to be introduced in the karst area
through underground and transported rapidly over large distances in
the aquifer. In addition, processes of contaminant retardation and atten-
uation often do not work effectively in karst systems (Brinkmann and
Parise, 2012). Although only 10% of the Earth's surface is covered with
karst rocks, groundwater from karst aquifers is among the most impor-
tant drinking water resources for humanity and in this sense, protection
of karst hydrologic systems is essential worldwide (Bakalowicz, 2005;
Calo and Parise, 2009).

Example of obvious anthropogenic disturbances in the karst systems
can be observed in the Krka River, one of the longest rivers in Croatia
(72.5 km) situated in karst Dinaric area of the Republic of Croatia. As a
result of the constant process of tufa-deposition, the Krka River repre-
sents a unique karst phenomenon worldwide and most of its water-
course was proclaimed national park in 1985 (Cukrov et al., 2012).
However, only 2 km upstream of the border of the Krka National Park,
technological wastewaters of the screw factory and municipal waste-
waters of the town of Knin, are released without proper treatment
into the river watercourse. Therefore, anthropogenic impact is repre-
sented by direct influence of the mentioned pollution sources, as well
as indirect influence of agricultural runoff from the surrounding fields,
with special emphasis on metals/metalloids contamination from the
nearby screw factory and fertilizers (Cukrov et al., 2008; Filipovi¢
Mariji¢ et al., 2018). Trace metals are naturally present in the aquatic
ecosystems in very low concentrations, even extremely low in karst riv-
ers (Cukrov et al., 2008). Previous studies already reported low natural
metal levels in the river water from the Krka River source, while 2-400
times higher Al, Co, Fe, Li, Mn, Ni, Sr, Ti, and Zn levels were recorded in
the technological/municipal wastewaters and the Krka River water
under the anthropogenic influence downstream of the town of Knin
(Cukrov et al., 2008; Filipovi¢ Marijic et al., 2018; Sertic Peric et al.,
2018). Wastewater impact was also confirmed by higher densities and
diversity of benthic organisms dominated by contamination-tolerant
taxa (Sertic Peric et al., 2018). In order to evaluate the extent of anthro-
pogenic influence on the aquatic organisms in the vulnerable karst eco-
system, brown trout (Salmo trutta Linnaeus, 1758) was selected as a
bioindicator organism, as a typical representative of the Krka River ich-
thyofauna and moreover, widely spread species in European rivers,
which provides the possibility and opportunity for comparison between
different regions.

Biological responses to contaminant exposure were for the first time
evaluated in the karst area by application of multi-biomarker approach
in fish intestine, due to its importance in dietary metal uptake, digestion
and nutrient absorption. Most of the biomonitoring studies regarding
metal exposure usually involved liver, kidneys and gills as typical indi-
cator organs in fish, while data on the intestinal tissue is still limited, es-
pecially regarding fish from the karst rivers. Our previous study
involved histological alterations in brown trout intestine and pointed
to specific histopathological biomarkers as an indication of pollution im-
pact in the Krka River (Barisic et al., 2018). In the present study we ex-
panded previous findings to demonstrate exposure to and/or effects of

environmental contaminants by application of the multi-biomarker ap-
proach involving biomarkers of the general stress (total cytosolic pro-
teins, TP), antioxidant defense (catalase activity, CAT and total
glutathione, GSH as markers of antioxidant capacities), oxidative stress
(malondialdehyde, MDA as an indicator of oxidative damage), and of an
exposure and effect of contaminants (metallothioneins (MT) as bio-
markers of metal exposure and acetylcholine esterase activity (AChE)
as biomarker of effect on nervous system following exposure to organ-
ophosphate and carbamate pesticides, but also other contaminants like
metals). The use of multi-biomarker approach is necessary in environ-
ments with complex mixtures of contaminants, for the assessment of
different biological responses that reflect the environmental quality
and for the identification of exposure to contaminants present at low
levels in the environment (Monserrat et al., 2007; Cravo et al., 2009).

Biological effects may also link the bioavailability of compounds of in-
terest with their concentrations in target organs and intrinsic toxicity
(van der Oost et al., 2003). Therefore, besides biomarker approach, addi-
tional biological response was evaluated by the measurement of metal/
metalloid concentrations in the intestinal cytosol of brown trout, in
order to evaluate metal accumulation in fish since trace elements repre-
sent directly introduced contaminants in the Krka River water. After en-
tering the organism, trace metals usually undergo a series of metabolic
processes and incorporate into various cellular components. In general,
partitioning of metals among subcellular fractions might be grouped in
two categories: a) metal-sensitive fractions (MSF): heat-denaturable
proteins (HDP), mitochondria and lysosomes and microsomes;
b) biologically detoxified metals (BDM): insoluble metal-rich granules
(MRG) and heat-stable proteins (HSP) like metallothioneins (MT) and
metallothionein-like peptides (MTLP) (Wallace and Luoma, 2003; Urien
et al,, 2018). HSP fraction was indicated as the most responsive fraction
to increased metal exposure (Caron et al., 2018; Urien et al., 2018). In
order to evaluate concentrations of metals bound to cytosolic biomole-
cules, which represent soluble and metabolically available metal fraction
(Wallace and Luoma, 2003; Rainbow et al., 2011; Caron et al., 2018; Urien
etal,, 2018), our research involved metal and metalloid analyses in the cy-
tosolic fraction of fish intestine.

Hence, our main goals were: 1) to examine the impact of the direct
pollution sources (technological and municipal wastewaters) on the
karst region and biota using the multi-biomarker approach and cyto-
solic metals levels as bioindicators in the intestine of brown trout;
2) to evaluate the potential of the intestinal tissue as a novel
bioindicator organ in environmental risk assessment due to its impor-
tance in food and metal uptake.

2. Materials and methods
2.1. Study area and fish sampling

The study was carried out in the Krka River which is nowadays threat-
ened by the influence of the technological and municipal wastewater in-
puts. Sampling was performed at two locations, reference (Krka River
source) and anthropogenically impacted site, which is situated near the
town of Knin and only 2 km upstream of the border of the Krka National
Park. This part of the watercourse is the recipient of the technological
wastewaters from the screw factory and of municipal wastewaters from
the town of Knin (15,000 inhabitants), so fish sampling was performed
downstream of both outlets (Fig. 1). Previous studies indicated that
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Fig. 1. Sampling locations of the brown trout in the Krka River: 1 reference location - Krka
River source; 2 anthropologically impacted location downstream of the technologycal
wastewater input from the screw factory (2a) and municipal wastewater outlet from
the town of Knin (2b).

water ecological status was deteriorated and concentrations of many in-
vestigated metals/metalloids were increased at the location under the
wastewaters impact compared to the reference site, the Krka River source
(Filipovi¢ Marijic et al., 2018; Serti¢ Peric et al., 2018).

Brown trouts (Salmo trutta Linnaeus, 1758) were collected in the au-
tumn 2015 (October) (16 specimens from the reference and 20 from the
contaminated site) and in the spring 2016 (May) (16 specimens per
each site). Fish sampling was performed by electro fishing, according
to the Croatian standard HRN EN 14011 (2005). Captured fish were
kept alive in an opaque tank with aerated river water until further pro-
cessing in the laboratory. The biometric data involved measurement of
fish total length and body mass, as well as calculation of fish indices:
Fulton condition index (FCI = (W / L*) x 100; Ricker, 1975),
hepatosomatic index (HSI = (LW / W) x 100; Heidinger and
Crawford, 1977) and gonadosomatic index (GSI = (GW / W) x 100;
Wootton, 1990), where W is the body mass (g), L is the total length
(cm), LW is the liver mass (g) and GW is the gonad mass (g). Intestine,
liver and gonads were dissected after the fish were anesthetized with
tricaine methane sulphonate (MS 222, Sigma Aldrich) in accordance
to the Ordinance on the protection of animals used for scientific pur-
poses (NN 55, 2013) and then sacrificed. Priborsky et al. (2015) con-
firmed that exposure of barbell (Barbus barbus) to MS 222 for 10 min.
does not have a significant impact on haematological profiles, oxidative
stress biomarkers and antioxidant enzymes. Accordingly, fish were
anesthetized in groups of 5 in order to shorten the exposure period to
<10 min., carefully applying the dosage of anaesthetic according to
Topic Popovic et al. (2012). The whole digestive tract was removed on
ice, intestinal part was cut off and cleaned of exterior fat. Afterwards, in-
testinal fish parasites, acanthocephalans, and the gut content were re-
moved from the intestine and tissue was rinsed with MQ water.
Tissues were weighed and then stored in liquid nitrogen until
transported to the laboratory, where samples were kept at —80 °C
until further analyses.

2.2. Tissue preparation and homogenization

Each sample of intestinal tissue was divided in three parts appropri-
ate for homogenization procedure related to the GSH measurement, MT
measurement and measurement of other biomarkers and metals. Prior
to GSH measurement, intestinal tissues were homogenised in five vol-
umes of ice-cold 5% sulfosalicylic acid (SSA) and then centrifuged at
10,000 xg for 10 min at 4 °C (Biofuge Fresco, Heraeus, Germany). Prior
to MT measurement, fish intestinal samples were homogenised in five
volumes of 20 mM Tris-HCl buffer, pH 8.6 with 0.5 M sucrose, 0.5 mM
phenylmethylsulfonilfluoride (PMSF), 0.006 mM leupeptine, and
0.01% (3-mercaptoethanol as a reducing agent. The homogenates were
afterwards centrifuged at 50,000 xg for 2 h at 4 °C. Samples of fish intes-
tine used for measurement of other biomarkers and metals were
homogenised in five volumes of cooled homogenization buffer contain-
ing 100 mM Tris-HCl/base (Merck, Germany, pH 8.1 at 4 °C) with 1 mM
DTT (Sigma, USA) as a reducing agent, 0.5 mM PMSF (Sigma, USA) and
0.006 mM leupeptin (Sigma) as protease inhibitors (Filipovi¢ Mariji¢
and Raspor, 2010). In all cases homogenization was performed in an
ice cooled tube using Potter-Elvehjem homogenizer (Glas-Col, USA)
and the resulting homogenates were afterwards centrifuged in the
Avanti J-E centrifuge (Beckman Coulter, USA) at different settings de-
pending on biomarker analyses. For MDA analyses, homogenates were
centrifuged at 3000 xg for 10 min at 4 °C, for analyses of AChE and
CAT activity remaining homogenates were centrifuged at 10,000 xg
for 30 min at 4 °Cto get post-mitochondrial fraction. Lastly, obtained su-
pernatants at 50,000 xg for 2 h at 4 °C represented cytosolic tissue frac-
tion and were used for metal and TP analyses. All obtained supernatants
were separated and stored at —80 °C for subsequent analyses.

2.3. Digestion of cytosolic fractions and determination of total dissolved
macro and trace elements

Cytosolic fractions were digested in duplicates by addition of oxida-
tion mixture (v/v 1:1), which contained concentrated HNO; (Rotipuran®
Supra 69%, Carl Roth, Germany) and 30% H,0, (Suprapur®, Merck,
Germany) (v/v 3:1). Homogenization buffer was used as a blank and
treated the same way as the samples. Digestion was performed in the lab-
oratory dry oven at 85 °C for 3.5 h. Following digestion, samples were di-
luted with Milli-Q water by dilution factor 20 for Na, K, and Mg, and 5 for
the remaining elements. Indium (1 pg L™, Indium Atomic Spectroscopy
Standard Solution, Fluka, Germany) was added to all solutions as an inter-
nal standard to correct the changes in peak intensities due to instrumental
drift and matrix suppression (Fiket et al., 2007). During the analyses, the
validation of acid digestion efficiency of cell cytosolic fraction was per-
formed by the digestion of dogfish muscle certified reference material
for trace metals (DORM-2, National Research Council of Canada, NRC,
Canada). The recovery means (£SD, n = 5) of the trace elements studied
from the reference material (As, Cd, Co, Cu, Fe, Mn, Ni, Se, Tl and Zn) are
presented in Table 1.

High resolution inductively coupled plasma mass spectrometer (HR
ICP-MS, Element 2; Thermo Finnigan, Germany), equipped with an
autosampler SC-2 DX FAST (Elemental Scientific, USA) was used to ana-
lyze 20 macro and trace elements. Measurements of #Se, #°Rb, “*Mo,
¢d, 1*3Cs, and 2°°Tl were operated in low resolution mode; of *>Na,
24Mg, “2Ca, 47Ti, 5'V, **Mn, °Fe, 3°Co, %°Ni, %3Cu, ®Zn, and #¢Sr in me-
dium resolution mode; and of *°K and 7As in high resolution mode.
The external calibration was performed using 2 calibration solutions.
For macro elements, multielement stock standard solution containing
Ca20glL '"'Mg04gL ' Na10gL ' andK 2.0 gL' (Fluka,
Germany) was used for preparation of calibration standards. Calibration
solution for the trace elements was prepared by dilution of 100 mg L™}
multielement stock standard solution (Analitika, Czech Republic) sup-
plemented with Rb (Sigma-Aldrich, Germany) and Cs (Fluka,
Germany). The accuracy and the precision of HR ICP-MS measurements
was tested using quality control sample for macro-elements (QC
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Table 1

Validation of acid digestion efficiency presented as certified and measured metal values
(mean + S.D.. n = 5) in certified reference material (DORM-2, National Research Council,
Canada) and calculated recoveries.

Metal Certified value Measured value Recovery
(DORM-2) (DORM-2) (%)
mgkg ™!
As 18.0 + 1.7 186+ 14 103
Cd 0.043 + 0.008 0.044 + 0.003 105
Co 0.182 + 0.031 0.18 £ 0.012 99
Cu 2.34 £0.16 235+ 0.073 100
Fe 142 £ 10 1429 £7.13 101
Mn 3.66 + 0.34 3714+ 023 101
Ni 194 + 3.1 1911 +£1.11 99
Se 14 +0.09 143 + 0.07 102
Tl 0.004 0.004 + 0.0005 100
Zn 256 +£23 24.28 +2.08 95

Minerals, Catalog number 8052, UNEP GEMS, Burlington, Canada) and
for trace elements (QC trace metals, catalog no. 8072, UNEP GEMS, Bur-
lington, Canada). A generally good agreement was observed between
our data and certified values, with the following recoveries (%) (based
on two measurements in control sample for trace elements and two
measurements for macro elements): As (100.7 + 6.7), Ca (95.5 +
1.6), Cd (95.1 & 0.7), Co (98.3 & 0.2), Cu (97.9 £ 0.0), Fe (99.7 &+
2.6), K (92.5 £ 4.2), Mg (93.5 £ 4.9), Mn (98.1 & 0.0), Na (96.2 &
3.4), Ni (94.1 + 5.0), Se (100.8 + 6.1), Sr (100.8 + 0.6), Ti (80.3 £+
0.5), T1 (96.0 + 0.8), V (101.1 + 0.3), and Zn (96.0 + 1.3). Limits of de-
tection (LOD) were calculated as three standard deviations of ten con-
secutive trace element determinations in the blank sample (100 mM
Tris-HCl/Base, 1 mM dithiotreitol) digested according to the procedure
for cytosols. LOD for macro elements, in pg g ', were as follows: Ca,
1.07; K, 0.112; Mg, 0.024; and Na, 0.320, and LOD for trace elements,
in ng g~ ', were as follows: As, 6.72; Cd, 0.430; Co, 0.266; Cs, 0.102;
Cu, 13.5; Fe, 141; Mn, 0.810; Mo, 0.680; Ni, 8.55; Rb, 0.339; Se, 2.93;
Sr, 1.09; Ti, 4.76; T1, 0.001; V, 2.86; and Zn, 635.

2.4. Biomarkers determination

24.1. Determination of AChE and CAT activities

The AChE and CAT activities were determined in postmitochondrial
fraction (S10). AChE was analyzed according to the method described
by Ellman et al. (1961). The reaction mixture consisted of the sample,
100 mM Tris-HCl buffer (pH 7.5 at 25 °C) and 1.6 mM DTNB (5,
5-dithiobis-2-nitrobenzoic acid). After incubation in dark for 15 min,
measurement of the enzyme activity was initiated by the addition of
20 mM acetylthiocholine iodide. The increase in absorbance at 412 nm
was monitored immediately following the addition of acetylcholine io-
dide. The enzymatic activity was expressed as nmol of acetylthio-
choline hydrolysed per min per mg of protein, using the absorption co-
efficient of 13.6 mM ' ecm ™! for calculations (Stepi¢ et al., 2013).

Measurement of the CAT activity was performed spectrophotomet-
rically at 240 nm and 25 °C following the method by Claiborne (1985).
According to the procedure, sodium phosphate buffer (50 mM,
pH 7.0) and hydrogen peroxide (30%) were used to prepare 15.8 mM
H,0,, which was added to 10 times diluted sample. The specific enzyme
activity was expressed as pmol of degraded H,0, per min per mg of pro-
tein calculated with a molar extinction coefficient of 43.6 M~ ' cm ™.
Protein concentrations in S10 fractions were determined by the method
of Lowry et al. (1951).

2.4.2. Determination of GSH levels

Total GSH concentration was measured in ten-times diluted super-
natants using a spectrophotometric DTNB-GSSG reductase recycling
assay (Tietze, 1969). The procedure for the microtiter plate assay is
adapted from the protocol described by Rahman et al. (2006). All

solutions were made in 0.1 M potassium phosphate buffer with added
1 mM EDTA disodium salt, pH 7.5. Volume of 150 pL of a solution con-
taining DTNB (3.79 mM) and GR (glutathione reductase; 6 U/mL) was
added to the sample in the plate. The plate was mixed and left in dark
for 5 min. Following, 50 pL of NADPH (0.192 mM) solution was added
and the absorbance at 412 nm was measured in intervals of 1 min for
5 min. GSH standards (3.125-25 nM mL~') were prepared in 0.5%
SSA and a calibration curve was used to calculate the GSH levels. The
values were expressed as nmol of GSH per g of wet tissue mass.

2.4.3. Determination of the MDA concentration

Determination of MDA concentration was performed spectrophoto-
metrically after the reaction of MDA with 2-thiobarbituric acid (TBA) ac-
cording to Botsoglou et al. (1994) and Ringwood et al. (2003). Firstly, a
mixture of 1% butylated hydroxytoluene (BHT, Sigma-Aldrich, USA) dis-
solved in ethanol (CARLO ERBA Reagents, Italy) and 10% trichloroacetic
acid (TCA, Kemika, Croatia) dissolved in Milli-Q water (BHT/ TCA =
1:100) was added to sample supernatant. Samples were then vortexed
and cooled for 15 min. Next, these mixtures were centrifuged in the
Biofuge Fresco centrifuge (Heraeus, Germany) at 4000 xg for 15 min
at 4 °C and obtained supernatants were transferred to 1.5-mL
Eppendorf® tubes. Following, TBA (Alfa Aesar, Germany) dissolved in
Milli-Q water was added. Tubes were then heated for 30 min at 100 °C
producing a pink, fluorescent product. Samples were left to cool and
transferred into microplate. The absorbance was set to 535 nm wave-
length and values were read at the spectrophotometer/fluorometer In-
finite M200 (Tecan, Switzerland). To calculate the MDA values, the
calibration curve was constructed using 8 concentrations (2-100 pM)
of MDA (Aldrich, USA) which was dissolved in 1 N HCl (Kemika,
Croatia). Homogenization buffer was used as a blank and treated in
the same way. Values were obtained as pM and finally calculated as
nmol of MDA per gram of wet tissue mass.

2.4.4. Determination of MT concentrations

MT determination involves ethanol/chloroform precipitation steps.
Afterwards obtained pellets were washed with 87% ethanol and 1%
chloroform in homogenizing buffer, centrifuged at 6000 xg for 12 min
and dried under nitrogen gas stream. Pellets containing MT were dis-
solved by addition of 35 pL of both 0.25 M NaCl and a solution of
4 mM EDTA/1 M HCL. The thiol group content was analyzed using
DTNB dissolved in 0.2 M Na-phosphate/2 M NaCl, pH 8. The absorbance
was read at 412 nm at spectrophotometer/fluorometer (Infinite M200,
Tecan, Switzerland). The reduced glutathione (GSH) was used as a ref-
erence standard (2.5-30 pg GSH) and obtained calibration curve was
used to calculate the values. MT concentrations were expressed per
total cytosolic proteins (ug MT mg ™' proteins) which were determined
by the method of Lowry et al. (1951).

24.5. Determination of total cytosolic proteins concentrations

The concentrations of total proteins were measured according to
Lowry et al. (1951). Reagent A (copper tartrate, Bio-Rad) and Reagent
B (Folin reagent, Bio-Rad) were added to 20 times diluted S50 samples.
After 15 min waiting and appearance of a blue color, total proteins were
measured on a spectrophotometer at 750 nm wavelength (Infinite
M200, Tecan, Switzerland). Calibration was accomplished using a bo-
vine serum albumin (BSA) (Serva, Germany) as a reference standard
(0.25-2 mg ml "' BSA).

2.5. Statistical analyses

Statistical analyses were performed using SigmaPlot 11.0 (Systat
Software, USA). Data are presented as mean =+ standard deviation
(S.D.). Variability of metal concentrations and biomarker values in fish
intestine between two seasons and two sites were tested by Mann-
Whitney U test, since assumptions of normality and homogeneity of
variance were not always met. Correlation among different parameters
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was performed using Spearman correlation analysis. Levels of signifi-
cance of certain statistical test are indicated in the text.

3. Results
3.1. Fish biometric characteristics

Average total length and body mass of S. trutta specimens from the
karst Krka River did not show spatial but pointed to seasonal differ-
ences, with significantly higher fish biometric parameters in the au-
tumn season at both locations (Table 2). Gonadosomatic indices
followed the same trend, with significantly higher levels in the autumn
season at both locations, while HSI and FCI had higher values in spring
samples. In addition, FCI of fish from the Krka River downstream of
Knin were significantly higher compared to fish from the Krka River
source in both seasons (Table 2).

3.2. Cytosolic metal/metalloid concentrations in fish intestine

The results on metal/metalloid concentrations in the metabolically
available intestinal cytosolic fraction are the first of this kind for
S. trutta. Descending order of metal/metalloid levels with concentra-
tions higher than 100 pg kg~ ' are shown in Fig. 2a (the highest levels
of Zn and Fe in intestinal cytosol), while the ones with the concentra-
tions lower than 100 pg kg~ are shown in Fig. 2b (the lowest levels
of Cs and V in intestinal cytosol). Concentrations of macroelements in
the intestinal cytosol of brown trout were the highest for K and Na, as
presented in Fig. 3.

Total cytosolic metal/metalloid concentrations in brown trout intes-
tine were significantly higher in fish from the contaminated compared
to the reference site, in both seasons for Co and Se, in autumn for As
and Cu, and in spring for Ca and Sr (Figs. 2, 3). Average levels of these
metals were 2-4 times higher in fish from the contaminated compared
to the reference site. The same trend of higher accumulation in fish from
the contaminated site was valid for V, Ti and Zn concentrations, but
these differences were not significant in any season. On the other
hand, significantly higher metal levels in the intestinal cytosols of fish
from the Krka River source compared to the contaminated location
were evident for Cd (2-27 times), Cs and Tl (2 to 3 times) in both sea-
sons, and for Ni (6 times) only in autumn season (Fig. 2). Among 20
measured cytosolic metals/metalloids, there were no unique patterns
observed for Fe, K, Mg, Mn, Mo, Na and Rb, which levels were mostly
comparable or slightly higher either at contaminated or reference site
but without any significant differences (Figs. 2, 3).

Few cytosolic intestinal metals/metalloids showed seasonal differ-
ences, which were significant for As, Cs, Na and Ni in brown trout
from the river source and for Mo and Cd in fish caught downstream of
the town of Knin. Each of these elements followed the same trend of sig-
nificantly higher concentrations observed in autumn than spring cam-
paign (1.2-10 times), with exception of As which levels were higher
in spring than autumn for 13 times (Figs. 2, 3).

Table 2

3.3. Biomarker responses in brown trout intestine

3.3.1. Biomarker of exposure to organophosphorous pesticides and metals -
AChE

In the present research, average values of AChE activity in brown
trout intestine did not show any spatial or temporal significant differ-
ences. However, AChE activity was decreased in fish dwelling at the pol-
lution impacted site and this difference was more pronounced in spring
indicating possible pesticide or metal exposure. Average values of AChE
activity found in our study ranged from 7.52 4+ 1.66 to 9.36 +
3.49 nmol min~' mg~! prot. if both seasons and both locations were
considered (Fig. 4a).

3.3.2. Biomarkers of antioxidative capacity - CAT and GSH

There was no unique spatial or seasonal pattern in CAT activity in
brown trout intestinal tissue (Fig. 4b). Slightly higher values were ob-
served in fish from the contaminated site compared to the reference lo-
cation in autumn, while seasonal differences showed higher CAT
activity in spring compared to autumn season in fish from the river
source. Average values of CAT activity ranged from 13.51 + 5.64 to
18.34 + 6.87 pmol H,0, min~"' mg ™! prot. if both seasons and both lo-
cations are considered and there were no significant season- or site-
specific differences observed.

GSH levels in the brown trout intestinal tissue showed both spatial
and seasonal significant differences (Fig. 4c). Spatial differences were
significant in autumn, when 1.5 times higher GSH levels were recorded
in fish from the contaminated site compared to the reference site. Sea-
sonal difference was observed only at the contaminated site with signif-
icantly higher values obtained in autumn (1642.3 + 256.6 nmol g ' w.
w.) than in spring (1277.7 + 289.7 nmol g~ ' w.w.), while levels ob-
served in fish from the Krka source were almost the same in both sea-
sons (Fig. 4c).

3.3.3. Biomarker of oxidative stress — MDA

MDA concentrations showed slightly higher average values in fish
originating from the location downstream of wastewater discharges, es-
pecially in autumn, but still not significantly. Also, seasonal differences
were not significant although average MDA concentrations were higher
inautumn (152.97 + 58.36 and 166.1 + 41.19 nmol g~ ' w.w. at the ref-
erence and anthropogenically impacted site, respectively) than in
spring (147.11 + 36.71 and 148.7 + 44.63 nmol g~ ' w. w. for the refer-
ence and anthropogenically impacted site, respectively) (Fig. 4d).

3.3.4. Biomarker of metal exposure - MT

Significantly higher MT levels were evident in the intestinal tis-
sue of fish from the Krka River source in the spring compared to
the autumn season. As seen in Fig. 4e, average MT concentrations
in spring (7.03 + 2.07 ug MT mg~' prot.) were almost two times
higher than in October (4.26 + 0.53 pyg MT mg ' prot.) in fish from
the reference location. Spatial differences were not significant, al-
though higher MT levels were evident in spring in fish from the ref-
erence location compared to the contaminated one.

Biometric parameters (mean - S.D. (min.-max.)) of S. trutta caught in the Krka River at the reference (Krka River source) and contaminated site (Krka downstream of Knin) in two sam-
pling campaigns (autumn- October 2015 and spring- May 2016). Statistically significant differences (Mann-Whitney U test) at p < 0.05 level between two seasons at each sampling site are
marked with asterisk (*) and between two sampling sites within the same season are assigned with different superscript letters (A and B).

Krka River source

Krka downstream of Knin

Autumn 2015n = 16

Spring 2016 n = 16

Autumn 2015 n = 20 Spring 2016 n = 16

Total length (¢cm) 24.15 + 4.29" (18-30.8)

Body mass (g) 152.71 + 78.64" (59.53-303.7) 66.09 + 19.64" (36.6-107.2)
FCI (g cm~2*100) 1.00 + 0.08" (0.84-1.13) 1.04 + 0.06" (0.94-1.15)
HSI (%) 0.92 + 0.25" (0.53-1.36) 1.27 £+ 0.30" (0.88-1.97)
GSI (%) 3.72 + 249" (0.11-8.07) 0.40 + 0.33" A (0.13-1.40)
Sex (M/F/ND) 10/5/1 10/6/0

18.36 + 1.94" (15.2-22.1)

23.16 + 549" (13-31.8)

165.45 + 108.96" (22.15-424.3)
1.12 + 0.10"  (0.98-1.38)

0.97 + 0.12* (0.76-1.21) 1.50 + 0.47* (1.05-3.04)
2.30 & 261" (0.02-7.05) 0.15 + 0.06™ ® (0.07-0.25)
10/10/0 8/8/0

19.64 -+ 3.19" (13.8-26.7)
96.01 -+ 45.49* (31.45-200.7)
1.19 + 0.09%  (1.05-1.37)

HSI -hepatosomatic index; GSI -gonadosomatic index; FCl - Fulton condition index, ND - not determined.
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3.3.5. Biomarker of a general stress - TP higher average TP levels in fish from the wastewater impacted site

Site specific differences in protein levels pointed to higher values in (54.1 mg g~ ' w. w.) than the reference site (47.8 mg g~ ' w. w.). At
fish caught near the town of Knin than the reference location (Fig. 4f). both locations, TP levels were a bit higher in spring season than in au-
These differences were significant only in autumn, with 1.13 times tumn, but not significantly (Fig. 4f).
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Fig. 2. Cytosolic trace metals concentrations (mean + S.D,, pg kg ') in intestinal tissue of S. trutta from the Krka River at two sampling sites (reference site: Krka River source; contaminated
site: Krka downstream of Knin) in two sampling campaigns (autumn- October 2015 and spring- May 2016); a) elements with average concentrations above 100 ug kg~ ', b) elements with
average concentrations below 100 g kg ~'. Statistically significant differences (Mann-Whitney U test) at p < 0.05 level bx two ateach sampling site are marked with asterisk
(*) and solid line, and between two sampling sites within the same season are assigned with different superscript letters (A and B) and dashed line. Site legend: white - Krka River source,
autumn season; dashed-white - Krka River source, spring season; grey - Krka downstream of Knin, autumn season; dashed-grey - Krka downstream of Knin, spring season.
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Fig. 2 (continued).

4. Discussion
4.1. Biometric characteristics
Sampled population of brown trout from the karst river confirmed

seasonality of biometric parameters in relation to fish physiology.
Higher values of total length, body mass and GSI observed in autumn

season at both locations are in accordance with brown trout biology
and spawning period which occurs in late autumn (Mrakovcic et al.,
2006; Hajirezaee et al., 2012). On the other hand, the opposite trend
of HSI and FCl is probably a result of the mobilization of energy reserves
needed for reproductive development, as well as of higher food supply
during the spring period (Moddock and Burton, 1999). In both seasons,
significant site specific differences suggested the influence of pollution
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Fig. 3. Cytosolic macroelements concentrations (mean + S.D.,, mg kg~ ') in intestinal tissue of S. trutta from the Krka River at two sampling sites (reference site: Krka River source;

contaminated site: Krka downstream of Knin) in two sampling (

- October 2015 and spring- May 2016). Statistically significant differences (Mann-Whitney U test)

at p < 0.05 level between two seasons at each sampling site are marked with asterisk (*) and solid line, and between two sampling sites within the same season are assigned with

different superscript letters (A and B) and dashed line. Site legend: white - Krka River source, autumn season; dashed-white - Krka River source, spring season; grey - Krka
downstream of Knin, autumn season; dashed-grey - Krka downstream of Knin, spring season.

gradient on FCl, i.e. higher FCI levels downstream of the town of Knin
compared to the Krka River source might be associated to higher con-
centrations and consequently better availability of nutrients at the an-
thropogenically impacted site (Lambert and Dutil, 1997; Couture and
Rajotte, 2003). In the literature data the opposite trend of lower FCI
values in metal polluted locations is also frequently observed
(Laflamme et al., 2000; Rajotte and Couture, 2002; Couture and
Rajotte, 2003), rising to conclusion that the wastewater impact near
the town of Knin did not induce defense mechanism of fish in a way
to require a lot of energy which would result in decreased FCI.

4.2. Cytosolic metal/metalloid concentrations in fish intestine

Intestinal metal/metalloid levels in fish cytosol reflect soluble metal
fraction which might be bound to cytosolic biomolecules and

correspond to the dietary metal uptake route. Previous studies have al-
ready reported ecological status and total dissolved metal/metalloid
concentrations in the river water from the same locations (Filipovi¢
Mariji¢ et al., 2018; Serti¢ Peri¢ et al., 2018). In these studies, few
physico-chemical water parameters (temperature, conductivity, total
dissolved solids and total water hardness) indicated slightly degraded
ecological conditions at the anthropogenically impacted site and in-
creased dissolved metal levels in water at the same site compared to
the river source, especially for Fe, Li, Mn, Mo, Sr, Rb and Ca. The highest
increase was recorded for Fe and Mn, which levels were 17 times and 38
times higher near town of Knin compared to the reference site, respec-
tively, while other metals showed the increase in average levels from
1.2 to 2.2 times (Filipovi¢ Marijic et al., 2018; Sertic Peric et al,, 2018).
However, despite these differences, metal levels along the Krka River
watercourse were rather low and mostly comparable to metal levels
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Fig. 4. Biomarker levels in intestinal tissue of S. trutta from the Krka River at two sampling sites presented as mean values + S.D. (reference site: Krka River source; contaminated
site: Krka downstream of the town of Knin) in two sampling campaigns (autumn- October 2015 and spring- May 2016) (n = 16, except at Krka downstream of the town of Knin
in autumn where n = 20). Statistically significant differences (Mann-Whitney U test) at p < 0.05 level between two seasons at each sampling site are marked with asterisk (*)
and solid line, and between two sampling sites within the same season are assigned with different superscript letters (A and B) and dashed line. Site legend: white - Krka River

source, autumn season; dashed-white - Krka River source, spring season; grey - Krka downstream of Knin, autumn season; dashed-grey - Krka downstream of Knin, spring
season.
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reported for other karst ecosystems (Dossi et al., 2007; Cukrov et al.,
2008, 2012) or lower compared to anthropogenically impacted world
rivers (Filipovi¢ Marijic et al., 2018). This can be explained by effective
self-purification process of the Krka River, which is contributed by the
input of underground water, sinking of contaminants in lake sediments
and changes in water levels (Cukrov et al., 2008; Filipovi¢ Marijic et al.,
2018). Obtained results on environmental conditions in the river water
were compared with the metal/metalloid accumulation in fish intestine,
which mostly reflected the similar pattern as already recorded for total
dissolved metals/metalloids in the river water (Filipovi¢ Marijic et al.,
2018; Sertic Peric et al., 2018) and therefore, indicated bioavailability
and dietary intake of these metals in fish intestinal tissue. Accumulation
of metals in fish from the location influenced by technological and mu-
nicipal wastewaters was significant and over 3 times increased for Co,
As and Sr when compared to their levels in fish from the river source
(Figs. 2a, b). However, few elements showed the opposite trend with
significantly higher concentrations in fish from the Krka River source,
like Cd, Cs, Tl. Such results are in accordance with total and cytosolic
concentrations of metals/metalloids in the liver of the same S. trutta
from the reference location (Dragun et al., 2018), while levels of these
elements in water were uniform along the Krka River watercourse,
meaning that their concentrations in the water of the river source
were comparable to those in the polluted area (Filipovi¢ Marijic et al.,
2018; Sertic Peri€ et al.,, 2018). Increased metal levels in fish tissues
from the Krka River source might be of natural origin, which is in the
case of Cd mobilization of naturally occurring Cd, especially from dolo-
mites in the karst area (Cukrov et al., 2008). Diet content might be an
important source of Tl as already observed in juvenile fathead minnows
by Lapointe and Couture (2009), although the bioaccumulation of wa-
terborne Tl was shown to be more rapid than dietborne but both expo-
sure routs were suggested as a risk of toxicity. However, the cause of
higher metal concentrations in fish from the reference location cannot
be definitely explained without further investigations, which should in-
volve metal measurement in fish food and river sediment as their possi-
ble sources, especially if considering intestine as an organ of food uptake
and its importance in fish digestion and nutrient absorption. Analysis of
metals in the gut content of some fish species like European chub
(Squalius cephalus) (Filipovic Mariji¢ and Raspor, 2012), carp (Cyprinus
carpio) (Kraal et al., 1995), pike (Esox lucius) and bream (Abramis
brama) (Rajkowska and Protasowicki, 2013) and rainbow trout
(Oncorhynchus mykiss) (Kamunde et al., 2002) have already showed
the importance of dietborne metal intake.

Observed seasonal differences in cytosolic intestinal metal levels
might be linked to fish physiology. Most metals/metalloids showed
higher levels in autumn than in spring, probably as a result of fish phys-
iological changes related to the reproductive period of brown trout in
late autumn. Dependence of metal levels upon fish reproductive period
can be explained by the fact that essential metals have important roles
in fish metabolism, as constitutive part of proteins and other important
biological molecules (Miramand et al., 1991; Filipovi¢ Mariji¢ and
Raspor, 2010, 2014). In addition, Sertic Peric et al. (2018) reported
that concentrations of total dissolved metal levels in the river water
were also higher in autumn than spring period.

Comparison of metal/metalloid concentrations in cytosolic fraction
of brown trout intestine (Figs. 2, 3) with other literature data was pos-
sible only for cytosolic metal levels in intestine of European chub from
the Sava River, which showed the same descending order of metal levels
and even comparable concentrations for Zn > Fe > Cu > Mn > Cd
(Filipovi¢ Mariji¢ and Raspor, 2012).

4.3. Biomarker responses in brown trout intestine

Combined use of set of different biomarkers enables a more compre-
hensive and integrative assessment of environmental quality (Broeg
and Lehtonen, 2006; Humphrey et al., 2007). In the present study
multi-biomarker approach was applied, in order to assess biological

responses of native fish exposed to the mixture of contaminants in the
karst aquatic environment.

Inhibition of AChE activity is commonly used as a biomarker of or-
ganophosphorous and carbamate exposure in both aquatic and terres-
trial environments (Lionetto et al., 2011). However, inhibition of AChE
activity might be caused by other contaminants such as heavy metals,
polycylic aromatic hydrocarbons or detergents (Elumalai et al., 2007;
Richetti et al., 2011), which also might play important role in AChE ac-
tivity in the present study. Our results on decreased AChE activity, al-
though not significantly, in fish intestine from the area near the town
of Knin in both seasons (Fig. 4a), might indicate metal and fertilizer in-
fluence on AChE activity inhibition in fish caught downstream of the
polluted area. Although this decrease was not significant in the fish in-
testine (Fig. 4a), it was discernible especially in spring, as period of
crop germination and increased usage of fertilizers. In addition, many
cytosolic metals in fish intestine had higher levels at the contaminated
site than at the reference site (Figs. 2, 3), possibly affecting enzyme in-
hibition as well. Correlation analysis confirmed significantly negative
correlation of AChE with Zn (r = —0.59, p <0.05), Fe (r = —0.63,p <
0.01), Mn (r = —0.70, p < 0.01) and Sr (r = —0.89, p < 0.001) levels
in intestinal cytosol, indicating metal influence on AChE inhibition.
Szabé et al. (1991) reported that intestine of rainbow trout was an
organ with the lowest AChE activity in comparison to the brain, muscle
and heart. In the same research, trout was described as a species with
the lowest AChE activity in the intestinal tissue in comparison to 11
other fish species, which average value was 10 nmol min~' mg~'
prot. In the present research, average values of AChE activity in fish
from the reference site were around 9 nmol min~' mg ' prot.
(Fig. 4a) which is in agreement with the mentioned literature values.

Pollution impact near the town of Knin was also evaluated by two
biomarkers of the antioxidant capacities, CAT and GSH. Our results sug-
gest that fish were subjected to oxidative stress according to slightly
higher CAT activities (Fig. 4b), as well as by the significantly higher
values of GSH in autumn at contaminated compared to the reference
site, respectively (Fig. 4c). CAT activity has already been measured
in vitro and in vivo in the intestine of freshwater fish Oreochromis
niloticus (Atli et al., 2006) and the values in control group (161.7 &
15.3 umol H,0, min~' mg~" prot.) and in fish exposed to Ag, Cd, Cr,
Cu and Zn (mostly ranging from 25 to 225 umol H,0, min~' mg ™"
prot. depending on the metals and their concentrations) were higher
compared to brown trout from the karst Krka River (ranging from
1351 to 18.34 pmol H,0, min " mg~! prot,, Fig. 4b). In our study, sig-
nificant correlation between CAT activity and cytosolic metal levels was
confirmed for Mo (r = 0.71, p<0.01) and Co (r = 0.88, p < 0.05) in the
intestine of fish from the location downstream of the wastewater
outlets.

GSH is involved in different metabolic and transport processes, the
protection of cells against toxic effects of different compounds, includ-
ing oxygen reactive species and heavy metals (Meister and Anderson,
1983; Canesi et al., 1999). In fish from the Krka River, the significant in-
crease in GSH levels was 1.5 times in fish from the contaminated com-
pared to the reference site in autumn and also 1.16 times in spring but
without significant difference (Fig. 4c). GSH showed significant seasonal
differences, with significantly higher levels in autumn than spring in
fish from the wastewater impacted site (Fig. 4c). Such results are in ac-
cordance with the higher metal concentrations in intestinal cytosol of
fish from the contaminated site in autumn, and therefore suggested
possible impact of metals on oxidative stress (Figs. 2, 3). There are
many literature data confirming that metals affect the cell antioxidant
system efficiency, like for example Cu, Se and Mo. Liu et al. (2005) re-
ported that longer exposure to different concentration of Cu induced a
significant increase of GSH content in liver of freshwater fish Carassius
auratus. Study on fish Piaractus mesopotamicus showed that Se supple-
mentation helped lessen free radical damage and boosts immune sys-
tem function (Biller-Takahashi et al., 2015). GSH levels and CAT
activity at the contaminated site were also in accordance with Mo
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concentrations pattern, which could be due to the formation of molyb-
date oxoanion which is known to cause the increase in the activities of
antioxidant enzymes like super oxide dismutase (SOD), glutathione
peroxidase (GPOX) and catalase (CAT) (Panneerselvam and
Govindasamy, 2004). To our knowledge, there is no literature data on
GSH levels in the fish intestinal tissue and our results can only indicate
that GSH levels in the intestine of brown trout were in range of the
values observed by Otto and Moon (1996) in the liver (1539 +
238 nmol g~ ' w. w.) and kidney (1993 + 66 nmol g~' w. w.) of the
adult rainbow trouts.

The elevated concentration of MDA directly reflects oxidative stress
in the organism as a consequence of lipid damage caused by free radi-
cals (Banerjee et al., 1999; Dragun et al., 2017). In our study intestinal
MDA levels did not show significant site- or season-specific differences.
Slightly higher MDA concentrations were only observed in fish caught
near the town of Knin in autumn (Fig. 4d). Such results are in accor-
dance with CAT and GSH results which pointed to moderate evidence
of oxidative stress, therefore oxidative stress damages by means of
MDA production were not observed. Metal catalyzed formation of reac-
tive ROS capable of damaging tissues such as DNA, proteins and lipids
has already been documented. For example, significant effect of dietary
Fe on MDA levels in the intestine and liver of rainbow trouts was ob-
served, which was reflected as small but persistent elevation of intesti-
nal MDA values positively correlated with increasing Fe levels in the gut
(Carriquiriborde et al., 2004). On the other hand, a research on dietary
Cuand Cd in Atlantic salmon revealed that no significant increase in tis-
sue MDA levels was observed in the intestine of fish exposed to dietary
Cd, while dietary Cu had a direct effect on lipid peroxidation even at rel-
atively low concentrations (Berntssen et al., 2000). Greani et al. (2017)
investigated the effect of chronic As exposure under environmental
conditions on oxidative stress in wild trout and significant increase of
MDA levels was observed in muscles, kidney, liver and fins of exposed
trouts. In our study, levels of As in intestinal cytosol of brown trouts
were higher at contaminated site than at the reference site in both sea-
sons, even significantly in autumn (Fig. 2b), while correlation analysis
confirmed significantly positive relation of MDA and Fe (r = 0.70, p <
0.01) and Ni (r = 0.71,p < 0.01) in fish from the contaminated location.
However, MDA levels were not significantly higher near the town of
Knin compared to the river spring, so the existing contamination in in-
vestigated area was not high enough to induce sufficient oxidative dam-
age in fish and was probably counteracted by antioxidant defense
mechanisms (CAT, GSH).

Spatial differences were also observed for TP levels, with signifi-
cantly higher values recorded in fish caught near the town of Knin in au-
tumn, but only slightly higher levels in spring (Fig. 4f), following the
trend of biomarkers of antioxidant capacities and pointing to more
stressful conditions for brown trouts at the site under the wastewater
impact. Additionally, significantly positive correlation between TP levels
and metal levels was observed for Mg (r = 0.50, p < 0.01), Cu (r = 0.69,
p<0.05), Mn (r = 0.74, p<0.05) and Zn (r = 0.69, p <0.05) in fish from
the contaminated site. However, temperature, oxygen levels and salin-
ity are also known as important factors influencing the protein turnover
rates in active tissues, but protein synthesis can also be correlated to
feeding habits (Peragon et al., 1994). Thus, higher protein content ob-
served in spring at both locations might also suggest that there were
more available food sources in spring, especially near the town of
Knin, which would be in accordance with the higher FCl and fish masses
from that site (Table 2).

The opposite response compared to other biomarkers was obtained
only for MT, which showed higher levels in fish from the reference than
polluted location in spring, but without significant differences (Fig. 4e).
Metallothionein induction has been widely considered as efficient bio-
marker for metal pollution in a variety of animal species (Ivankovi¢
et al., 2005; Mosleh et al., 2006; Filipovi¢ Mariji¢ and Raspor, 2010;
Calisi et al,, 2013). As one of the main MT roles is the regulation of essen-
tial metals like Zn and Cu, and detoxification of nonessential metals like

Cd, Hg and Ag, some of these metals might contribute to the higher MT
values in brown trout intestine in spring at both sites. At the Krka River
source, concentrations of Cd, Cu, and Zn were higher in the spring cam-
paign, although without significant differences, possibly affecting
higher levels of MT at this site in spring. MT induction in the intestine
of different fish species has already been confirmed by Handy et al.
(1999) and Berntssen et al. (1999) after dietary Cu exposure, by
Ptashynski and Klaverkamp (2002) after Ni exposure and by
Berntssen et al. (2001), Chowdhury et al. (2005) and Roesijadi et al.
(2009) after dietary Cd uptake. However, in polluted environment fish
are exposed to a mixture of different metals, and even when MT induc-
tion is shown, it is generally impossible to connect this elevated synthe-
sis to specific elements. In addition, MT levels may also be affected by
other parameters such as season, temperature, fish size, gender or nutri-
tional status (Hylland et al., 1998; Filipovi¢ Mariji¢ and Raspor, 2010).
Therefore, higher FCI, as well as higher protein content, in the spring
campaign at both sites, indicated the enhanced feeding during that pe-
riod which also might cause higher MT concentrations, which increase
was even significant at the reference location (Fig. 4e).

5. Conclusions

Biological responses in the intestinal tissue of S. trutta from two sites
of the karst Krka River in Croatia revealed that anthropogenic impact
downstream of the technological and municipal wastewater input was
evident for biomarker of antioxidant capacities (GSH) and general stress
(TP) and for numerous metals/metalloids measured in cytosolic intesti-
nal fraction. Concentrations of As, Ca, Co, Cu, Se and Sr were significantly
higher at the contaminated site near the town of Knin compared to the
reference location and pointed to a rising need of strict monitoring of
water quality and health of aquatic organisms in the Krka River. Cad-
mium, cesium and thallium levels were elevated in the intestinal cytosol
of fish from the Krka River source, but further investigation on metal
levels in food sources and sediment is needed to explain such pattern.
Therefore, intestinal tissue was shown as a useful indicator organ
which may reflect metal uptake and biological responses to contami-
nant effect or exposure caused by dietary pathways from food sources.

Significant biomarker responses in fish intestine, reflected as higher
GSH and TP levels, revealed that fish from the polluted area experienced
oxidative and general stress. But comprehensive evaluation of the
multi-biomarker response, also involving CAT, MDA, AChE and MT, sug-
gested that in fish living downstream from the wastewaters outlets no
significant indication of oxidative damage occurred, neither significant
correlation with most cytosolic metals/metalloids. Hence, the impact
of contaminants on the Krka River still seems to be only moderate but
it is of growing concern that both metals and some biomarkers indi-
cated anthropogenic impact on water and organisms near the town of
Knin. Thus, with the time, without the proper and continuous monitor-
ing and protection plan of the region, the consequences might be more
ruinous for the whole biota of the Krka River and the national park itself.
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ARTICLE INFO ABSTRACT

Keywords: The application of invasive fish Prussian carp (Carassius gibelio Bloch, 1782) as bioindicator organism, using

Metal contamination intestine as bioindicator tissue of anthropogenic influence in the lowland Ilova River was estimated. Intestinal

‘.;Y“S'e“;:"e"s tissue enables the investigation of dietborne metal uptake, so the first record on intestinal metal levels in Prussian
jomarxkers

carp was presented, as total and cytosolic fraction, which indicates the proportions of potentially toxic and
bioavailable metals. Pollution impact was also estimated by analyses of biomarkers of oxidative stress (malon-
dialdehyde), antioxidative capacity (catalase and glutathione) and of metal exposure (metallothioneins). All
analyzed parameters were compared in the intestine of fish from the reference site and contaminated site
impacted by technological and municipal wastewaters in two seasons. Both total and cytosolic As, Ca, Cd, Cs, Cu,
Mg, Na and Rb levels were significantly higher at contaminated than the reference site in at least one season,
whereas Mn and V had higher concentrations at the reference site. Despite differences in concentrations, average
proportions of total metal levels in cytosolic fraction were comparable at two sites, i.e. over 70% for Na, K, Rb,
Se, Cd, Cs, As and Mo, indicating their high possibility of binding to important biomolecules. In addition, higher
levels of malondialdehyde in both seasons and enhanced catalase activity in spring, indicated disturbed envi-
ronmental conditions near the contaminated site and need of continuous monitoring of this region. Finally, our
research represents successful application of widely distributed invasive species in ecotoxicological studies,
whereas intestine was shown as a suitable bioindicator tissue, clearly reflecting dietary metal uptake.

Oxidative stress
Subeellular metal distribution
Monitoring

2020a). Effluents of industrial and municipal wastewaters contain a
wide variety of pollutants depending on the type of activities, but high

1. Introduction

Prussian carp (Carassius gibelio Bloch, 1782), a cyprinid fish species
nowadays widely distributed in Europe and Asia, has a high invasion
potential and can tolerate unfavorable environmental conditions
including low oxygen levels, variable temperatures and high levels of
anthropogenic pollution (De Boeck et al., 2004). Accordingly, it is an
appropriate bioindicator in pollution assessment studies (De Boeck
et al., 2004; Falfushynska et al., 2011; Tsangaris et al., 2011), including
metal contamination. As a highly dominant fish species in the Ilova
River, it was chosen as a bioindicator organism to evaluate the extent of
existing anthropogenic impact on the biota of that ecosystem. Ilova
River is a lowland river in the continental part of the Republic of Croatia,
significant as a part of protected wetland area Lonjsko Polje Nature Park
but it is under the influence of municipal (Town of Kutina) and industrial
wastewaters (fertilizer factory) (Radic et al., 2013; Mijosek et al.,

* Corresponding author.
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concentrations of trace metals have been often reported in wastewaters
of those types (Mendiguchia et al., 2007).

Monitoring of trace and macro elements accumulation in Prussian
carp in existing studies was usually carried out by measuring their total
concentrations in commonly used target organs such as muscle, liver,
kidney and gills (Andreji et al., 2006; Has-Schon et al., 2008; Falfush-
ynska et al., 2011; Yabanli et al., 2014; Miloskovi¢ and Simic, 2015;
Dikanovi¢ et al., 2016; Zhelyazkov et al., 2018), but to our knowledge,
the intestinal tissue of Prussian carp has not yet been applied as indicator
tissue in metal exposure assessment. Despite its crucial role in fish
digestion and nutrient absorption, as well as dietborne metal uptake
(Clearwater et al., 2000), intestinal tissue is generally rarely applied as a
bioindicator tissue. Existing studies mostly reported on only total metal
concentrations in the intestine of different fish species (Dallinger and
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Kautzky, 1985; Staniskiene et al., 2006; Filipovi¢ Marijic and Raspor,
2010, 2012; Jarié¢ et al., 2011; Nachev and Sures, 2016; Yeltekin and
Saglamer, 2019), with only few exceptions by Filipovi¢ Mariji¢ and
Raspor (2012) and Mijosek et al. (2019a,b) who reported cytosolic metal
concentrations in European chubs and brown trouts, respectively. Total
concentrations, however, do not reflect biologically and metabolically
available metal content since in organisms, metals are involved in many
metabolic processes and end up incorporated in different cellular com-
ponents (Wallace et al., 2003), such as metal-rich granules or metal-
lothioneins (detoxified metal forms) and sensitive biomolecules
(nondetoxified metal forms) (Urien et al., 2018). Therefore, in the pre-
sent study, to get more information on subcellular partitioning of metals
and their potentially toxic levels and effects, we have measured both
total and cytosolic concentrations in the intestine of invasive fish Prus-
sian carp. Metals in cytosolic fraction can bind and interact with either
biologically available part containing microsomes and heat sensitive
proteins (e.g., enzymes) or detoxified part involving heat-stable proteins
(e.g., metallothioneins) (Bonneris et al., 2005; Urien et al., 2018).

Moreover, many environmental contaminants, including organic
compounds and metals lead to extensive formation of reactive oxygen
species (ROS) which consequently cause oxidative damage to cellular
biomolecules including DNA, proteins and unsaturated lipids in cell
membranes of organisms (Martinez-Alvarez et al., 2005). To overcome
adverse effects of ROS, fish have an efficient antioxidant defense system
involving both non-enzymatic compounds (vitamins E and C, gluta-
thione (GSH) and other thiols) and enzymatic compounds (catalase,
CAT; superoxide dismutase, SOD; and glutathione-S-transferase, GST).
Besides by directly increasing the cellular concentration of ROS, metals
promote oxidative damage also by lowering the cellular antioxidant
capacity (Pinto et al., 2003). Thus, in order to evaluate the extent of
oxidative stress and efficiency of antioxidant system in fish from the
Ilova River, levels of malondialdehyde (MDA) as biomarker of oxidative
damage and CAT activity as enzymatic antioxidant and GSH as non-
enzymatic antioxidant, as two biomarkers of antioxidative capacity,
were measured in their intestine. Additionally, biomarkers of metal
exposure, metallothioneins (MTs), were used, because their induction is
considered as a direct response to the elevated intracellular metal con-
centrations. Since levels of most biomarkers are known to be affected by
various biotic and abiotic factors (size, age, feeding behavior, oxygen
levels, pH, temperature, presence of contaminants) and organisms are
almost always exposed to multiple contaminants, using the multi-
biomarker approach, as in our research, better reflects real environ-
mental state and presence of certain contaminants (Martinez-Alvarez
et al., 2005).

Thus, the overall aim of the present study was to evaluate the po-
tential threats for the organisms and for the protected area of Lonjsko
Polje Nature Park by presenting, for the first time, metal cytosolic con-
centrations and proportions of potentially toxic metal fractions in the
intestine of Prussian carp, and by applying multi-biomarker approach to
assess the oxidative stress levels. In addition, we have estimated the
potential and benefits of applying intestinal tissue as a target bio-
indicator organ and dietary uptake site and invasive fish species Prus-
sian carp as bioindicator in metal risk assessment.

2. Materials and methods
2.1. Study area and fish sampling

Samplings of Prussian carps (C. gibelio) were conducted in the Ilova
River in the continental part of Croatia. Lower part of the river water-
course is nowadays known to be threatened by technological (petro-
chemical processing in fertilizer factory) and municipal (Town of
Kutina) wastewaters. Study was performed at two sites (reference and
contaminated) and two seasons (autumn 2017 and spring 2018) in order
to evaluate the application of fish intestine as a bioindicator tissue in the
real environmental conditions. Reference site was located near the Ilova

Ecological Indicators 122 (2021) 107247

village and upstream of the Town of Kutina and pollution sources.
Contaminated site was located near the Trebez village, about 8 km
downstream of the confluence of the Kutinica River that discharges in-
dustrial wastewater originating mostly from a fertilizer factory (Radic
etal., 2013), and is a part of protected area of Lonjsko Polje Nature Park.
Detailed description of the sampling sites was given by Mijosek et al.
(2020a). Radic et al. (2013) previously investigated the water contam-
ination at one sampling site of the Ilova River which was located
immediately downstream of the Town of Kutina, near the fertilizer
factory. They recorded higher values of Fe, Cd, Pb, Cr, Hg, Zn, Cu, and Ni
at this site near the factory compared to the reference site, but only
concentrations of Pb and Hg were above limits set by WHO (Radic et al.,
2013). Mijosek et al. (2020a) revealed that, during the same sampling
campaigns as in this study, majority of measured elements were signif-
icantly elevated in water near the Trebez village, with Al, As, Cd, Ni and
V being the most concerning elements as their concentrations were
several times higher in comparison to the Ilova village. Similar trends
were confirmed for sediments, where average level of Cd was about 20
times higher at the Trebez village compared to the Ilova village. 2-3
times higher levels at the Trebez village were observed for As, Cu, Ni, Pb,
U, V and Zn while other elements were either up to 2 times higher at that
site or comparable between the two investigated sites (Mijosek et al.,
2020a). Further, contamination and enrichment factors, as well as
pollution load indices, calculated for sediment samples, also indicated at
least slightly disrupted environmental conditions at the contaminated
site near the Trebez village (Mijosek et al., 2020a).

Chosen bioindicator organism, due to the highest abundance in the
Ilova River, was the invasive cyprinid fish species Prussian carp (Car-
assius gibelio Bloch, 1782). In autumn, 20 fish specimens were sampled at
each site, while in spring 23 and 20 fish individuals were sampled from
the reference and the contaminated site, respectively. As a standard
procedure, electro-fishing was used for the fish sampling, following the
Croatian standard HRN EN 14011 (2005). Captured fish were kept alive
in an aerated water tank for about 2-3 h before further processing.

2.2. Dissection and biometric parameters

All fish were euthanized using freshly prepared anesthetic tricaine
methane sulphonate (MS 222, Sigma Aldrich, USA) according to the
Ordinance on the protection of animals used for scientific purposes
(European Union, 2010). Following the fish sacrifice, total masses and
lengths were recorded, and the liver, gonads and posterior part of the
intestine were dissected and weighed. Posterior part of the intestinal
tissue of each fish was stored at — 80 °C until further analyses. Biometric
calculations involved different indices: hepatosomatic index (HSI =
(LM/M) x 100; Heidinger and Crawford, 1977), gonadosomatic index
(GSI = (GM/M) x 100; Wootton, 1990) and Fulton condition index (FCI
= (M/L3) x 100; Ricker, 1975), where M is the body mass (g), L is the
total length (cm), LM is the liver mass (g) and GM is the gonad mass (g).

2.3. Homogenization procedure

Homogenization was performed as already described by Mijosek
et al. (2019a,b). Prior to GSH analyses, a piece of intestinal tissue was
homogenized in 5 volumes of ice-cold 5% sulfosalicylic acid (SSA) using
Potter-Elvehjem homogenizer (Glas-Col, USA) and then centrifuged at
10,000 x g for 10 min at 4 °C (Biofuge Fresco, Heraeus, Germany).
Another piece of fish intestine used for the analyses of metals and other
biomarkers was homogenized in 5 volumes of ice-cold 100 mM Tris-
HCl/base (Merck, Germany, pH 8.1 at 4 °C) supplemented with 1 mM
dithiothreitol (DTT, Sigma, USA), 0.5 mM phenylmethylsulfonyl fluo-
ride (PMSF, Sigma, USA) and 0.006 mM leupeptin (Sigma, USA). Sam-
ples were homogenized by Potter-Elvehjem homogenizer (Glas-Col,
USA) in an ice cooled tube. Appropriate aliquot of each homogenate was
separated and set aside for subsequent digestion and analyses of total
metal levels (includes insoluble and soluble tissue fractions). The
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remaining part of homogenate was centrifuged by Avanti J-E centrifuge
(Beckman Coulter, USA) in few steps: supernatant obtained by centri-
fugation at 3000 x g for 10 min at 4 °C was used for MDA analyses, at
10,000 x g for 30 min at 4 °C for analyses of CAT activity and lastly at
50,000 x g for 2 h at 4 °C for the determination of cytosolic metal
concentrations (includes soluble tissue fraction) and MT analyses. Ob-
tained supernatants were all stored at — 80 °C until analyses.

2.4. Digestion of intestinal tissue fractions and determination of total and
cytosolic trace and macro elements concentrations

To prepare the samples for the metal quantitation, intestinal ho-
mogenates and cytosols were digested by adding the oxidation mixture
(v/v 1:3 for homogenates and v/v 1:1 for cytosols) of concentrated
HNOj (Rotipuran® Supra 69%, Carl Roth, Germany) and 30% H,0,
(Suprapur®, Merck, Germany) in the volume ratio of 3:1. Homogeni-
zation buffer represented a blank sample and was digested in the same
procedure as samples. Digestion procedure was performed in the dry
oven (FN 055, Nuve, Turkey) at 85 °C for 3.5 h. Following digestions,
samples were diluted with Milli-Q water, 1:20 prior to Na, K and Mg
analyses and 1:5 prior to Ca and trace element analyses (Dragun et al.,
2018; Mijosek et al., 2019b).

High resolution inductively coupled plasma mass spectrometer (HR
ICP-MS, Element 2; Thermo Finnigan, Germany), equipped with an
autosampler SC-2 DX FAST (Elemental Scientific, USA) was used to
determine the trace and macro elements concentrations. Determination
of 5 elements (**Se, sst, %Mo, ''cd and *3cs) was operated in low
resolution mode; of 11 elements (**Na, ?'Mg, **Ca, 'V, 5*Mn, *CFe,
59Co, 9Ni, %3cu, °°Zn and %°Sr) in medium resolution mode; and of 2
elements (391( and 75As) in high resolution mode. To correct changes in
peak intensities, In (1 pg L', Indium Atomic Spectroscopy Standard
Solution, Fluka, Germany) was used as an internal standard.

Two external calibrations were performed, one for the macro ele-
ments using multielement standard containing Na (1.0 g L™!), K (2.0 g
L"), Mg0O.4g L'l) andCa(2.0g L'l) (Fluka, Germany) and the second
calibration using multielement stock standard solution for trace ele-
ments (Analitika, Czech Republic) in which standard solution of Cs
(Fluka, Germany) and Rb (Sigma-Aldrich, Germany) were added. All
standards were prepared in 1.3% HNO3 (Suprapur; Merck, Germany).

Two quality control samples (QC) obtained from UNEP/GEMS were
used to check the accuracy and precision of HR ICP-MS measurements:
QC for trace metals (QC trace metals, catalogue no. 8072, lot no.
146142-146143; Burlington, Canada) and QC sample for macro ele-
ments (QC minerals, catalogue no. 8052, lot no. 146138-146139; Bur-
lington, Canada). Following recoveries were obtained (%) (based on
three measurements in control sample for trace elements and Ca and two
measurements for K, Mg and Na): As (94.0 + 3.7), Ca (95.6 + 1.2), Cd
(94.0 + 0.8), Co (96.0 + 1.9), Cu (97.2 + 2.2), Fe (93.1 + 4.7), K (95.8 +
1.2), Mg (90.4 + 2.5), Mn (93.5 + 3.7), Na (97.7 + 1.1), Ni (96.1 + 0.1),
Se (93.9 + 1.9), Sr (98.2 + 1.1), V (96.6 + 1.0) and Zn (97.2 + 3.6).

Limits of detection (LOD) were calculated as three standard de-
viations of ten consecutive metal measurements in the blank (homoge-
nization buffer) digested according to the procedure for cytosols. LOD
for trace and macro elements were already published by Dragun et al.
(2018) and Mijosek et al. (2019b).

Results obtained by measurement in digested homogenates present
total metal/metalloid concentrations, while the results obtained for
cytosolic fractions represent soluble, cytosolic metal/metalloid con-
centrations. All concentrations obtained in this study are presented
either as pg kg~ or mg kg ™! of wet tissue (w.w.) depending on the
element. Proportions of total metal/metalloid present in the cytosolic
fractions of the intestine of C. gibelio were calculated as ratios of cyto-
solic to total metal concentrations and finally expressed as percentages
(%).
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2.5. Biomarkers determination

2.5.1. Determination of the MDA concentration — biomarker of oxidative
stress

MDA levels were measured by spectrophotometrical method adapted
from Botsoglou et al. (1994) and Ringwood et al. (2003). Mixture of 1%
butylated hydroxytoluene (BHT, Sigma-Aldrich, USA) dissolved in
ethanol and 10% trichloroacetic acid (TCA, Kemika, Croatia) dissolved
in Milli-Q water (BHT/TCA = 1:100) was added to the supernatants
(S3), which were then put in a refrigerator at 4 °C for 15 min and
centrifuged at 4000 x g for 15 min at 4 °C. In thus obtained supernatants
2-thiobarbituric acid (TBA, Alfa Aesar, Germany) was added and the
samples were then heated at 100 °C for 30 min. After period of cooling,
the absorbance was read at 535 nm wavelength using the spectropho-
tometer/fluorometer microplate reader Infinite M200 (Tecan,
Switzerland). Calibration curve was constructed using 8 different con-
centrations of MDA (Aldrich, USA) dissolved in 1 N HCI (Kemika,
Croatia). Values were expressed as nmol of MDA per gram of wet tissue
mass. Detailed description was given by Mijosek et al. (2019b).

2.5.2. Determination of CAT activitiy and GSH levels — biomarkers of
antioxidative capacity

CAT activity was measured according to the spectrophotometrical
method of Claiborne (1985). 15.8 mM Hy0,, prepared of sodium
phosphate buffer (50 mM, pH 7.0) and hydrogen peroxide (30%), was
added to the ten times diluted samples. Absorbance was read at 240 nm
wavelength at 25 °C using the spectrophotometer/fluorometer micro-
plate reader Infinite M200 (Tecan, Switzerland). Final CAT activity was
expressed as pmol of degraded HyO; per min per mL and calculated
using a molar extinction coefficient of 43.6 M~ em ™.

Spectrophotometric DTNB-GSSG reductase recycling assay (Tietze,
1969) was used for the determination of total GSH levels. The procedure
for the microtiter plate assay was adapted from Rahman et al. (2006).
0.1 M potassium phosphate buffer supplemented with 1 mM EDTA
disodium salt, pH 7.5, was used for the preparation of all solutions.
Solution containing DTNB (3.79 mM) and glutathione reductase (6 U
mL 1) was added to the sample and the mixture was then vortexed and
kept in dark for 5 min. Next, NADPH (0.192 mM) solution was added
and the absorbance was read for 5 min in 1-min intervals at 412 nm.
Calibration curve, used to calculate final GSH concentrations, was made
using GSH standards (3.125-25 nmol mL‘I) which were prepared in
0.5% SSA. The results were expressed as nmol of GSH per g of wet tissue
mass.

2.5.3. Determination of MT levels — biomarker of metal exposure

Prior to the electrochemical MT determination, cytosols (S50 frac-
tion) were heat-treated to avoid possible interferences of thermosensi-
tive high molecular mass cytosolic proteins with the electrochemical MT
determination. As thermostable proteins, MTs remain in the solution
after the heat-treatment. To obtain heat treated supernatants (HT S50),
cytosolic fractions were firstly 10 times diluted with 0.9% NaCl
(Suprapur®, Merck, Germany) and then heated at 85 °C for 10 min in
the Dri Block (Techne, UK). Following, samples were placed on the ice
for 30 min at 4 °C and then centrifuged at 10,000 x g for 15 min at 4 °C
using Biofuge Fresco centrifuge (Kendro, USA) to get this MT rich
fraction (Erk et al., 2002).

MT concentrations were measured in HT S50 by differential pulse
voltammetry following the modified Brdicka procedure (Raspor et al.,
2001). 797 VA Computrace voltammetric measuring stand (Metrohm,
Switzerland) was used, equipped with a three-electrode system (hanging
mercury drop electrode, HMDE, as a working electrode, an Ag/AgCl/
saturated KCI reference electrode and a platinum counter electrode).
Electrolyte solution consisted of 2 M NH4Cl/NH4OH and 1.2 x 10> M
Co(NH3)6Cl3 (v/v 1:1), pH = 9.5, and was thermostated to 20 °C and
purged with the pure nitrogen. Applied measurement parameters were
adapted from Mijosek et al. (2018). Straight calibration line, constructed
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with the commercially available standard rabbit liver MT-2 (Enzo, USA),
dissolved in 0.25 M NaCl, was used for the calculation of MT concen-
trations which were presented as mg MT g~ of wet tissue (w.w.).

2.6. Statistical analyses

Main statistical analyses were made in SigmaPlot 11.0 (Systat Soft-
ware, USA), while Microsoft Office Excel 2007 was used for regular
calculations. Considering that assumptions of normality and homoge-
neity of variance were not always met, Mann-Whitney U test was applied
to test the significance of differences in metal concentrations and
biomarker values in the fish intestine between two seasons and two sites.
Differences were regarded as significant at p < 0.05. Following the
nonparametric analyses, correlation between parameters was tested
using Spearman correlation analysis. Data are presented as mean +
standard deviation (S.D.).

3. Results
3.1. Fish biometry

Spatial differences were evident as higher values of all biometric
parameters in fish from the Trebez village compared to the reference
site, except of comparable HSI levels in autumn. Trend was even sta-
tistically significant for total length in autumn, body mass and FCI in
both seasons and GSI in spring (Table 1). Seasonal differences pointed to
higher levels of almost all biometric parameters in autumn than spring,
being especially striking and significant for HSI at both locations, as well
as significant for body mass and FCI in fish from the Ilova village.
Exception was GSI which showed higher levels in spring at both loca-
tions, but statistically significant only at Trebez village (Table 1).

3.2. Total and cytosolic trace and macro elements concentrations in the
fish intestine

The results on total and cytosolic trace and macro element levels in
the intestine of C. gibelio represent the first data of this kind for this
invasive fish species. They are presented in three categories: a) elements
with higher concentrations at the contaminated site (Trebez village)
(Fig. 1); b) elements with higher concentrations at the reference site
(Ilova village) (Fig. 2); ¢) elements with mostly comparable concentra-
tions at both locations (Fig. 3).

Total metal levels, which represent the combination of both soluble
and insoluble metal fraction, as well as cytosolic levels, which only refer
to soluble metal fraction, showed various spatial and temporal patterns
among measured metals/metalloids. Total concentrations of Cd, Cs and
Cu were significantly higher at the contaminated site in both seasons,
and of As, Ca, Mg, Na and Rb in only one season (Fig. 1). In addition,
cytosolic Ca, Cd, Cs, Cu, Fe and Rb were significantly higher at the
contaminated compared to the reference site in both seasons and As, Mg

Table 1
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and Na in one season. Manganese and V were significantly higher at the
reference site in autumn and spring considering both fractions (Fig. 2),
whereas other elements (Co, K, Mo, Ni, Se, Sr and Zn) had mostly
comparable concentrations in both locations (Fig. 3). Seasonal trends
were not so clear, but concentrations of total and cytosolic Cd and Cs,
with the addition of total K were significantly higher in autumn
compared to the spring season in both locations, while the opposite
trend was shown significant for total and cytosolic As, Co and Sr, total
Mn and Zn and only cytosolic V. Other elements did not show clear
pattern (Figs. 1-3).

3.3. Proportions of intestinal trace and macro elements present in the
cytosolic fractions

Average proportions of total metal levels present in cytosolic intes-
tinal fraction, i.e. soluble tissue fraction where metals are capable of
binding to biologically important molecules, are presented in Table 2.
The ratio over 70% was found for Na, K, Rb, Se, Cd, Cs, As and Mo,
between 50% and 70% for Mg, Co, Zn, and Sr, while the average pro-
portions of Cu, Ca, Mn, Fe, V and Ni were below 50%.

3.4. Biomarker responses

3.4.1. MDA - biomarker of oxidative stress

MDA levels were significantly higher in fish caught at the location
near the Trebez village, showing approximately 2 to 3 times higher
average values at contaminated compared to the reference site in
autumn and spring, respectively (Fig. 4a). In both seasons, average MDA
concentrations were around 40 nmol g~ w.w. at the Ilova village site
and 87-105 nmol g’l w.w. at the Trebez village (Fig. 4a). Seasonal
differences were not significant and did not show clear trend.

3.4.2. CAT and GSH - biomarkers of antioxidative capacity

Regarding CAT activity, significant spatial difference was observed
in spring with elevated enzyme activity in fish from the contaminated
site. Seasonally, significant difference was observed at the reference site
with higher average activity in autumn (258.8 + 45.1 pmol H,0, min !
mL™1) compared to spring (200.8 + 51.3 pmol Hy0; min~! mL™")
(Fig. 4b). There were no significant seasonal differences at the
contaminated site, although average CAT activity was slightly higher in
spring (255.5 + 63.6 pmol Hy0, min ! mL™!) compared to autumn
(239.8 + 51.6 pmol Hy0, min ™! mL™).

GSH levels did not show significant and unique season- or site-
specific differences. Average value was slightly higher at the reference
site compared to the contaminated site in autumn, whereas opposite
pattern was visible in spring with higher values at the contaminated
location (Fig. 4c). Average values of GSH concentrations ranged from
1109.9 + 174.0 nmol g~ w.w. to 1329.7 + 299.1 nmol g~ w.w. when
both locations and seasons are considered (Fig. 4c).

Biometric parameters (mean + S.D.) of Prussian carp (Carassius gibelio) from the Ilova River at the reference (Ilova village) and contaminated site (Trebez village) in
two sampling campaigns (autumn and spring). Statistically significant differences (Mann-Whitney U test) at p < 0.05 level between two seasons at each sampling site
are marked with asterisk (*) and between two sampling sites within the same season are assigned with different superseript letters (A and B).

Location Season Total length (em) Body mass (g) GSI (%) HSI (%) FCI (g cm**100)
Ilova village Autumn 2017 16.2 + 1.6* 69.82 + 23.17% A 3.11 + 1.44 5.87 + 1.78* 1.59 + 0.09% A
g;ﬂig 2018 15.9 +2.2 54.57 + 21.43% 4 5.25 + 3.60% 1.44 + 0.53* 1.31 £ 0.10% A
Trebez village ::mz:m 2017 18.8 + 2.9% 122.34 + 58.13"% 4.67 + 2.68* 5.44 + 1.52* 1.70 + 0.12%
lsl;ixznz 2018 17.5 + 3.9 103.03 + 83.00" 7.63 £ 4.67% © 2.36 + 0.77* 1.67 + 0.15%
n =20

GSI —gonadosomatic index; HSI —hepatosomatic index; FCI — Fulton condition index.
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Fig. 1. Total and cytosolic concentrations of nine metals/metalloids in the intestine of Prussian carp from the Illova River at two sampling sites (reference: Ilova
village; contaminated: Trebez village) and two seasons that were elevated at the cc d site. Statistically significant differences (Mann-Whitney U test) at p <
0.05 levels between two seasons at each sampling site are marked with asterisk (*) and between two sampling sites within the same season are assigned with different
superscript letters (A and B).
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3.4.3. MT- biomarker of metal exposure

Significant differences in MT concentrations were not observed
regarding site or season. However, slightly higher MT induction was
evident at the contaminated compared to the reference site in both
seasons and in autumn compared to spring at both investigated locations
(Fig. 4d). Average values of MT concentrations ranged from 2.13 + 0.80
mg g ' w.w. to 2.57 + 0.93 mg g ! w.w. when both locations and
seasons are considered.

4. Discussion
4.1. Fish biometry

Significantly higher biometric parameters (TL, TM and FCI) at the
contaminated site indicated higher bioavailability of food and nutrients
(Lambert and Dutil, 1997) at that site, possibly connected with organic
matter sourcing from wastewaters discharged into the river watercourse
near the contaminated location. Contrary, in many studies, FCI decline
was observed at highly contaminated locations (Laflamme et al., 2000;
Rajotte and Couture, 2002; Zhelev et al., 2018). Thus, contamination of
the Ilova River evidently did not induce additional defense mechanisms
that might cause decreased FCI values. Additionally, these three pa-
rameters were higher in autumn than in spring at both investigated lo-
cations. Opposite trend was observed for GSI, with higher values in
spring which coincides with the spawning period of Prussian carp,
occurring from April to July (Sasi, 2008). Due to the high energy de-
mands during the fish reproductive development (Maddock and Burton,
1998), FCI and HSI often show the opposite trend than GSI, resulting in
mostly lower values in the spawning periods of different fish species
(Farkas et al., 2003; Sabrah et al., 2016; Mijosek et al., 2019b) and of
Prussian carp (Leonardos et al., 2008; De Giosa et al., 2014), as also
confirmed in our research.

4.2. Total and cytosolic trace and macro elements concentrations in the
fish intestine

Intestinal metal levels in fish cytosol represent elements in the sol-
uble tissue fraction which might bind to biologically important bio-
molecules and therefore potentially can cause toxic effects, whereas
total metal concentrations refer to total metal tissue load, including both
metabolically available and detoxified fractions. Our results pointed to
the differences in total and cytosolic metal concentrations, i.e. higher
total concentrations for several metals, but their quite similar spatial
patterns (Figs. 1-3).

As studies including fish intestine as target organ in metal pollution
assessments are still rare, data on total and cytosolic metal concen-
trations in the intestinal tissue of Prussian carp represent the first data

of such kind for this invasive fish. Descending order of total trace el-
ements in our research mostly followed the trend: Zn > Fe > Mn > Rb
>Cu>Se >Cd>Ni>Sr> Mo >As>Co >V >Cs (Figs. 1-3). The
highest total concentrations of Fe, Zn, Mn and Cu have already been
observed in the intestine of other investigated freshwater fish species:
rainbow trout (Dallinger and Kautzky, 1985), perch (Sures et al.,
1999), starlet (Jaric et al., 2011), European chub (Filipovi¢ Marijic and
Raspor, 2012), barbel (Nachev and Sures, 2016), brown trout (Mijosek
et al.,, 2019a) and Salmo trutta macrostigma (Yeltekin and Saglamer,
2019). The descending order of cytosolic elements in the intestine of
Prussian carp in our research was Zn > Fe > Rb > Cu > Mn > Se > Cd >
Sr > Ni > Mo > As > Co > V > Cs (Figs. 1-3), therefore mostly
following the same trend as the total metal concentrations and con-
firming the pattern of Zn > Fe > Cu > Cd for cytosolic intestinal metals
recorded in European chub from the Sava River (Filipovi¢ Marijic and
Raspor, 2012) and brown trout from the Krka River (Mijosek et al.,
2019a, 2019b), both in Croatia. Considering macro elements,
descending concentration order was K > Na > Mg > Ca in all
mentioned freshwater fish species.

In order to consider our results in the wider context, we made
comparison with the data on metal accumulation in liver, muscle and
gills of Prussian carp reported in other studies. Andreji et al. (2006)
investigated total metal concentrations in muscles of five fish species
from Nitra River (Slovakia), impacted by sewage waters, power plant,
chemical factory and lignite mines, and observed pattern for Prussian
carp was Fe > Zn > Cu > Mn > Cd > Ni > Co. In gills, liver and muscle of
Prussian carp from the agriculturally impacted Marmara Lake (Turkey)
descending order of investigated metals was Cu > Cd > Ni > Cr > Pb >
Al > As > Hg (Yabanli et al., 2014). Finally, Dikanovi¢ et al. (2016)
compared metal accumulation in liver, muscle and gills of nine fish
species from the Meduvrsje Reservoir (Serbia) which receives untreated
industrial and communal waters, and Prussian carp was shown as the
most effective accumulator of most metals and the highest concentra-
tions of Fe and Zn were observed in all tissues.

Metal accumulation in the intestine of Prussian carps was compared
with environmental metal concentrations in the water and sediments of
the Ilova River and their spatial patterns indicated higher levels of
several metals/metalloid in the area near the Trebez village. Cadmium,
Cs, Cu and Rb were 2-5 times higher in fish from the contaminated than
reference site depending on the season (Fig. 1), while in the water and
sediment samples Cd, Cs and Rb were also considerably higher near the
Trebez village (Mijosek et al., 2020a). It is already known that Cs and Cd
concentration in water is one of the main factors that affect their bio-
accumulation in organisms (Rowan and Rasmussen, 1994; Pinder et al.,
2011; Dragun et al., 2019). However, concentrations of V in water and
sediment samples were also significantly higher at the Trebez village,
but that trend was not observed in fish in the present research. Quite the
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Fig. 3. Total and cytosolic concentrations of seven metals/metalloids in the intestine of Prussian carp from the Ilova River at two sampling sites (reference: Ilova
village; contaminated: Trebez village) and two seasons with comparable concentrations in both sites. Statistically significant differences (Mann-Whitney U test) at p
< 0.05 level between two seasons at each sampling site are marked with asterisk (*) and between two sampling sites within the same season are assigned with
different superscript letters (A and B).
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Table 2

Average proportions of total metal/metalloid amounts pre-
sent in the cytosolic fractions (%) of the intestine of C. gibelio
from two sampling sites (reference site: Ilova village and
contaminated site: Trebez village) and two sampling cam-
paigns (autumn 2017 and spring 2018). The results are pre-
sented as mean + S.D. of all sites and campaigns, with average
range (minima and maxima) within brackets. Metals/metal-
loids are listed in the descending order.

Average proportion in cytosols

Na 109.9 + 7.2 (107.2-114.9)
K 102.8 + 5.7 (101.4-105.9)
Rb 92.9 + 5.2 (91.1-96.8)
Se 84.1 + 10.2 (80.8-87.2)
cd 79.9 + 5.9 (77.5-82.2)
Cs 79.0 + 11.8 (69.3-86.3)
As 72.8 + 11.7 (67.4-78.6)
Mo 71.5 + 8.0 (67.6-77.4)
Mg 66.3 + 4.7 (63.0-68.5)
Co 65.4 + 10.7 (61.1-70.6)
Zn 57.1 + 12.4 (49.8-62.8)
st 50.2 + 6.0 (48.4-52.4)
Cu 46.1 + 12.4 (38.8-54.0)
Ca 44.2 + 5.4 (42.4-46.1)
Mn 39.0 + 8.2 (35.5-47.1)
Fe 34.3 + 14.1 (22.1-45.5)
v 30.7 + 8.8 (26.1-36.2)
Ni 24.7 + 13.8 (19.0-30.7)

opposite, V concentrations were even 1.5-2 times higher in the intestine
of fish from the reference site (Fig. 2). As llova village is also located
near the agricultural area, enhanced V accumulation in fish might be the
consequence of using fertilizers, herbicides and insecticides which were
reported as possible metal sources of variety of metals, including V
(Dragun et al, 2011; Ramani et al, 2014). Additionally, V
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concentrations in fish might reflected their feeding behavior as die-
tborne metal uptake can be of equal or even higher importance than the
waterborne metal uptake (Clearwater et al., 2000). Manganese levels
were also significantly higher in fish from the reference site (Fig. 2), but
in water samples that difference was observed only in autumn (Mijosek
et al., 2020a). Hence, further research should involve determination of
metal concentrations in fish food as other possible metal source, espe-
cially due to intestinal role in food digestion and nutrient absorption.
Cobalt, K, Mo, Ni, Se, Sr and Zn had comparable concentrations in the
fish intestine from both sites (Fig. 3), which could also not be associated
to the environmental exposure from the water and sediments, indicating
strong regulative role of essential elements in fish, as already reported
for different species in many studies (Olsvik et al., 2000; Monna et al.,
2011; Dragun et al., 2019) and possible additional impact of feeding
habits on metal levels.

Although seasonal differences in our research were not so pro-
nounced and clear, for more elements elevated total and cytosolic levels
were recorded in spring at both investigated locations (Figs. 1-3). Sea-
sonal changes of metal concentrations in fish may result from factors
such as fish growth and reproductive cycle, changes in water tempera-
ture, pH or seasonal variations of metal exposure from water, food and
sediments. The link of metal concentrations and reproductive stage
might be due to increased metabolic needs for essential metals such as
Fe, Mn and Zn as constitutive part of important biomolecules (Miramand
et al., 1991; Filipovi¢ Mariji¢ and Raspor, 2010). Therefore, our results
on mostly higher metal levels in spring, the spawning period of Prussian
carp, might be related to the physiological changes during reproductive
period. Similar to our results, during the spawning periods of European
chub mostly higher essential metal levels were observed in the gill
(Dragun et al., 2007) and intestinal cytosols (Filipovic Mariji¢c and
Raspor, 2010), as well as in the intestinal cytosols of brown trouts
(Mijosek et al., 2019b).

Therefore, the cause of variability of metal content in the fish
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Fig. 4. Biomarker levels (a) MDA; b) CAT; ¢) GSH; d) MT) in the intestine of Prussian carp from the Ilova River at two sampling sites (reference: Ilova village;
contaminated: Trebez village) and two seasons (autumn and spring). Statistically significant differences (Mann-Whitney U test) at p < 0.05 level between two seasons
at each sampling site are marked with asterisk (*) and between two sampling sites within the same season are assigned with different superseript letters (A and B).
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intestine cannot be completely explained by waterborne metal uptake or
by sediments as alternative metal source so further research should
involve determination of metal concentrations in fish food as other
possible source since significance of dietary metal uptake has already
been shown in variety of freshwater fish species (Clearwater et al., 2000;
Lapointe and Couture, 2009; Filipovic Marijic and Raspor, 2012; Raj
kowska and Protasowicki, 2013).

4.3. Proportions of intestinal trace and macro elements present in the
cytosolic fractions of C. gibelio intestine

Trace and macro elements cytosolic fraction represent their portions
available to bind to physiologically important biomolecules, and
therefore, might be potentially toxic (Wallace et al., 2003; Urien et al.,
2018). Despite the differences in metal concentrations between the sites,
the portions of metabolically available metal contents in the intestine of
Prussian carps were mostly comparable at both locations. For Ca, Cu, Fe,
Mn, Ni and V < 50% of total metal levels were present in the soluble
cytosolic fraction, indicating their higher presence in tissue fraction
which is not considered as metabolically available. We have already
reported the proportion of Tl in the intestine of the same specimens to be
around 40% (Mijosek et al., 2020Db). Proportions of the other investi-
gated metals (As, Cd, Co, Cs, K, Mg, Mo, Na, Rb, Se, Sr and Zn) were >
50% in cytosol, where metals have a potential to become toxic by
binding to enzymes (metal-sensitive fraction), but can also be detoxified
by binding to cytosolic biomolecules, such as metallothioneins (Wallace
etal., 2003; Urien et al., 2018). Thus, although As, Cd, Cs, Mo, Rb and Se
were present in proportions even higher than 70% (Table 2), such result
does not necessarily reflect their toxic levels in organisms because it can
also indicate metals detoxified by metallothioineins, which cannot cause
harmful effects (Bonneris et al., 2005). As seen in Table 2, K and Na as
the main cations responsible for maintaining normal cytosolic osmo-
larity were completely present in the cytosols.

Cytosolic proportions of intestinal metal levels in other fish species
were reported only for brown trout from the karst Krka River (Mijosek
et al., 2019a, 2019b) and European chub from the lowland Sava River
(Filipovic Marijic and Raspor, 2012). The average percentages of
analyzed elements present in the soluble, cytosolic intestinal fraction of
Prussian carp were comparable to the order found in brown trout: K, Na
(>99%) > Se (88%) > Cs (86%) > Cd (84%) > Rb (82%) > Mo (73%) >
As (69%) > Mg (67%) > Tl (60%) > Co (56%) > Fe (50%) > Sr (48%) >
Zn (47%) > Ca (43%) > V (41%) > Mn (40%) > Cu (38%) > Ni (36%)
(Mijosek et al., 2019a, 2019b); and in European chub: Cd (90-100%), Zn
(70-80%), Cu (50-80%), Fe and Mn (30-40%) (Filipovi¢ Marijic and
Raspor, 2012). Therefore, in the intestinal cytosolic fractions of different
fish species metals were present in similar proportions, despite consid-
erable differences in their concentrations. Some smaller differences in
proportions are probably associated with different physiological char-
acteristics and biology of specific fish species, as well as with different
environmental conditions.

The information on cytosolic metal proportions in the intestinal tis-
sues of some other fish species is not available, so we made the short
overview of subcellular compartmentalization of metals investigated in
other fish tissues. Van Campenhout et al. (2010) investigated cytosolic
metal distribution in liver and kidneys of Prussian carps from metal-
impacted habitats and revealed high proportion (60-70%) of the total
tissue Cd, Cu and Zn concentrations in hepatic, and 50% of total Cd and
30% of total Cu and Zn concentrations in renal cytosols. For other fish
species, Rosabal et al. (2015) reported the organelles and metal-
sensitive fraction with heat-denaturated proteins (HDP) as main bind-
ing site for As in the liver of Anguilla anguilla and Anguilla rostrata, which
indicated high probability of toxic effects. Although present in cytosol in
very high proportion, as in our research, it is known that Cd mostly binds
to the heat-stable proteins (HSP), metallothioneins, which therefore
indicates its high detoxification level and much decreased risk of
harmful effects (Kraemer et al., 2006; Rosabal et al., 2015). Although it
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was recorded that Se was mostly present in cytosols in the liver of Arctic
char Salvelinus alpines, the same amount of Se was found in HSP and
fraction containing lysosomes, microsomes and HDP, which suggested
that significant part of Se is actually present in detoxified form (Barst
et al., 2016). Further, Urien et al. (2018) reported results on subcellular
partitioning of As, Cd, Cu, Se and Zn in liver and gonads of wild white
suckers (Catostomus commersonii) and concluded that As, Cd, and Cu
mostly bind to HSPs, contrary to Se and Zn which mostly bind to HDPs,
although Zn was also found to be distributed in all the other subcellular
fractions, as expected due to its essential role as a co-enzyme in many
metabolically important processes (Mason and Jenkins, 1995). Low
proportions of Ni in cytosols found in our research are in accordance
with results from Rosabal et al. (2015) who reported that granule-like
structures have the main role in detoxifying Ni in the liver of Euro-
pean eels. However, opposite results for Ni were also reported, specif-
ically for wild yellow perch, in which hepatic Ni concentrations were the
highest in HDP fraction within metal-sensitive fraction (Giguere et al.,
2006), which enables possible interaction with physiologically impor-
tant biomolecules and potential toxic effects of this element.

Hence, elements present in cytosols might only be partially toxic, due
to the existing detoxification mechanisms involving their binding to
HSPs (MTs and MT-like proteins), especially in conditions of only
moderate metal contamination. However, some amount of metals is
always found to be bound to metal sensitive HDPs showing that mech-
anisms of detoxification are not completely efficient. Their presence in
cytosols indicates potential threats and possible toxic effects of metals/
metalloids for organisms which include blocking functional groups,
substitution of essential metals or modification of active sites of
important biomolecules (Mason and Jenkins, 1995).

4.4. Biomarker responses

In order to estimate the application of intestine as bioindicator tissue
and provide a comprehensive assessment of the environmental quality,
multi-biomarker approach was applied. The impact of metal contami-
nation on fish from the Ilova River was investigated to assess the level of
oxidative stress in fish by the measurement of MDA, as a manifestation
of lipid peroxidation, and of antioxidants (CAT and GSH), as compo-
nents of antioxidant defense system (van der Oost et al, 2003). In
addition, MTs were used as a direct link with metal contamination since
these low molecular mass cysteine and metal-rich proteins have signif-
icant roles in maintaining the homeostasis of essential trace metals (Zn
and Cu), removal of toxic metals (Cd, Ag and Hg) and protection against
oxidative damage (Vasak, 2005).

Increased concentrations of MDA reflect oxidative stress in organ-
isms induced by enhanced production of ROS (Banerjee et al., 1999). In
our research, significantly higher intestinal values of MDA were
observed in fish at the contaminated site compared to the reference
location in both seasons (Fig. 4a). Obtained MDA values ranged from
39.87 to 104.73 nmol g~ ! w.w., which is, especially at the reference site
of the Ilova River, much lower than MDA levels reported for brown trout
from the Krka River (Mijosek et al., 2019b). Although concentrations
were not as high as in brown trouts, significant difference between the
two sites of the Ilova River suggested that fish were exposed to higher
levels of oxidative stress near the Trebez village, which might be linked
to mostly elevated metal levels at that site (Mijosek et al., 2020a).

Efficiency of fish antioxidant defense system was tested by analyzing
CAT activity and GSH levels. Various responses of CAT activity were
observed in animals exposed to metallic contaminants in either field or
laboratory experiments depending on the dose, element, the species or
the route of exposure (Atli et al., 2006; Tsangaris et al., 2011; Greani
et al., 2017; Mijosek et al., 2019b). CAT activity in the intestine of
Prussian carp in our research was significantly elevated in fish from the
contaminated compared to the reference site in spring, while there were
no differences in autumn, possibly associated with the trend of higher
metal levels in spring. Although average GSH levels followed the same
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patterns as CAT activity, significant differences were not observed
(Fig. 4b and 4c). Obtained values of CAT and GSH were either compa-
rable or slightly lower than reported for the intestine of the brown trouts
from the Krka River (Mijosek et al., 2019b). To our knowledge, there is
no other available literature data on GSH levels in the intestinal tissue of
any fish species.

Antioxidants responses induced by pollution vary for different spe-
cies, enzymes, single or mixed contaminants. The literature data re-
ported on either higher, unchanged or lower activities of antioxidants as
the response to pollutant exposure in both laboratory and field studies
(van der Oost et al., 2003) and metal caused formation of ROS and
damaging tissues (DNA, proteins and lipids) has already been well
investigated. For example, Berntssen et al. (2001) showed that exposure
of Atlantic salmon to dietary Cu had a direct effect on lipid peroxidation
of the intestine even at low concentrations, while Cd induced additional
MDA synthesis only at its highest concentration. In the same research,
significant differences in GSH levels in the intestine or liver were not
observed among fish fed diets containing different Cd concentrations.
Considering studies on Prussian carps, Tsangaris et al. (2011) investi-
gated oxidative stress biomarkers in toxicity testing of Ukrainian
polluted river waters. They measured oxidative stress biomarkers in
C. gibelio liver after the 96 h exposure to the river water samples and
found out that antioxidant enzymes, including CAT, mostly increased
after the exposure, while there were no differences in MDA levels be-
tween the exposed and control fish. Further, Liu et al. (2005) reported
significant induction of GSH in liver of Carassius auratus after Cu expo-
sure. Considering CAT activity, Atli et al. (2006) investigated response
to Ag, Cd, Cr, Cu and Zn among five tissues of freshwater fish Oreo-
chromis niloticus and increasing concentrations of all elements, except
Cu, caused considerable enzyme inhibition in fish intestine. Radic et al.
(2013) cage-exposed Cyprinus carpio to the water of the Ilova River for 7-
and 21-day period and observed a significant increase in lipid peroxi-
dation in both gills and liver as bioindicator tissues, as well as decline in
CAT and glutathione reductase (GR) activity in the gills, which sug-
gested a higher sensitivity of gills and earlier failure of the antioxidant
system. Correlation analysis in our research confirmed significantly
positive relation of As with MDA levels (r = 0.484, p < 0.05) and with
CAT activity (r = 0.474, p < 0.05) in fish from the contaminated site in
autumn, as well as of CAT activity and As at the reference site in spring
(r = 0.535, p < 0.05). Similar relation of oxidative stress with As
exposure had already been documented by Bhattacharya and Bhatta-
charya (2007) who reported induced tissue lipid peroxidation and
increased activity of CAT in the liver of Clarias batrachus after exposure
to As. Greani et al. (2017) also reported significant increase in MDA
concentrations in muscles, liver, kidney and fins of exposed fish, as well
as an enhanced antioxidants (CAT and SOD) activities, when investi-
gating the effect of chronic As exposure under environmental conditions
on oxidative stress in wild trout (Salmo trutta). In our research, some of
these elements such as Cd, Cu and As were significantly elevated in fish
from the contaminated site, therefore, also pointing to their possible role
in similar oxidative stress responses.

In addition to biomarkers related to the oxidative stress, metal-
lothioneins (MTs) were used as widely recognized biomarkers of metal
exposure. Due to their high affinity to specific metals, they are consid-
ered as efficient scavengers of ROS and contribute to the protection
against oxidative injuries and many other environmental stressors
(Viarengo et al., 1999). Significant MT induction was not observed in
our research at any site (Fig. 4d). Comparison to other fish species
revealed that average values of 2.0-2.5 mg g ' w.w. in Prussian carp
were higher than in the intestine of the brown trout from the Krka River
(0.8-1.5 mg g ! w.w.) (Mijosek et al., 2019a) and slightly lower than in
the intestine of European chub from the Sava River (2.9-3.1 mg g ™' w.
w.) (Filipovic Marijic and Raspor, 2010). Concentrations of the main MT
inducers, Cd, Cu and Zn, were higher in fish from the contaminated than
the reference site of the Ilova River (Fig. 1), possibly causing slightly
higher average MT levels at that site. However, significant correlation of
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MT levels was confirmed only with Zn at the reference site in autumn (r
= 0.509, p < 0.05) and at the contaminated site in spring (r = 0.506, p <
0.05). MT levels are known to be dependent on numerous factors
including season, temperature, pH, age and size, gender, reproductive
status (Hylland et al., 1998), making it difficult to distinguish the exact
cause of MT induction.

Thus, all biomarkers, to a higher or lesser degree, indicated exposure
to higher levels of oxidative stress at the contaminated site, but cell
antioxidant system seems to work in fish from both locations without
significant decrease in levels of CAT, GSH or enhanced induction of MTs,
which are usually caused by high metal concentrations in highly
polluted environments. Therefore, biomarker responses in the intestinal
tissue confirmed only moderate level of contamination of the studied
freshwater system and indicated that fish intestine reflects environ-
mental conditions (Mijosek et al., 2020a).

5. Conclusions

Prussian carp itself was shown as a suitable bioindicator species in
aquatic environmental pollution assessment and the intestine as suitable
bioindicator organ, which reflects responses to contaminants from di-
etary pathways. Special significance of the presented data is that they
are the first data on distribution of 18 elements and on the levels of
oxidative stress biomarkers in the intestine of Prussian carp, which can
serve as a basis for comparison in future monitoring programmes. Total
and cytosolic concentrations of many trace and macro elements, as well
as some biomarker responses in the intestine of Prussian carp pointed to
more disturbed environmental conditions at the contaminated site of the
investigated ecosystem, the Ilova River. Presence of many analyzed el-
ements in the cytosolic intestinal fractions was over 50%, therefore
pointing that majority of metals/metalloids in the intestine can poten-
tially cause toxic effects. Although a portion of metals present in the
cytosol is still expected to be detoxified by MTs, there is a significant
possibility of harmful effects of these elements for the organisms by
binding to biologically important molecules such as enzymes.

Although obtained biological changes mostly indicated moderate
pollution impact, significantly higher concentrations of elements such as
As, Cd, Cs, Cu and Fe in combination with higher levels of oxidative
stress (MDA) in fish from the contaminated site near the Trebez village
highlighted the need of regular monitoring of the water quality and
aquatic organisms of this region, especially knowing that this location is
a part of protected wetland area of Lonjsko Polje Nature Park.

Due to its high spread potential and the fact that Prussian carp is
already, naturally or introduced, a widely spread species in Europe, this
data present an important contribution to the future monitoring and
preservation of European freshwater systems and serve as an good
example of using invasive, instead of and along with native fish species
in ecotoxicological and biomonitoring studies.
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4. RASPRAVA

Neprestani porast oneciS¢enja uslijed ispusStanja organskih i anorganskih zagadivala
koja potje¢u od antropogenih aktivnosti, poput industrijske proizvodnje, poljoprivrede,
iskapanja ruda ili prometa, predstavlja jedan od vodec¢ih problema za vodene ekosustave.
Prekomjerni unos zagadivala u vodene ekosustave moze imati toksi¢an ucinak na biotu te
utjecati i na bioraznolikost i funkcioniranje Citavog ekosustava. Znacajno mjesto medu
zagadivalima zauzimaju metali koji se ne mogu ukloniti iz biogeokemijskog kruzenja te se
trajno zadrzavaju u okoliSu i akumuliraju u organizmima. lako neki imaju i esencijalne uloge
u organizmu, kao dio enzima i vaznih bioloskih molekula, i oni u previsokim koncentracijama
uzrokuju toksi¢ne uéinke na razli¢itim sinekoloskim razinama, od stanica, preko organizama
pa sve do razine populacije, sto posljediéno moze utjecati i na zdravlje ljudi koji vodene
organizme, poput riba, skoljkasa ili rakova, koriste u prehrani (Livingstone, 1993). Stoga je uz
ispitivanje samih okoli$nih uvjeta putem mjerenja koncentracija metala u vodi i/ili sedimentu
vazno procijeniti i utjecaj onecis¢enja metalima na bioindikatorske organizme.

U ovom istrazivanju su kao bioindikatorski organizmi odabrane dvije vrste riba
(poto¢na pastrva, S. trutta Linnaeus, 1758; i babuska C. gibelio Bloch, 1782), rakusci roda
Gammarus i Echinogammarus (G. balcanicus Schaferna, 1922; E. acarinatus (Karaman,
1931); G. fossarum Koch, 1936; i G. roeselii Gervais, 1835) te kukasi (D. truttae Sinzar,
1955), nametnici u probavilu riba. Probavilo riba odabrano je kao indikatorsko tkivo zbog
vaznosti unosa metala hranom te nedostatka podataka o unosu metala probavnim putem u riba
U okoliSnim uvjetima, a kukasi kao organizmi s visokom ucinkovito§¢u akumulacije metala
(Sures, 2004; Filipovi¢ Mariji¢c 1 sur., 2013; Nachev 1 Sures, 2016) te obecavajuci
bioindikatorski organizmi u biomonitoring studijama. Kako bi bili uklju¢eni svi organizmi
ukljuceni u Zivotni ciklus kukasa, kori$teni su i rakusci kao njihovi medudomadari.

Buduc¢i da toksi¢nost metala potjece od reakcija u citosolu, putem vezanja na fizioloski
vazne molekule, uz ukupne koncentracije metala u probavnom tkivu riba mjerene su i
citosolske koncentracije koje daju vise informacija o bioraspolozivosti, potencijalnim
toksi¢énim ucincima metala, kao 1 njihovoj detoksikaciji (Wallace i Luoma, 2003). Kako
navedeni procesi ovise prije svega o vezanju metala na stani¢éne biomolekule, vazno je i
opisati 1 odrediti raspone molekulskih masa biomolekula koje vezu metale u probavilu
navednih vrsta riba. Nadalje, vezanje metala na osjetljive biomolekule mijenja njihovu
funkciju, strukturu i/ili dinamiku u stanicama te smo stoga Kkoristili stani¢ne biomarkere, koji

Su definirani kao prve mjerljive promjene i biokemijski odgovori u organizmima izlozenim

90



4. Rasprava

onecis¢enju (Phillips 1 Rainbow, 1993). Kako bi se okolisni uvjeti procijenili Sto realnije,
koristili smo multibiomarkerski pristup koji omogucava procjenu izlozenosti razli¢itim
okoli$nim zagadivalima, ¢ak i pri niskim razinama (Cravo i sur., 2009).

Opisane analize metala i biomarkera u mekim tkivima riba, a u ovome istraZivanju u
probavilu, pokazatelji su nedavne izloZenosti na Koje uz okoliSne uvjete utjecu i fiziologija
vrste, procesi detoksikacije, metabolicke transformacije i eliminacije (Bath i1 sur., 2000) te
pracenje akumulacije metala i bioloskih odgovora zahtijeva ucestala uzorkovanja. Kao
pokazatelji dugotrajne izlozenosti oneciS¢enju i metalima mogu se koristiti kalcificirane
strukture, poput ljusaka i otolita, za koje je specifi¢éno da daju podatak o izloZenosti tijekom
¢itavog vijeka riba (Campana, 1999; Tzadik i sur., 2017). Uz probavilo i tvrda tkiva,
koncentracije metala odredene su i u kukaSima i rakuScima kako bi se dobili novi i vrijedni
podaci za ucinkovitost akumulacije metala u vrsti D. truttae za koju ne postoje podaci u
znanstvenoj literaturi, iako su sami kuka$i ranije opisani kao organizmi s vrlo visokom
ucinkovitosti akumulacije metala (Sures, 2001). Rakusci su medudomadari kukaSa te su
koriSteni kako bismo ukljucili sve organizme ukljucene u zivotni ciklus kukasSa, a takoder,
upotreba veceg broja organizama, predstavnika kraljeSnjaka i beskraljesnjaka, omogucuje
pouzdaniju procjenu okoliSa i utjecaja oneciS¢enja na Zivi svijet nekog ekosustava.

Stoga je glavni cilj ovoga rada bio primijeniti moderne analiticke pristupe u opisivanju i
sveobuhvatnom prepoznavanju kratkotrajnih, ali i dugotrajnih promjena u odgovorima
bioindikatorskih organizama pod uvjetima razliCite izloZenosti metalima u okolisnim
uvjetima. Pri tome za probavilo riba, kao i mjerene bioloske odgovore u navedenim vrstama
organizama nema dostupnih literaturnih podataka pa ovo istrazivanje daje nove podatke

ovakve vrste u znanstvenoj zajednici 1 okoliSnoj ekotoksikologiji.

4.1. Utjecaj razine onecis¢enja, reproduktivnog ciklusa (sezone) na morfometrijske i

bioloSke pokazatelje pastrve i babuske

Reproduktivno aktivno razdoblje potoCne pastrve obuhvaca razdoblje kasne jeseni
(Mrakov¢i¢ 1 sur., 2006), dok se babuska razmnozava uglavnom u razdoblju od travnja do
srpnja (Sasi, 2008). Kako bi se ispitao utjecaj na bioloSke i biokemijske pokazatelje te
akumulaciju metala u ovim dvjema vrstama riba, uzorkovali smo ih u dvjema sezonama, jesen
i proljece, pri ¢emu je jedna od tih sezona predstavljala reproduktivnu fazu vrste, jesen za
pastrvu, a proljete za babusku. Takoder, svako uzorkovanje je provedeno na dvjema
lokacijama koje su predstavljale podruéja bez utjecaja i pod utjecajem antropogenih
aktivnosti, prema tome nazvanima referentna i one¢iS§¢ena postaja. Poto¢ne pastrve iz ovog
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istrazivanja uzorkovane su u rijeci Krki u jesen 2015. godine (listopad, utjecaj mrijesta) te
proljece 2016. (svibanj) iz izvora rijeke Krke (referentna postaja) te na postaji nizvodno od
grada Knina (onecis¢ena postaja). Babuske su uzorkovane u rijeci Ilovi tijekom jeseni 2017.
godine (listopad) te proljeca 2018. godine (svibanj, utjecaj mrijesta) u blizini sela llova
(referentna postaja) te blizu sela Trebeza (onedis¢ena postaja). Rezultati ovog dijela
istrazivanja predstavljeni su u radovima 1 i 2 s popisa radova za poto¢ne pastrve iz rijeke
Krke te u radu 3 za babuske iz rijeke Ilove.

Dok masa 1 ukupna duzina potoc¢nih pastrva iz rijeke Krke nisu pokazale stastisticki
znacajne razlike izmedu dviju lokacija niti u jednoj sezoni, babuske su imale znacajno visu
masu i duzinu na oneciS¢enoj postaji kod sela Trebeza u odnosu na referentnu postaju kod
sela llova. To je ukazalo na mogucu visu dostupnost hrane i nutrijenata kod sela Trebeza nego
sela llove. To je potvrdila i izmjerena veca koli¢ina nitrata, nitrita i fosfata u uzorcima vode
kod sela Trebeza (Mijosek i sur., 2020a), vjerojatno povezana s organskom tvari iz otpadnih
voda i s ispiranjem okolnih poljoprivrednih zemljista (Lambert i Dutil, 1997). Nadalje,
koli¢ine nutrijenata opcenito su bile vise u rijeci llovi, nego u Krki pa se isti trend mozda iz
tog razloga nije mogao uociti i u pastrva (Serti¢ Peri¢ i sur., 2018; Mijosek i sur., 2020a).

Zajednicki odgovor i karakteristika obiju vrsta bile su statisti¢ki znacajno povisene
vrijednosti gonadosomatskih indeksa (GSI) u razdoblju mrijesta svake vrste riba, dakle u
jesen za potocnu pastrvu, a u proljece za babusku, dok su vrijednosti Fultonovog kondicijskog
indeksa (FCI) te hepatosomatskog indeksa (HSI) imale suprotan trend te su viSe vrijednosti
zabiljeZene u razdobljima izvan reproduktivnih sezona. Fultonov kondicijski indeks ukazuje
na uhranjenost riba (Kog i sur., 2007) te su nize vrijednosti u reproduktivnom razdoblju u oba
slu¢aja vjerojatno rezultat velike energetske potroSnje i mobilizacije energetskih rezervi
tijekom reprodukcije i razvoja (Maddock 1 Burton, 1998), sli¢no kao i za HSI. Posljedi¢no,
FCI i HSI cesto pokazuju suprotan trend od GSI $to rezultira njihovim nizim vrijednostima u
vrijeme mrijesta riba (Farkas i sur., 2003; Leonardos i sur., 2008; De Giosa i sur., 2014;
Sabrah i sur., 2016). Sto se ti¢e razlika izmedu lokacija u vrijednostima indeksa, o&itovale su
se uglavnom samo kao poviSene vrijednosti FCI na oneciS¢enim postajama u objema
rijekama, sto ukazuje na mogucénost da utjecaj onecis¢enja u objema rijekama nije bio toliko
jak da bi potaknuo dodatne obrambene mehanizme koji bi posljedicno mogli rezultirati padom
FCI vrijednosti, §to je Cesto zabiljezeno u jako onecis¢enim vodenim sustavima (Laflamme i
sur., 2000; Couture i Rajotte, 2003; Jenkins, 2004; Zhelev i sur., 2016, 2018).

Navedene promjene uz utjecaj reproduktivnog statusa i onecis¢enja mogu nastati i zbog

drugih ¢imbenika vezanih uz sezonu ili fiziologiju riba, poput koli¢ine svjetlosti, temperature
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vode, dostupnosti hrane i intenziteta hranjenja, prisutnosti nametnika te kompeticije ili
medusobnog odnosa riba (Adams i McLean, 1985; Jonas i sur., 1996; Lagrue i Poulin, 2015;
Lundova i sur., 2018) pa samo ovakav morfometrijski pristup nije dovoljan kako bi se

procijenio utjecaj kakvoce vode na fiziolosko stanje organizama.

4.2. Koncentracije metala/metaloida/nemetala u probavilima poto¢ne pastrve i babuske

lako se monitoring akumulacije metala/metaloida/nemetala u bioindikatorskim
organizmima cesto provodi samo mjerenjem njihovih ukupnih koncentracija u ciljnim
organima, sve je ¢eSc¢a praksa mjeriti koncentracije i na substani¢noj razini. Naime, raspodjela
metala u razli¢itim frakcijama daje vazan podatak o bioraspolozivosti i potencijalnoj
toksi¢nosti metala (Wallace i Luoma, 2003; Barst i sur., 2016). Toksi¢ni ucinci metala nisu
povezani s ukupnim koncentracijama metala u organizmima jer se metal veze u razliitim
unutarstanicnim odjeljcima poput citosola, granula, organela ili stanicnih membrana te
odredene koli¢ine predstavljaju detoksicirani oblik metala (McGeer i sur., 2012). Primjerice,
metali prisutni u granulama bogatim metalima predstavljaju jedan od detoksiciranih oblika
koji nije toksi¢an za organizam, dok se pretpostavlja da toksi¢nost metala uglavnom proizlazi
iz reakcija u citosolu putem nespecifiénog vezanja na bioloski vazne molekule, a ocituje se
inaktivacijom biomolekula, promjenom njihove konformacije ili funkcije (Mason i Jenkins,
1995). Ipak, i u samoj citosolskoj frakciji, dobivenoj odvajanjem supernatanta nakon
centrifugiranja tkivnih homogenata na 50000xg (Giguére i sur., 2006), metali se mogu vezati,
kako na osjetljive komponente poput mikrosoma i toplinski nestabilnih proteina kao $§to su
enzimi, tako i na toplinski stabilne proteine poput metalotioneina koji predstavljaju jedan od
bioloski detoksiciranih oblika metala (Bonneris i sur.,, 2005; Urien i sur., 2018).
Unutarstani¢na raspodjela metala je rezultat sloZenih 1 dinami¢nih reakcija svakog pojedinog
metala, kao i specificnosti svakog organa i organizma, te ovisi i 0 uvjetima izlozenosti i nizu
drugih okolisnih ¢imbenika (Wang i Rainbow, 2006). Stoga je vazno proucavati naine
vezanja metala na razli¢ite komponente stanice te doprinos takvog vezanja ekotoksikoloskom

znacaju za vodene organizme u okoliSima pod razli¢itim uvjetima izlozenosti (Wang, 2013).

4.2.1. Ukupne koncentracije metala u probavilima poto¢ne pastrve i babuske

Nastavno na morfometrijske 1 bioloske pokazatelje kod riba, u ovom dijelu istrazivanja
izmjerene su ukupne koncentracije 20 metala/metaloida/nemetala u probavilima poto¢nih

pastrva iz rijeke Krke te babuski iz rijeke Ilove u dvjema sezonama (jesen i proljece) te na
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dvjema postajama koje su predstavljale gradijent oneciS¢enja, kao prvi korak procjene
utjecaja otpadnih voda i onecis¢enja metalima na vodene organizme.

Prije objavljeni podaci o fizikalno-kemijskim ¢imbenicima, mikrobioloskoj analizi vode
te koncentracijama metala u rijeci Krki ukazali su na losije okolisne uvjete oko grada Knina i
ispusta otpadnih voda u odnosu na referentnu postaju na izvoru rijeke Krke (Filipovi¢ Mariji¢
i sur., 2018; Serti¢ Peri¢ i sur., 2018). Naime, temperatura, vodljivost, koli¢ina nitrata, ukupne
otopljene tvari te tvrdo¢a vode pokazali su statisticki znacajne razlike izmedu postaja s viSim
vrijednostima na oneciS¢enoj postaji nizvodno od Knina. Nadalje, povecana brojnost svih
tipova indikatorskih bakterija (ukupni koliformi, Escherichia coli, enterokoki, Pseudomonas
aeruginosa) u odnosu na referentnu postaju na izvoru rijeke Krke zabiljezena je kod grada
Knina, osobito u neposrednoj blizini ispusta komunalnih otpadnih voda (Filipovi¢ Mariji¢ i
sur., 2018). Iako su razine metala bile relativno niske u Citavom sustavu, znacajan porast u
blizini grada Knina zabiljeZen je za vecinu elemenata, pri ¢emu se najvece povecanje biljezi
za Fe, Li, Mn, Mo, Ni, Sr, Rb i Ca (Filipovi¢ Mariji¢ i sur., 2018; Serti¢ Peri¢ i sur., 2018),
Sto je ukazalo na opasnosti 0d potencijalno jaeg oneCiS¢enja u ovom zasad umjereno
onec¢is¢enom podru¢ju. Koncentracije otopljenih metala u vodi bile su usporedive s
prethodnim istrazivanjima na podrucju izvora rijeke Krke (Cukrov i sur., 2008b, 2012), kao 1
s kr§kom rijekom Unom (Dautovié, 2006) te sliécnim podrucjima u Italiji (Dossi i sur., 2007).
Unato¢ vidljivom jacanju antropogenog utjecaja oko grada Knina i ispusta otpadnih voda,
vapnenasta, odnosno sedrena podloga, kao i blago alkalni uvjeti vjerojatno su pogodovali
adsorpciji metala na podlogu i sediment te smanjili koncentracije metala u stupcu vode
(Korfali i Davies, 2004; Jensen i sur., 2009; Nunes i sur., 2014). Cukrov i sur. (2008b) su
opisali da rijeka Krka ima sposobnost ,,samoproci§¢avanja®“, preko manjih kaskadnih jezera,
gdje sedimentacija i precipitacija rezultiraju znacajnim smanjenjem koncentracija metala,
¢emu doprinosi i1 brzi podzemni utok Ccistih podzemnih voda koji smanjuje vrijeme
zadrzavanja zagadivala (Brki¢ i sur., 2019). U sustavu rijeke Krke “samoproci$¢avanje” su
potvrdili i rezultati odredivanja fizikalno-kemijskih ¢imbenika, mikrobioloskog stanja vode i
koncentracija metala, koji su ukazali na loSu kakvocu vode i povisene koncentracije metala na
postajama uz same ispuste otpadnih voda grada Knina, te na poboljsanje ekoloskog stanja
nizvodno od ispusta, iako su koli¢ine nutrijenata i vrijednosti vodljivosti i dalje bile ispod
preporucenih vrijednosti za vode dobre kakvoce. Koncentracije Co, Fe, Mn, Ni i Zn bile su
jos uvijek povisene i na postaji 1 km nizvodno od ispusta (Filipovi¢ Mariji¢ i sur., 2018),
ukazujuéi na snazan utjecaj industrijskih i komunalnih ispusta na kakvocu vode, te je pad

njihovih koncentracija bio vidljiv tek na ve¢im nizvodnim udaljenostima.
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Rijeka Ilova moZe se smatrati slabo do umjereno onecis¢enom metalima, pri ¢emu su
rezultati analize vode ukazali na loSije okoliSne uvjete i viSe koncentracije metala u
nizvodnim dijelovima toka rijeke u blizini sela Trebeza u odnosu na uzvodne postaje (Mijosek
i sur., 2020a). Losije ekolosko stanje rijeke llove u nizvodnijim dijelovima ranije su potvrdila
i faunisti¢ka istrazivanja makrozoobentosa s manjim brojem zabiljeZenih vrsta u nizvodnom
dijelu (Deli¢, 1991). Najvedi porast izmedu referentne postaje u blizini sela Ilove i oneciS¢ene
postaje kod sela Trebeza zabiljezen je za Al, As, Cd, Cs, Ni iV, a losiju kakvo¢u vode na toj
lokaciji su potvrdili i fizikalno-kemijski ¢imbenici, ukljucujuci povisenu kemijsku potroSnju
kisika te povisenu koli¢inu nitrata i fosfata (MijoSek i sur., 2020a). Zabiljezene koncentracije
otopljenih metala u llovi bile su uglavnhom manje u usporedbi s rijekama Savom i Sutlom u
Hrvatskoj (Dragun i sur., 2009, 2011; Filipovi¢ Mariji¢ i Raspor 2010; Filipovi¢ Mariji¢ i
sur., 2016b), za koje je takoder poznato da su pod utjecajem antropogenih aktivnosti. Rijeka
Sava je najduza rijeka u Hrvatskoj te je u srednjem i donjem toku pod utjecajem industrije,
rafinerije i1 ispusta komunalnih otpadnih voda; opisana je kao slabo i umjereno onecis¢ena
metalima (Dragun i sur., 2009; Filipovi¢ Mariji¢ i Raspor, 2010). Zabiljezene koncentracije
Cd, Co, Pb, Cu, Ni, Zn, Mn i Fe u Savi uglavhom su usporedive s koncentracijama
zabiljezenim u rijeci Ilovi u nasem istraZivanju, izuzev visih koncentracija Co i Mn u
uzorcima vode rijeke Ilove na objema postajama. Usporedba s rijekom Sutlom, ranije
okarakteriziranom kao rijekom pod znacajnim utjecajem antropogenih aktivnosti koja je na
pojedinim dijelovima toka izrazito one¢i$¢ena metalima podrijetlom iz tvornice stakla, ali i
poljoprivrede (Dragun i sur., 2011; Filipovi¢ Mariji¢ i sur., 2016b), ukazala je na uglavnom
nize koncentracije metala u Ilovi nego u Sutli, izuzev Mn Kkoji je bio visi u llovi na objema
postajama, §to bi mogla biti posljedica aktivne poljoprivrede na cijelom podrucju uz rijeku
llovu, kao i koriStenja gnojiva i fungicida (IPCS, 1999). Povisene koncentracije V na
onecis¢enoj postaji, s druge strane, vrlo vjerojatno potjecu iz fosfogipsa, kao nusprodukta
prerade fosfatnih gnojiva u obliZnjoj tvornici (Durgo i sur., 2009). Ukoliko se usporede dva
izuCavana sustava U ovome istrazivanju, koncentracije metala u rijeci Ilovi bile su znacajno
viSe nego u Krki, medutim akumulacija metala u potocnoj pastrvi i babuSki ovisi 1 o
specificnosti vrste, fizioloskim prilagodbama, nainu prehrane i Zivota riba, pa se mogu
oCekivati 1 razliCite strategije s kojima se organizmi nose s oneciS¢enjem i poviSenim
razinama metala.

Kako bismo ispitali utjecaj okoliSnih uvjeta na same organizme, odredene su, kao prvo,

ukupne koncentracije metala u probavilima riba, mjerenjem u razgradenim tkivnim
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homogenatima. Rezultati ovog dijela istrazivanja objavljeni su u radovima pod rednim brojem
1 za rijeku Krku te u radu pod rednim brojem 3 za rijeku llovu, u popisu znanstvenih radova.
Za razliku od koncentracija otopljenih metala u vodi, ukupne Kkoncentracije
akumuliranih metala u probavilu poto¢nih pastrva nisu ukazale na statisti¢ki znacajne razlike
za vec¢inu metala izmedu referentne postaje na izvoru rijeke Krke i oneciS¢ene postaje kod
grada Knina, ali niti izmedu dviju sezona. Naime, u jesen je statisticki znaCajna razlika
ukupnih koncentracija u probavilu riba izmedu postaja bila vidljiva samo za Cs, Se i Tl, a u
prolje¢e za Ca, Cd, Co, Mo, Se, Sr i TI pri ¢emu su Cd, Cs, Mo i TI bili visi na referentnoj
postaji, a ostali navedeni elementi na oneci§¢enoj postaji. To samo djelomi¢no odrazava
okolisne uvjete iz vode gdje je veéina elemenata pokazivala znacajan porast na onec¢is¢enoj
postaji (Filipovi¢ Mariji¢ i sur., 2018; Serti¢ Peri¢ i sur., 2018), ¢ime se potvrduje znacaj
unosa metala u organizme i drugim izvorima osim vode, kao $to su hranai/ili sediment, kao i
utjecaj fizioloske regulacije na razine esencijalnih elemenata. Utjecaj unosa hranom posebno
se odnosi na elemente koji su poviseni u organizmima s referentne postaje (Cd, Cs, Mo i TI),
a niti jedan od tih elemenata nije bio znacajno povisen u uzorcima vode s referentne postaje.
Uz probavilo, povisene vrijednosti Cd, Cs i T1 na referentnoj postaji potvrdene su i u jetri istih
jedinki riba (Dragun i sur., 2018a). Sezonske razlike u ukupnim koncentracijama metala u
probavilu poto¢ne pastrve bile su statisticki znacajne samo za akumulaciju As i Na na
referentnoj postaji te za Cd, Mo i Na na postaji kod Knina, pri ¢emu je veéina navedenih
elemenata imala vise razine u jesen, nego U proljece, $to je bio vidljiv trend i za veéinu
preostalih istrazivanih elemenata u probavilu. Velik dio elemenata bio je poviSen i u uzorcima
vode u jesen u istom razdoblju kad je uzorkovana riba (Serti¢ Peri¢ i sur., 2018). 1z tog
razloga se neSto pojacana akumulacija metala u riba u jesen djelomi¢no moze pripisati 1
stvarnim uvjetima u okoliSu, ali i ¢injenici da je jesen reproduktivno razdoblje potocne
pastrve tijekom kojeg rastu i metabolicke potrebe za esencijalnim elementima (Miramand,
1991). Ukupne koncentracije elemenata u tragovima u probavnom tkivu poto¢ne pastrve
slijedile su redoslijed: Zn >Fe>Rb>Se >Mn>Cu>Sr>Ni>Cd>Co>Mo>Tl>As >
V > Cs, a ukupne koncentracije makroelemenata: K > Na > Ca > Mg. Unatoc¢ razlici u
fizioloskoj 1 metabolickoj ulozi organa, ovakav redoslijed koncentracija metala je usporediv s
onim u jetri istih jedinki potocne pastrve iz rijeke Krke (K > Na > Mg > Fe > Ca > Cu > Zn >
Rb>Se>Mn>Tl>Mo>Sr>Cd>Co>As >V >Cs) (Dragun i sur., 2018a), uz iznimku
Zn koji je pokazao znatno veée koncentracije u probavilu, nego u jetri. Naime, probavilo je
organ u kojemu se pohranjuju zalihe Zn u organizmu (Sun i Jeng, 1998) pa je moguce da se u

njemu detektira i izvjesna koli¢ina Zn unesena vodom putem Skrga (Dallinger i Kautzky,
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1985). Stoga se Cesto biljeze viSe koncentracije u ovom organu U odnosu na druge, poput
jetara, bubrega, $krga, gonada ili misi¢a (Dallinger i Kautzky, 1985; Jari¢ i sur., 2011;
Filipovi¢ Mariji¢ i Raspor, 2012; Yeltekin i Saglamer, 2019). Drugi elementi uglavhom su
prisutni u viS$im koncentracijama U jetri nego u probavilu, $to je i oekivano s obzirom na
izrazenu metabolicku aktivnost jetara. Ipak, uz Zn, vise koncentracije elemenata u probavilu u
odnosu na jetru zabiljezene su i za Co, Sr te V (Dragun i sur., 2018a). Poto¢nu pastrvu kao
bioindikatorski organizam ranije su koristili i Vitek i sur. (2007) u procjeni kakvoée okolisa
rijeke Loucke u Ceskoj te su usporedili akumulaciju Cu, Cd, Ni i Zn u misicu i jetri. Dobiveni
padajuci nizovi koncentracija bili su Zn > Cu > Ni > Cd za misi¢ te Cu > Zn > Cd > Ni za
jetru. Can i sur. (2012) su usporedili akumulaciju As, Cd, Cu i Se u jetri, skrgama i misi¢u
pastrva iz rijeke Munzur u Turskoj te su dobiveni slijedovi Se > Cu > As > Cd za Skrge, Cu >
Cd > As > Se za jetru te Cu > Se > As > Cd za misi¢. Pri tome su dobivene koncentracije u
jetri i §krgama uglavnom bile vise nego u probavilu iz naSeg istrazivanja, dok su koncentracije
u miSi¢u bile najnize, ali ovdje, uz nisku metaboli¢ku aktivnost miSica, treba uzeti u obzir i
razlike uzrokovane okoli$nim uvjetima riba iz razli¢itih rijeka.

Sliéno kao i1 kod potoc¢nih pastrva, i u nasem dijelu istraZivanju provedenom na
babuskama u rijeci Illovi ukupne koncentracije metala u probavnom tkivu babuski samo su se
djelomi¢no podudarale s okolisnim uvjetima, odnosno samo su neki elementi pratili porast
koncentracija metala u vodi i sedimentima kod sela Trebeza u odnosu na selo llova (Mijosek i
sur., 2020a). Statisticki znacajne razlike izmedu postaja uocene su za relativno mali broj
elemenata. U objema sezonama znacajna je razlika izmedu riba s dviju postaja razli¢itog
stupnja oneciS¢enja zabiljezena za Cd, Cs, Cu iV te dodatno za As, Ca, Mg, Mn, Na1 Rb u
samo jednoj sezoni, pri ¢emu su Mn i V bili poviseni u probavilu riba s referentne lokacije, a
ostali elementi u riba s onecis¢ene postaje kod sela Trebez. Akumulacija tih elemenata u
babuski samo se za neke elemente moze objasniti trendovima njihovih razina u vodi i
sedimentima, kao potencijalnih izvora izlozenosti organizama metalima, i to za As, Cd, Cs i
Rb, koji su uz organizme bili znacajno poviseni i u vodi i sedimentima s onecis¢ene postaje
(Mijosek i sur., 2020a). Za Cd i Cs je iz literature poznato da je koncentracija u vodi jedan od
glavnih ¢imbenika koji utjeCu na njihovu bioakumulaciju u vodenim organizmima (Rowan i
Rasmussen, 1994; Pinder i sur., 2011; Dragun i sur., 2019). Medutim, akumulacija metala u
probavilu babuski, sli¢no kao i u poto¢nih pastrva, ukazala je kako moraju postojati i drugi
znacajni izvori osim vode. Naime, koncentracije Mn i V bile su znacajno viSe u riba s
referentne postaje kod sela llove, iako je V u uzorcima vode i sedimenta pokazao upravo

suprotan obrazac i poviSene vrijednosti kod sela Trebeza, dok je Mn u vodi u jesen bio
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poviSen na referentnoj postaji, medutim u prolje¢e je imao suprotan trend, $to vrijedi i za
uzorke sedimenta u objema sezonama (Mijosek i sur., 2020a). Samim time, namece se
vaznost 1 velika vjerojatnost unosa metala putem hrane, osobito zbog vazne uloge probavila u
prehrani i apsorpciji hranjivih sastojaka. Sezonske razlike koncentracija metala u vodi s
referentne postaje rijeke Ilove ukazale su na poviSene vrijednosti ve¢ine elemenata u proljece,
dok je suprotan trend bio vidljiv na one¢i$¢enoj postaji s visSim vrijednostima u jesen (MijoSek
I sur., 2020a), ali to se takoder nije uvijek na jednak nacéin o€itovalo i u ribama. Naime, za
veéinu elemenata nije dokazana statisticki znaCajna razlika izmedu sezona, iako razlike
postoje i za vecinu elemenata u probavilu babuski ukazuju na povisene razine u proljece u
odnosu na jesen na objema lokacijama, $to je vjerojatno posljedica reproduktivne faze u toj
sezoni. Statisti¢ki znacajno poviSene ukupne koncentracije As, Co, Mn, Sr i Zn u probavnom
tkivu babuski bile su zabiljezene u prolje¢e na objema lokacijama. Nasuprot tome, statisticki
znacajno poviSene ukupne koncentracije Cd, Cs i K zabiljezene su u jesen. Ukupne
kocentracije elemenata u tragovima u probavnom tkivu babuske slijedile su redoslijed Zn >
Fe >Mn>Rb>Cu>Se>Cd>Ni>Sr>Mo>As>Co>V >Cs>TI, §to je unato¢
vrsno-specificnim razlikama, kao i razli¢itim okoli$nim uvjetima potvrdilo ve¢ dokazani trend
visokih koncentracija Zn, Fe, Mn i Cu u probavilima razli¢itih vrsta riba u uvjetima razlicite
izloZenosti metalima (Dallinger i Kautzky, 1985; Sures i sur., 1999; Staniskiene i sur., 2006;
Jari¢ 1 sur., 2011; Filipovi¢ Mariji¢ i Raspor, 2012; Nachev i Sures, 2016; Yeltekin i
Saglamer, 2019). Takoder, sli¢ni trendovi akumulacije ukupnih metala su zabiljezeni i u
drugim organima babuski iz razli¢itih geografskih podruéja; Fe > Zn > Cu > Mn > Cd > Ni >
Co u miSicu riba iz rijeke Nitre u Slovackoj koja je izloZena utjecaju otpadnih komunalnih
voda, elektrana, tvornice kemikalija te rudnika lignita (Andreji i sur., 2006); Cu > Cd > Ni >
As u jetri, miSicu i Skrgama babuski iz jezera Marmara u Turskoj pod utjecajem poljoprivrede
(Yabanli i sur., 2014), dok je istrazivanje Dikanovi¢ i sur. (2016) potvrdilo babusku iz
Meduvrsja u Srbiji pod utjecajem industrijskih 1 komunalnih otpadnih voda kao vrstu s
najuc¢inkovitijom akumulacijom metala medu 9 ribljih vrsta.

Stoga, iako je teSko usporedivati razliCite sustave i razliCite vrste, naSe istraZivanje je
pokazalo da ukupne koncentracije metala u objema vrstama riba samo djelomi¢no odrazavaju
analizirane okolisne uvjete te je ukazalo na vjerojatan znacaj hrane kao vaznog izvora za unos
metala. Nadalje, vidljive razlike izmedu dviju istraZivanih vrsta riba su posljedica bilo razlike
u izloZenosti metalima ili U specificnostima svake vrste, ali se to ne moze sa sigurnoscu
utvrditi bez dodatnih istrazivanja. Uglavnom veca izlozenost metalima zabiljezena je u rijeci

llovi te su i ukupne koncentracije vecine elemenata u probavilu babuske bile uglavnom vise
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nego u probavilu poto¢ne pastrve iz rijeke Krke, s izuzetkom Ca, Se, Sr i Tl koji su bili visi u
pastrvama $to vjerojatno govori o odredenim fizioloskim prilagodbama i bioloskim
specificnostima svake vrste. Naime, ove vrste razlikuju se i u nacinu prehrane; pastrva je
omnivorna, i uglavnom predatorska vrsta (Mrakov¢ic i sur., 2006), dok je babuska omnivorna,
ali ve¢im dijelom herbivorna vrsta (Kottelat i Freyhof). Znacajan dio prehrane pastrve stoga
¢ine 1 rakusci, Ciji je oklop bogat Ca i Sr te stoga vrlo vjerojatno predstavlja i izvor visoke
akumulacije ovih elemenata u toj vrsti (Mertz, 1987). Sto se ti¢e Tl, ve¢ je dokazano da u
debeloglavih gav€ica njegov unos putem hrane moze biti od jednakog znacaja kao unos
vodom, odnosno predstavljati ¢ak i veci rizik toksi¢nosti jer je unos putem vode bolje
reguliran (Lapointe i Couture, 2009).

Kako dobivene informacije o ukupnim koncentracijama metala u probavilu riba daju
samo uvid u ukupni sadrzaj metala, koji ukljucuje i metale u staniénim strukturama i
detoksicirane metale, a ne samo metaboli¢ki raspolozive koji mogu izazvati potencijalne
toksi¢ne i §tetne ucinke u organizmima te samo djelomi¢no potvrduju hipoteze H1 i H2,
sljede¢i je korak bio mjerenje citosolskih, odnosno metaboli¢ki dostupnih, a time i

potencijalno toksi¢nih, koncentracija metala u probavilima obiju vrsta riba.

4.2.2. Citosolske koncentracije metala u probavilima poto¢ne pastrve i babuske

Kako bismo dobili detaljniji uvid u utjecaj okoli$nih uvjeta na same organizme,
izmjerene su citosolske, odnosno metabolicki dostupne koncentracije metala u vodotopivoj
stani¢noj frakciji probavila riba, koje predstavljaju potencijalno toksi¢an udio metala za
organizme jer odredeni dio metala prisutan i u citosolu moze biti detoksiciran vezanjem na
metalotioneine ili njima sli¢ne proteine (Wallace i Luoma, 2003; Urien i sur., 2018). Rezultati
ovog dijela istrazivanja, prvi ove vrste za probavilo ovih slatkovodnih vrsta riba, objavljeni su
u radovima pod rednim brojevima 1 i 2 za poto¢nu pastrvu te radu pod rednim brojem 3 za
babusku u popisu znanstvenih radova.

Kao §to se 1 ocekivalo 1 u pastrvi iz rijeke Krke i babuski iz rijeke Ilove, citosolske
koncentracije metala bile su nize, nego ukupne koncentracije koje predstavljaju i topivu i
netopivu frakciju metala. Unato¢ razlici u vrijednostima, citosolske koncentracije su imale
dosta sli¢ne prostorne i vremenske trendove kao i ukupne koncentracije, odnosno odrazavale
su okoli$ne uvjete na sli¢an nacin.

U potocnih pastrva znacajan porast citosolskih koncentracija metala na nizvodnoj
postaji kod Knina u odnosu na referentnu postaju zabiljezen je za Co i Se u objema sezonama,

za As i Cu u jesen te za Ca i Sr u proljece, dok su Cd, Cs i Tl kao i u slu¢aju ukupnih
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koncentracija metala bili visi kod izvora rijeke Krke u objema sezonama. Kadmij, Cs i Tl
takoder su bili poviseni i u citosolu jetara jedinki s referentne postaje u odnosu na onecis¢enu
(Dragun i sur., 2018a). Sezonske razlike u koncentracijama citosolskih metala su se ocitovale
kao viSe vrijednosti Cs, Na i Ni u jesen te As u proljece na referentnoj postaji, kao i Cd i Mo u
jesen na oneciS¢enoj postaji. Dakle, i sezonske varijacije citosolskih koncentracija imale su
usporediv trend s ukupnim koncentracijama metala u probavilu. S obzirom na to da je i vecina
elemenata u vodi imala viSe razine u jesen, ovi podaci ukazuju i na utjecaj izravnog unosa
metala vodom, ali kao i kod ukupnih koncentracija, varijabilnost pojedinih elemenata upucuje
1 na druge vazne izvore poput hrane i sedimenta. Nadalje, sezonske razlike mogu biti 1
posljedica promjene fizioloskih potreba i stanja organizma tijekom reproduktivnih razdoblja,
ali 1 biotickih ¢imbenika poput promjena temperature, pH vrijednosti te varijacija u
izloZenosti onecis¢enju. Citosolske koncentracije elemenata u tragovima uglavnom su
slijedile redoslijed: Zn > Fe >Rb > Se > Cu>Mn > Ni>Sr > Cd >Co> Mo > Tl > As > Cs
>V, a makroelemenata K > Na > Mg > Ca, bez vecih i znac¢ajnih razlika izmedu postaja te
sli¢no kao u homogenatima. Najvise koncentracije esencijalnih elemenata, zajedno s njihovim
ujednacenim vrijednostima u organizmima s malo znacajnih razlika izmedu lokacija,
potvrduju uspjesnu i jaku regulaciju esencijalnih elemenata u ribama neovisno o okoliSnim
uvjetima, kao §to je ve¢ opisano u mnogobrojnim istrazivanjima (Olsvik i sur., 2000; Monna i
sur., 2011; Dragun i sur., 2019). U nasem slucaju su npr. koncentracije otopljenog Fe, Mn i
Zn u uzorcima vode rijeke Krke bile znafajno viSe na oneciS¢enoj u odnosu na referentnu
postaju, ali te razlike nisu potvrdene u probavilu poto¢nih pastrva.

Razlika u citosolskim koncentracijama u probavilu babuski pokazala se statisticki
znacajnom izmedu referentne postaje kod sela Ilove te oneciS¢ene postaje kod sela Trebeza za
Ca, Cd, Cs, Cu, Fe, Rb i V u objema sezonama te za As, Mn, Mg i Na u jednoj sezoni. Pri
tome su svi citosolski elementi, osim Mn i V, bili poviseni kod Trebeza, jednako kao i u
slu¢aju ukupnih koncentracija. Sezonske razlike nisu bile jasno izraZene, ali ponovno je nesto
veéi broj elementa bio poviSen u ribama u prolje¢e, nego u jesen. Time su se opet na
organizme djelomic¢no odrazile i razlike u koncentracijama metala u vodi i sedimentu, ali i
potvrdio trend visih koncentracija metala u citosolu probavila u reproduktivnom razdoblju
riba, kada su pove¢ane metabolicke potrebe (Miramand i sur., 1991), kao §to je potvrdeno i u
citosolu probavila poto¢ne pastrve te citosolu Skrga i probavila europskog klena (Dragun i
sur., 2007; Filipovi¢ Mariji¢ 1 Raspor, 2010). Padaju¢i niz citosolskih koncentracija u
probavilu babuski bio je uglavnom: K > Na > Mg > Ca > Zn > Fe > Rb > Cu > Mn > Se > Cd

> Sr> Ni> Mo > As > Co >V > Cs > Tl $to je uglavnom pratilo redoslijede ukupnih metala.
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Uz pastrve i babuske, usporedba s koncentracijama u citosolu probavila bila je moguca za
europske klenove iz rijeke Save gdje je takoder zabiljezen redoslijed Zn > Fe > Cu > Mn > Cd
(Filipovi¢ Mariji¢ i Raspor, 2012).

Stoga, unato¢ razlikama u koncentraciji citosolskih i ukupnih metala, njihovi trendovi
su pokazali da obje frakcije odrazavaju okoliSne uvjete na slican nacin u objema vrstama riba.

S obzirom na primjecene razlike u ukupnim i citosolskim koncentracijama metala
izmedu lokacija i sezona uo¢enim kod obiju vrsta, sa znacajnim porastima akumulacije na
onecis¢enim postajama, ovi dijelovi istrazivanja 0 bioakumulaciji metala potvrduju hipoteze
H1 1 H2 da ispusti otpadne vode dovode do naruSavanja kakvoce okoliSa i znacajnih promjena
u ribama s oneciS¢enih postaja u odnosu na one s referentnih postaja uslijed antropogenog

utjecaja, iako sezonske razlike mogu biti i fizioloske prirode.

4.2.3. Raspodjela metala/metaloida/nemetala izmedu topljive i netopljive frakcije u

probavilima poto¢ne pastrve i babuske

Zbog detaljnijeg uvida u raspodjelu metala/metaloida/nemetala u odabranim vrstama
riba, idu¢i korak bilo je izraGunavanje omjera citosolskih i ukupnih koncentracija, odnosno
udjela topljive i netopljive frakcije, sto govori o bioraspoloZivosti metala i detoksikacijskom
potencijalu organizma za pojedini element. Rezultati ovog dijela istraZivanja obradeni su i
prikazani u radu pod rednim brojem 1 za poto¢nu pastrvu te radu pod rednim brojem 3 za
babusku, u popisu znanstvenih radova.

Koncentracije elemenata u tragovima i makroelemenata u probavilu riba razlikovale su
se izmedu postaja, medutim opadajuéi redoslijedi udjela metala u metabolicki dostupnoj
citosolskoj frakciji bili su usporedivi na referentnim i oneci§¢enim postajama obiju rijeka, dok
su se brojcane vrijednosti udjela ponesto razlikovale u slucaju nekih elemenata. U poto¢nim
pastrvama zastupljenost u postotku vecem od 60 % u topljivoj citosolskoj frakciji zabiljeZena
je za As, Cd, Cs, K, Mg, Mo, Na, Se, Rb i Tl pri ¢emu je najve¢i udio na svim postajama i
lokacijama s rijeke Krke uvijek bio za Na, K, Se, i Cs. Ti su elementi svojim vec¢im dijelom
raspolozivi za metabolicke potrebe ili za toksi¢ne u€inke u stanici. S druge strane, najmanji
udio (< 41 %) u citosolskoj frakciji uglavnom su imali Cu, Mn, Ni i V, zbog ¢ega se moze
pretpostaviti da se znacajan udio njihove detoksikacije odvija putem granula. Medutim,
postotna zastupljenost pojedinih elemenata u topljivoj frakciji probavila ipak djelomi¢no
varira ovisno o ukupnoj koncentraciji tog elementa u tkivu poto¢nih pastrva. Naime, nesto
osjetnije razlike u raspodjeli izmedu dviju lokacija rijeke Krke javile su se za elemente poput

As, Cd, Ni ili Tl, dakle neesencijalne i potencijalno toksi¢ne elemente, ¢ije koncentracije su
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pokazivale i zna¢ajne razlike izmedu lokacija. Arsen, koji je imao vise koncentracije u pastrva
s oneciscene postaje takoder je imao i neSto vecu zastupljenost u topljivoj frakciji s te postaje
Sto upucuje na njegovo zadrzavanje u citosolu nakon povisene akumulacije te veéi potencijal
toksi¢nog djelovanja. Visoki udio As u frakciji osjetljivoj na prisutnost metala (MSF, eng.
Metal Sensitive Fraction), koja ukljucuje i toplinski nestabilne proteine poput enzima,
zabiljezili su i Rosabal i sur. (2015) u jetri jegulja $to je kao i u nasem istrazivanju ukazalo na
veliku moguénost toksi¢nih u¢inaka, osobito zbog Cinjenice da se udio u toj frakciji povecava
s porastom koncentracije. Sli¢an obrazac vidljiv je i za Cd i Tl te Ni u jednoj sezoni, Cija
postotna zastupljenost u citosolu je veca u riba s referentne postaje na kojoj su bile poviSene i
njihove ukupne koncentracije. Dakle, zastupljenost pojedinih elemenata u topljivoj frakciji se
mijenja ovisno o ukupnoj koncentraciji elementa u tkivu. S obzirom na to da je poznato da se
Cd veZe za metalotioneine (Viarengo, 1985; Langston 1 sur., 2002), njegova visoka prisutnost
u citosolu, zabiljezena u viSe vrsta riba i tkiva (Kraemer i sur., 2006; Kamunde, 2009; Rosabal
i sur., 2015; Dragun i sur., 2018a), vjerojatno ukljucuje i uspjesnu detoksikaciju, ali u sluc¢aju
As, Ni i Tl takav mehanizam nije poznat pa njihova veca prisutnost u citosolu nakon povisene
akumulacije, zajedno s poznatom toksi¢no$¢u ve¢ u niskim koncentracijama, svakako moze
predstavljati opasnost za stanicu i organizam. Ipak, u nasem istraZivanju zabiljeZena je
sveukupno niska zastupljenost Ni, slicno kao i za jetru jegulja (A. anguilla), gdje je
zabiljezeno da glavnu detoksikacijsku ulogu za ovaj element imaju granule (Rosabal i sur.,
2015). Medutim, u slucaju grgea su toplinski nestabilni proteini (HDP, eng. Heat
Denaturable Proteins) mjesto najvec¢e akumulacije Ni (Giguere i sur., 2006). Nadalje,
Lapointe i sur. (2009), Rosabal i sur. (2015) te Barst i sur. (2016) izvjestavaju o dominantnom
vezanju Tl za HSP (eng. Heat Stable proteins) u jetri jegulja te jezerskih zlatov¢ica Sto ipak
upucuje na uéinkovitost detoksikacijskih mehanizama za ovaj element i u slucaju vezanja za
MSF. Medutim, isti autori navode i da znacajno povecanje izloZzenosti Tl dovodi do njegovog
smanjenog udjela u detoksiciranom obliku te se u tom sluc¢aju znacajna koli¢ina Tl moze
vezati za organele (Lapointe i sur., 2009; Barst i sur., 2016) te eliminacijski i detoksikacijski
mehanizmi funkcioniraju do odredene granice i u umjereno onecis¢enim uvjetima. Pozitivna
korelacija izmedu porasta postotnog udjela u topljivoj frakciji 1 ukupnih koncentracija metala
dobivena je za As, Cd, Cs i Tl i u jetri poto¢nih pastrva (Dragun i sur., 2018a). Povecana
prisutnost u topljivoj frakciji u jedinkama s poviSenim ukupnim koncentracijama metala u
nasem je istrazivanju ponekad uocena i vezano uz sezonu. Primjerice, ukupne koncentracije

Ni ili Rb u probavilu poto¢ne pastrve s izvora rijeke Krke bile su vise u jesen, nego U proljece
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te je isti trend uocen i za postotni udio tih elemenata u citosolu, odnosno s nesto visom
citosolskom zastupljeno$c¢u U jesen.

S druge strane, za esencijalne elemente koji su pokazali znacajno viSe koncentracije na
oneciscenoj postaji, poput Ca ili Se, postotna zastupljenost u topljivoj frakciji ostaje jednaka
ili ¢ak i pada na toj lokaciji, pa su u nekim slu¢ajevima njene vrijednosti nize na oneé¢i$¢enoj
postaji nego na izvoru. To ukazuje na ucinkovitije uklanjanje tih metala iz metabolizma te
njihovu uspjesnu regulaciju i detoksikaciju i kada su prisutni u povisenim koncentracijama.
Isto je dokazano i za Co, Fe, Mg, Mn i Sr u jetri istih jedinki pastrva te objasnjeno njihovim
vezanjem za granule kao detoksicirani oblik metala u slu¢aju visokih koncentracija (Dragun i
sur., 2018a).

Takoder, rezultati dobiveni za probavilo poto¢nih pastrva ukazali su na sli¢nosti, ali i
neke razlike u usporedbi s jetrom u raspodjeli metala, §to je i oCekivano s obzirom na
drugacije funkcije i strukturu organa (Dragun i sur., 2018a). Naime, jetra predstavlja glavni
metabolicki i detoksikacijski organ koji ima i najuéinkovitiju sposobnost akumulacije raznih
zagadivala (Sindayigaya i sur., 1994; Linde i sur., 1998; Gigueére i sur., 2004), dok probavilo,
slicnije Skrgama, predstavlja organ unosa metala U organizam uz manje metabolickih
aktivnosti. Padaju¢i udjeli metala u citosolu jetara poto¢nih pastrva bili su: Na, K (> 100 %)
> Cd, Rb, V (90-99 %) > Co, Cs, Se (80-89 %) > Cu, Fe, Mn, Mo, Tl, Zn (60-69 %) > As,
Mg, Sr (50-59 %)> Ca (40 %) kod riba s referentne postaje te Na, K (> 100%) > Rb (90-99
%) > As, Cd, Co, Cs, Se, V (80-89 %) > Cu, Mn, Mo, TI, Zn (60-69 %) > Fe, Mg (50-59 %)
> Ca, Sr (< 50 %) kod riba s onecis¢ene postaje kod grada Knina (Dragun i sur., 2018a).
Glavne razlike izmedu probavila i jetara odnose se na V, koji pokazuje puno veci udio u
citosolu jetara nego probavila, te Co, Cu, Mn i Zn s oko 20 % vi$im udjelima u citosolskoj
frakciji jetara nego probavila. | u jednom i u drugom organu isti¢u se visoki udjeli elemenata
poput As, Cd, Cs i Rb u citosolu, §to upucuje na veliku mogucnost toksi¢nih uc¢inaka.

Kod babuski je zastupljenost u postotku ve¢em od 60 % u topljivoj citosolskoj frakciji
zabiljezena za As, Cd, Co, Cs, K, Mg, Mo, Na, Se i Rb, odnosno za iste elemente kao 1 kod
potoc¢nih pastrva, s izuzetkom Co, koji je u pastrva imao citosolsku zastupljenost blizu 60 %.
Pri tome su najveci udio na svim postajama i sezonama uvijek imali Na, K, Se i Rb, vise od
80 %, dok su najmanji udio u citosolskoj frakciji (< 40 %), pa time i manji toksi¢ni potencijal,
uglavnom imali Fe, Mn, Ni i V. Unato¢ postojanju znac¢ajnih razlika u ukupnim i citosolskim
koncentracijama nekih elemenata u babuskama s dviju lokacija, postotna zastupljenost
pojedinih elemenata u topljivoj frakciji i ovdje je uglavnom bila ujednadena na objema

lokacijama i u objema sezonama. Medutim, ponesto razliciti udjeli zabiljezeni su za Cs, Cu,

103



4. Rasprava

Mn, Ni i V te su potvrdili sli¢an obrazac kao i u poto¢nih pastrva, da se pove¢anjem ukupne
koncentracije Cs ili Cu ponesto povecava i njihov udio u topljivoj frakciji, dok se odstupanja
u zastupljenosti medu postajama nisu mogla objasniti razlikama u ukupnim koncentracijama
za Mn, Ni i V. Koncentracije Ni bile su ujednaéene izmedu lokacija, no unato¢ tome veci
udjeli u topljivoj frakciji zabiljezeni su u ribama s onecis¢ene postaje kod Trebeza. lako su
ukupne i citosolske koncentracije Mn i V bile znacajno vise u riba kod sela Ilove, najvisi
postotak zastupljenosti u citosolu zabiljezen je na Trebezu u jesen, odnosno proljece,
sugerirajuci uspjes$niju detoksikaciju i regulaciju u slu¢aju ovih elemenata u babuski neovisno
o njihovoj viSoj koncentraciji. Nadalje, As 1 Cd, iako poviSeni u riba s Trebeza, nisu pokazali
veéu zastupljenost u citosolu tih jedinki, Sto takoder upucuje na nesSto ucinkovitiju
detoksikaciju nekih toksi¢nih elemenata u invazivnoj vrsti babuski, nego u poto¢nih pastrva,
ali 1 dalje uz slicne postotne udjele. Usporedbu raspodjele metala u babuskama bilo je moguce
napraviti s jetrom i bubrezima babuski sa Sest lokacija pod utjecajem oneéisé¢enja metalima iz
Belgije, gdje je udio Cd, Cu i Zn bio 60-70 % u citosolu jetara te 50 % Cd 130 % Cui Znu
citosolu bubrega (van Campenhout i sur., 2010). U probavilu babuski iz rijeke Ilove u naSem
istrazivanju udio Cd je bio oko 80 %, Cu 40-50 %, a Zn 50-60 %.

U konacnici, usporedba izmedu dviju vrsta riba iz ovog istraZivanja ipak je ukazala na
slicne prosjecne udjele metala u citosolu probavila sa sljede¢im rezultatima: Na, K (> 98 %)>
Se (87 %) > Cs (85 %) > Rb (82 %) > Mo (73 %) >As (69 %) > Cd, Mg (67 %) > Tl (60 %) >
Co (58 %) > Fe (50 %) > Sr (48 %) > Zn (47 %) > Ca (43%) > Mn, V (41%) > Cu (39 %) >
Ni (36 %) za potocne pastrve iz rijeke Krke te Na, K (100 %) > Rb (93 %) > Se (84 %) > Cd
(80 %) > Cs (79 %) > As (73 %) > Mo (71,5 %) > Mg (66 %) > Co (65 %) > Zn (57 %) >
Sr (50 %) > Cu (46 %) > Ca, TI (45 %) > Mn (39 %) > Fe (34 %) > V (31 %) > Ni (25 %)
za babuske iz rijeke llove. Usporedba s citosolom probavila klenova iz rijeke Save ukazala je
na visu citosolsku zastupljenost Cd (90-100 %), Zn (70-80 %) i Cu (50-80 %) u klenu u
odnosu na poto¢ne pastrve i babuske, te uglavnom usporedive udjele Fe i Mn (30-40 %)
(Filipovi¢ Mariji¢ i Raspor, 2012). Postojece razlike, iako se odnose na dvije razlicite vrste
riba i1 dva razlicita slatkovodna ekosustava, dinaridsku rijeku Krku i panonsku rijeku llovu,
nisu bile jako izrazene i govore u prilog relativno sliécnim mehanizmima detoksikacije i
metabolizma metala u probavilu riba opcenito, dok se postojece razlike mogu povezati s
drugacijim fizioloSkim karakteristikama svake vrste, njthovom biologijom, kao i razli¢itim
okoli$nim uvjetima te posljedi¢no i izlozenosti metalima iz okoliSa i1 hrane.

Metali prisutni u citosolu, osobito u uvjetima niske ili umjerene izloZenosti, mogu biti

detoksicirani putem vezanja za toplinski stabilne proteine, poput MT ili GSH, ali odredeni dio
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se ipak veze i za toplinski osjetljive proteine (HDP), Sto pokazuje da detoksikacija nije u
potpunosti u¢inkovita (Kraemer i sur., 2006; Rosabal i sur., 2015). Za akumulaciju Cd, Cu ili
Zn moze Se ocekivati vrlo visoka detoksikacija putem MT (Kraemer i sur., 2006; Campbell i
sur., 2008; van Campenhout i sur., 2010). Nadalje, u slu¢aju Cu i Zn o¢ekuje se i raspodjela
medu brojnim citosolskim biomolekulama vezano uz njihovu fizioloSku ulogu, kao i uspjesna
regulacija njihovih koncentracija u stanicama, budu¢i da se radi o esencijalnim elemenatima
potrebnim za normalan metabolizam i odrzavanje homeostaze (Kraemer i sur., 2006;
Kamunde 1 MacPhail, 2008; Monna i sur., 2011). Medutim, akumulacija neesencijalnih
elemenata u citosolu i osjetljivim odjeljcima mozZe predstavljati prijetnju i mogucnost
toksi¢nih ucinaka koji ukljucuju blokiranje funkcionalnih skupina, zamjenu esencijalnih
elemenata ili modifikacije aktivnih mjesta vaznih biomolekula (Mason i Jenkins, 1995). Stoga
visoka citosolska zastupljenost elemenata poput As, Cd, Cs ili Rb u probavilima riba u nasem
istrazivanju upucéuje na potencijal za toksi¢ne ucinke u analiziranim ribama.

Razlike u akumulaciji metala, kao i u stupnju detoksikacije te zastupljenosti u topljivim
frakcijama svakako su posljedica antropogenog utjecaja i razlicitog onecis¢enja dviju lokacija,

Sto potvrduje hipotezu H2.

4.3. Raspodjela Cd, Co, Cu, Fe, Mo, Se i Zn medu citosolskim biomolekulama razli¢itih

molekulskih masa u probavilima poto¢ne pastrve iz rijeke Krke i babuske iz rijeke llove

Da bismo opisali ponaSanje 1 metabolizam metala na substani¢noj razini u ribama, u
ovome smo dijelu istraZivanja istrazili raspodjelu sedam elemenata medu citosolskim
biomolekulama razli¢itih molekulskih masa u probavilima poto¢ne pastrve i babuske.
Utvrdeni su rasponi molekulskih masa citosolskih biomolekula koje vezu esencijalne
elemente Co, Cu, Fe, Mo, Se i Zn te neesencijalni Cd u probavilima u uvjetima uglavnom
niske izlozenosti u okoliSu, ali i opisane promjene koje se javljaju pri nesto povisenoj
bioakumulaciji. Takoder, opisane su i specificne razlike izmedu dviju vrsta. S obzirom na to
da se radi o prvim podacima za probavilo ribe uopce, rezultati pruzaju bazu sa usporedbu s
drugim vrstama i razli¢itim razinama izloZenosti metalima te klju¢ni prvi korak prema to¢noj
identifikaciji biomolekula koje vezu metale u probavilu i koje bi potencijalno mogle biti
koristene kao biomarkeri. Rezultati tog dijela istrazivanja obradeni su u pripremljenom radu
kao Prilogu 1.

Za metale obuhvacene ovim izucavanjem, koncentracije otopljenih oblika u vodi rijeke
Krke u razdobljima uzorkovanja poto¢nih pastrva bile su ve¢inom usporedive s nezagadenim i
kr§kim vodotocima (Cd, 0,005-0,01 pug LY; Co 0,019-0,211 pg L; Cu< 0,401 ug LY Fe 0,9-
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5,16 pg L' Mo 0,21-0,515 pug LY Zn < 7,34-20.41 pg LY. Povisene koncentracije
otopljenog Fe i Mo na oneciS¢enoj postaji u odnosu na referentnu su omogucile pracenje
promjena citosolskih raspodjela tih metala ovisno o izlozenosti u vodi. Koncentracije
otopljenih metala u rijeci llovi u vrijeme uzorkovanja babuski takoder su bile usporedive s
Cistim ili umjereno onecis¢enim rije¢nim tokovima iako su koncentracije opéenito bile vise
nego u Krki. Kretale su se u sljede¢im rasponima: Cd 0,006-0,053 pg L; Co 0,121-0,338 pg
L% Cu 0,401-0,716 pg LY Fe, 17,89-21,81 ug L*; Mo 0,561-0,981 ug LY; Zn <7,34 ug L te
su takoder poviSene koncentracije Cd i Mo na oneciS¢enoj u odnosu na referentnu postaju
rijeke Ilove omogucile analizu promjena u raspodjeli tih elemenata ovisno o razini izloZenosti
metalima.

Primjena tekucinske kromatografije visoke djelotvornosti s iskljuéenjem po veli¢ini
(SEC-HPLC) radi razdvajanja citosola probavila na frakcije koje sadrze biomolekule
odgovarajuc¢ih molekulskih masa te primjena masenog spektrometra s induktivno spregnutom
plazmom (ICP-MS) radi odredivanja koncentracija metala i nemetala u tako dobivenim
frakcijama (Montes-Bayon i sur., 2003) ¢ine znaajan pocetni korak u prepoznavanju
biomolekula koje vezu metale, kao i preduvjet za njihovu to¢nu identifikaciju. Kako bi se $to
jednostavnije opisali dobiveni profile raspodjele metala, prema Krasnic¢i i sur. (2013, 2014,
2018), definirane su Cetiri glavne kategorije biomolekula koje vezu metale, uzimajuci u obzir
njihovu molekulsku masu:

1. VMM ili biomolekule visokih molekulskih masa (>100 kDa);

2. SMM ili biomolekule srednjih molekulskih masa (>30-100 kDa);

3. NMM ili biomolekule niskih molekulskih masa (10-30 kDa);

4. JINMM ili biomolekule jako niskih molekulskih masa (<10 kDa).

Kadmij je neesencijalni element koji moze biti toksican ve¢ pri vrlo niskim
koncentracijama te kroz kompeticiju s nekim esencijalnim elementima dovodi do pogreSnog
smatanja proteina, pojave oksidacijskog stresa i oStec¢enja stanica (Sedak i sur., 2015). Dva
glavna mehanizma toksi¢nosti ukljuuju inhibiciju aktivnosti enzima vezanjem na -SH
skupine te zamjenu Zn na veznim mjestima bioloski vaznih molekula (Landis i Yu, 1999).
Citosolske koncentracije Cd u probavilu poto¢nih pastrva bile su u rasponu od 2,25-271,3 ug
kg™, a u probavilu babuski od 25,1-753,0 pg kg™*. Kadmij je bio raspodijeljen unutar jednog
jasnog NMM molekulskog pika ¢iji maksimum po vremenu eluiranja i molekulskoj masi
odgovara standardima MT, ¢ime se potvrdio visok afinitet MT za vezanje Cd kao jedan od

glavnih mehanizama detoksikacije ovog elementa (Roesijedi, 1992). Porast citosolskih
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koncentracija Cd doveo je do povecanog eluiranja unutar MT podrucja, dok vezanje Cd na
dodatne biomolekule u VMM podruéju, koje ukazuje na potencijalnu toksi¢nost kod visokih
koncentracija, nije uoc¢eno osim slabo u uzorcima s najvisim koncentracijama (selo Trebez u
jesen). S obzirom na viSe citosolske koncentracije Cd u babuskama, nego u pastrvama, i
visina pika, odnosno koli¢ina eluiranog Cd u MT regiji je bila visa u babuskama. Vezanje na
ovo podru¢je sugerira uspjeSnu i gotovu potpunu detoksikaciju Cd u probavilu obiju vrsta
riba. Dominantno vezanje Cd za isto podrucje je opisano i za jetru poto¢nih pastrva (Dragun i
sur., 2018b), kao i jetru i skrge babuski (Dragun i sur., 2020) iz istih uzorkovanja, kao i za
druge slatkovodne ribe (Goenaga Infante i sur., 2003; Krasni¢i i sur., 2013, 2018; Caron i sur.,
2018).

Kobalt je esencijalni element ¢ija raspodjela je obuhvacala Cetiri pika, ali je dominantno
podrugje eluiranja ovisilo o vrsti. Citosolske koncentracije Co u probavilu poto¢nih pastrva
bile su u rasponu od 5,31-121,3 pg kg, a u probavilu babuski od 11,3-39,9 ug kg*. Najveci
dio citosolskog Co u probavilu poto¢ne pastrve bio je vezan uz VMM biomolekule (85-235
kDa), dok je samo manji dio bio vezan u SMM (30-85 kDa) i JNMM (0,5-1,8 kDa i 2,4-18
kDa) podrucjima. | prijasnja istrazivanja na raznim organima raznih vrsta riba ukazala su na
visok afinitet iona Co za enzimske proteine visokih molekulskih masa sto bi moglo
obuhvacati enzime poput metilmalonil CoA-mutaze ili 5- metiltetrahidrofolat - homocistein
metiltransferaze (Banerjee i Ragsdale, 2003; Krasnici i sur., 2013, 2014, 2018; Paustenbach i
sur., 2013; Caron i sur., 2018; Dragun i sur., 2018b). Povisenje citosolskih koncentracija
dovelo je uglavhom do porasta eluiranja Co u VMM podru¢ju. Iako su ista podrucja
raspodjele Co zabiljezena i u citosolu babuski, dominantno vezanje je uoceno u JNMM
podru¢ju. Glavnina Co u JNMM podruéju se vezala na biomolekule u rasponu od 2,4-18 kDa,
a nes$to manji dio za biomolekule molekulskih masa 0,7-1,8 kDa. Vezanje za VMM i SMM
bilo je vidljivo 1 u babuskama, ali gotovo zanemarivo. lako je najpoznatija uloga Co vezana
uz izgradnju strukture kobalamina (1,3 kDa; Blust, 2012), profili raspodjele Co u probavilu
istrazivanih riba samo manjim su dijelom ukazali na njegovo vezanje na podrucje koje
obuhvaca molekularnu masu toga spoja (Kirschbaum, 1981). Dakle, uocene su neke
specificne razlike ovisno o vrsti §to je posljedica drugacije ekologije 1 biologije pojedine vrste
te okolisnih uvjeta.

Bakar ima vaznu ulogu u metaboli¢kim procesima koja ukljucuje njegovu kataliticku ili
strukturalnu funkciju u mnogim enzimima i metaloproteinima (Harris, 2001). Ima izuzetno
vaznu ulogu u respiraciji, ali je potreban i1 za stvaranje vezivnog tkiva, odrzavanje mijelina i

uklanjanje slobodnih radikala superoksida (Gaetke i sur., 2014). Citosolske koncentracije Cu
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u probavilu poto¢nih pastrva bile su u rasponu od 0,21-1,348 ug kg, a u probavilu babuski
od 0,358-1,361 ug kg*. Profili raspodjele ukazali su na dominantnu prisutnost u NMM
podrucju s maksimumima koji odgovaraju standardima MT pa se moZe pretpostaviti da se Cu
u probavilu obiju vrsta riba, kao i Cd, uglavnom veze za MT. Dakle, moze se zakljuciti da MT
imaju glavnu ulogu i u detoksikaciji Cu, $to je potvrdeno i porastom prisutnosti Cu u podru¢ju
MT pri povisenju citosolskih koncentracija Cu. Ipak, u jedinkama s najve¢im citosolskim
koncentracijama Cu moglo se primijetiti i Sirenje pikova, $to ukazuje na mogucénost vezanja i
na druge citosolske biomolekule u slucaju visokih koncentracija. Dodatno vezanje u objema
vrstama primije¢eno je i u SMM regiji te pokriva biomolekule od 18-85 kDa, $to obuhvaca
molekulske mase raznih proteina koji sadrze Cu poput superoksid dismutaze (SOD, 32 kDa) i
uglji¢ne anhidraze (29 kDa) (Szpunar i Lobinski, 1999). Maksimum tog pika odgovarao je i
vremenu eluiranja standarda SOD. Vezanje Cu uz SOD ima dvojaku ulogu te moze upucivati
I na esencijalnu uloga tog elementa (Sanchez i sur., 2005), ali i na poveéanu mogucnost
toksi¢nih ucinaka, odnosno potencijalne inhibicije tog enzima (Vutukuru i sur., 2006).
Usporedba raspodjele u probavilu potoéne pastrve s raspodjelom u jetri iste vrste ukazala je
na sli¢nost u dominantnom vezanju U NMM podrucju, ukazujuéi na vaznu ulogu MT, ali u
jetri je bilo vidljivo i vezanje za VMM podru¢je (Dragun i sur., 2018b). Moguce da je ta
razlika posljedica puno vecih koncentracija Cu u jetri nego u probavilu, jer prema Dragun i
sur. (2018b), s povecanjem koncentracije raste i kolicina Cu u VMM podruc¢ju. Usporedba u
babuskama ukazala je na vecu slinost probavila s jetrom nego sa Skrgama, s vecinskim
vezanjem Cu u NMM podrucju (Dragun i sur., 2020). Dominantno vezanje Cu za MT-frakciju
opisano je u mnogim tkivima i vrstama (van Campenhout i sur., 2008, 2010; Krasni¢i i sur.,
2013, 2014, 2018; Caron 1 sur., 2018; Urien i sur., 2018) Sto je ocekivano za tkiva koja su
aktivna u uzimanju, skladiStenju 1 izlu¢ivanju elemenata u tragovima, poput Skrga, probavila
ili jetara (Roesijadi i Robinson, 1994).

Esencijalna uloga Fe ogleda se u transportu kisika putem hemoglobina, sudjelovanju u
DNA sintezi, metabolizmu masnih kiselina i tirozina te zastiti od bakterijskih infekcija (Vidal
i sur., 1993; Bury i sur., 2012; Kuhn i sur., 2016). Citosolske koncentracije Fe u probavilu
potocnih pastrva bile su rasponu od 2,0-12,20 ug kg, a u probavilu babuski od 8,27-22,03 ug
kg. Profili raspodjele u probavilu ukazali su na njegovu prisutnost u dva ili tri podru¢ja
citosolskih biomolekula, ovisno o vrsti. Prvi pik u VMM podruéju (182-1088 kDa) te drugi u
SMM podrucju (18-109 kDa) bili su zajednicki za obje vrste riba, dok je samo u potocnih
pastrva bio vidljiv i tre¢i pik u NMM podrucju, odnosno u nekoliko uzoraka s izvora rijeke
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Krke u VNMM podrucju, pokrivaju¢i podrucje od 1,8-14 kDa, $to je upucivalo na moguce
vezanje na nukleotide, aminokiseline, pirofosfate i komplekse Fe (Beard i sur., 1996).
Maksimum VMM pikova obuhvacao je vezanje uz biomolekule 400-500 kDa ¢ime je
opravdano misliti da se radi prvenstveno o vezanju za feritin (450 kDa, Szpunar i Lobinski,
1999), poznati protein za skladiStenje Fe. Dominantno vezanje Fe u poto¢nih pastrva ipak je
zabiljezeno u SMM podrucju $to ukazuje na vezanje za razliite proteine poput hemoglobina
(65 kDa), transferina (80 kDa, Asmamaw, 2016), feroportina (63 kDa) ili podjedinica katalaze
(60 kDa) (Martin-Antonio i sur., 2009). Takoder, prema Krasni¢i i sur. (2019) moze se raditi i
o monomerima (15,5 kDa), dimerima (31,5 kDa) i trimerima (47 kDa) podjedinica
hemoglobina, kao u jetri i Skrgama Vardarskog klena. Sli¢na raspodjela medu citosolskim
biomolekulama zabiljezena je i u jetri potocnih pastrva, osim $to je dominantno bilo vezanje
za VMM podrugje, vjerojatno kao posljedica visih koncentracija Fe u jetri nego u probavilu,
kao 1 vaznijoj skladi$noj ulozi jetre (Walker i Fromm, 1976). Kod babuske je raspodjela bila
podijeljena izmedu VMM i SMM podru¢ja pri ¢emu je raspodjela medu VMM
biomolekulama bila dominantna na objema postajama rijeke llove, ukazujuéi na vezanje na
feritin. Raspodjela medu citosolskim biomolekulama jetara i $krga babuski ukazala je na
sli¢ne obrasce te na vecu slicnost probavila s jetrom gdje je dominantno vezanje takoder
zabiljezeno u VMM podru¢ju (Dragun i sur., 2020), dok je u Skrgama dominantan pik
smjesten u SMM podrucju. Povisene koncentracije Fe su pra¢ene porastom prvog ili drugog
pika, ovisno o uzorku. Uocili smo 1 sli¢nost raspodjele u probavilu babuske s profilima
raspodjele u citosolima jetri i Skrga klenova, gdje takoder nije zabiljezeno vezanje Fe u
JNMM podrucju (Krasni¢i i sur., 2013, 2014, 2018) Sto upucuje na slicne mehanizme vezanja
Fe u vrstama koje pripadaju istoj porodici, Saranima.

Raspodjela Mo zabiljezena je u VMM 1 JNMM podrucju u objema vrstama riba.
Citosolske koncentracije Mo u probavilu poto¢nih pastrva bile su u rasponu od 17,3-49,7 ug
kg™, a u probavilu babuski od 49,5-81,8 pg kg*. U objema vrstama dominantno vezanje je
zabiljezeno u JNMM podrucju, iako je VMM podrucje obuhvacalo molekulske mase enzima
kojima Mo sluzi kao kofaktor poput Fe-Mo flavoprotein ksantin oksidaze (275 kDa, Truglio i
sur., 2002), aldehid oksidaze (130 kDa, Uchida i sur., 2003) te sulfit oksidaze (120 kDa,
Johnson i1 Rajagopalan, 1976). Raspodjela unutar VMM podrucja bila je dominantna u jetri
potocne pastrve, babuske i klenova potvrdujuéi specificnost ovih enzima za pojedina tkiva
(Krasni¢i 1 sur., 2013, 2018; Dragun 1 sur., 2018b, 2020). Glavni pik u naSem istrazivanju
obuhvacao je raspon od 1,8-8 kDa s maksimumom na 5,1 kDa, slicno kao u skrgama babuski

(Dragun i sur., 2020). Sli¢nost probavila i Skrga vjerojatno odrazava nedavni unos Mo putem
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vode ili hrane, a rast citosolske koncentracije Mo je uglavhom doveo do znatnijeg vezanja za
JNMM podrugje.

Bioloska uloga Se primarno se odnosi na njegovu ugradnju u proteine u obliku
selenocisteina te ¢ini sastavni dio glutation peroksidaze, tioredoksin reduktaze ili vitamina E
(Watanabe i sur., 1997). Citosolske koncentracije Se u probavilu poto¢nih pastrva bile su u
rasponu od 0,362-1,784 pg kg?, a u probavilu babuski od 0,377-0,560 pg kg?. Profili
raspodjele Se u probavilu ovih dviju vrsta ukazali su na razlike medu vrstama u broju pikova
te podru¢ju dominantnog vezanja. U poto¢nih pastrva Se je raspodijeljen u dva pika u JINMM
podrucju pri ¢emu je glavnina vezanja zabiljeZzena za podrucje 0,4-1,4 kDa, sli¢no kao i u jetri
poto¢nih pastrva (Dragun i sur., 2018). Takvo vezanje u probavilu bi moglo predstavljati
oblike selenocisteina ili selenometionina u citosolu, putem kojih ribe i unose Se (Janz i sur.,
2010). Uz to, moze se raditi i o komponentama aktivnim u obrani organizma od oksidacijskog
stresa, poput selenoneina (0,5 kDa, Yamashita i Yamashita, 2010). Povisenje citosolskih
koncentracija Se u pojedinim uzorcima dovelo je poveéanog vezanja za biomolekule < 1,5
kDa, §to je uz pastrve, ve¢ zabiljezeno i u skrgama klenova (Krasni¢i i sur., 2014, 2018). Uz
JNMM pikove koji su u babuski obuhvacali biomolekule u rasponu od 0,4-11 KkDa,
potencijalno ukljucujuéi i selenoprotein SelW (~10 kDa), koji ima antioksidacijsku ulogu
(Lopez Heras i sur., 2011), Se se u ovoj vrsti vezao i u VMM podrucju u rasponu od 30-303
kDa s maksimumom oko 110 kDa. Taj raspon obuhvaca poznate selenoproteine poput
glutation peroksidaze (85 kDa, Shulgin i sur., 2008) i tioredoksin reduktaze (66 kDa). lako su
citosolske koncentracije Se u babuskama bile vrlo sli¢éne na objema lokacijama, vidljivo je da
je porast koncentracije u riba s referentne postaje rezultirao porastom VMM pika, a u riba s
onecis¢ene postaje porastom JNMM pika. U Skrgama babuski, Dragun i sur. (2020) su
zabiljezili 4 pika, s ve¢inskim vezanjem Se u JNMM podrucju, dok je u jetri ve¢ina Se bila
vezana za VMM podrucje, a samo neznatan dio raspodjele bio je vezan uz dva pika prisutna u
JNMM podrugju.

Cink sudjeluje u razli¢itim bioloSkim procesima ukljucuju¢i metabolizam proteina ili
lipida, stani¢nu signalizaciju, rad i zastitu imunoloskog sustava, odnosno ima 1 kataliticku 1
regulacijsku i strukturalnu funkciju (Coelman, 1992). Citosolske koncentracije Zn u probavilu
potoénih pastrva bile su u rasponu od 26,2-61,5 ug kg, a u probavilu babuski od 75,9-147,2
ng kg! $to je vjerojatno utjecalo i na uo¢ene razlike u raspodjeli Zn izmedu dviju vrsta. Kod
potoc¢nih pastrva iz rijeke Krke, raspodjela Zn zabiljezena je u dva pika u VMM podrucju, pri
¢emu je dominantno vezanje na objema postajama uoceno u podru¢ju od 392-1088 kDa.

Sli¢ni pikovi zabiljezeni su i u jetri pastrva, iako je u jetri bilo prisutno vezanje Zn i na NMM
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podruc¢je koje obuhvaca MT (Dragun i sur., 2018b). Medutim, iako je Zn-MT vezanje
zabiljezeno 1 u jetri klenova (Krasni¢i i sur., 2013, 2018), kao i jegulje (van Campenhout i
sur., 2008), u nasem istrazivanju nije bilo prisutno u probavilu pastrve. Sli¢éno probavilu, kao
organu unosa metala hranom, vezanje Zn za MT nije zabiljezeno ni u Skrgama viSe vrsta riba
Sto potvrduje njihovu sli¢nu ulogu u unosu metala (Krasni¢i i sur., 2014, 2018; Dragun 1 sur.,
2020). Vezanje za molekule 30-235 kDa, nesto slabije zastupljeno u probavilu pastrva
ukljucuje molekulske mase albumina (66 kDa), transferina (80 kDa), Zn-SOD (32 kDa) te
alkohol dehidrogenaze (150 kDa) (Szpunar i Lobinski, 1999). Kod babuski, Zn se, uz VMM
podrugje, vezao i u JNMM podrucju u dva pika. Ta regija je pokrivala biomolekule u rasponu
od 0,7-14 kDa, ¢ime se potvrdilo i moguce vezanje Zn na MT, ali to nije bilo jasno izrazeno.
Vezanje za JNMM podrucje zabiljezeno je i u Skrgama, ali ne i jetri babuski (Dragun i sur.,
2020), kao 1 u Skrgama Europskog klena (Krasni¢i 1 sur., 2013). Vezanje u podruc¢ju INMM
potencijalno ukazuje i na vaznu ulogu Zn u antioksidacijskoj obrani putem vezanja za GSH
(307 Da), tiol koji ima ulogu u detoksikaciji metala i ponekad ¢ini prvu liniju obrane, ¢ak i
prije MT (Lavradas i sur., 2016). Porast citosolskih koncentracija Zn doveo je do porasta
visine ve¢ postojeéih pikova, a znacajne promjene u raspodjeli Zn kao posljedica razlika u
koncentraciji nisu bile vidljive. U ve¢ini uzoraka dominantno je bilo vezanje za VMM
podrucje.

Rezultati ovog dijela istrazivanja ukazali su kako na sli¢nosti, tako 1 na razlike u
raspodjeli elemenata medu citosolskim biomolekulama razli¢itih molekulskih masa u
probavilima poto¢nih pastrva iz rijeke Krke i babuski iz rijeke Ilove. Nije bilo znacajnih
razlika u citosolskoj raspodjeli Cd, Cu i Mo, dok su razlike u dominantnim ili dodatnim
podruc¢jima raspodjele zabiljezene za Co, Fe, Se i Zn. U objema vrstama bilo je izrazeno
vezanje Cd i Cu za MT, ali ne i Zn. Vezanje Fe za INMM biomolekule je zabiljezeno samo u
pastrvi, a Se za VMM te Zn za INMM biomolekule samo u babuski. Vec¢ina esencijalnih
elemenata u objema vrstama bila je raspodijeljena u vise pikova i podruéja Sto je u skladu s
njihovom znacajnom fizioloskom ulogom. Usporedba s drugim organima istih vrsta ukazala
je na specificnosti svakog organa ovisno o njegovoj bioloskoj funkciji. Nadalje, elementi su
ve¢inom bili vezani uz ista molekulska podruc¢ja u svim uvjetima i vrstama, samo u drugim
koli¢inama i omjerima, ovisno o vi$oj bioakumulaciji u odredenim jedinkama te o funkciji
organa i svojstvima organizma. Stoga je djelomi¢no potvrdena hipoteza H4 da se raspodjela
metala mijenja pri razliitim razinama izloZenosti metalima, kao i medu organizmima. No,

kako su strategije cesto bile slicne u objema vrstama riba iz ovih ¢istih do umjereno

111



4. Rasprava

oneciscenih rijeka, razlike koje bi mogle nastati uslijed jaceg oneciS¢enja, treba dodatno

istraziti.

4.4. RakuSci kao bioindikatorski organizmi

U svrhu usporedbe akumulacije metala 1 procjene stanja okoliSa u razliitim
bioindikatorskim organizmima, uz ribe su uzorkovani i raku$ci kao predstavnici
beskraljesnjaka te kao vazna karika u zivotnom ciklusu kukasa. Budué¢i da predstavljaju
medudomadare kukasa (Kennedy, 2006), rakusci iz rijeke Krke ukljuceni su u istrazivanje i
kako bismo procijenili njih kao bioindikatore, ali i kao dio procjene kukasa kao bioindikatora
izlozenosti metalima. Rezultati dijela istrazivanja vezanog uz akumulaciju metala u rakuScima
nalaze se u radu 1 na listi radova za rakusce iz rijeke Krke te u Prilogu 2 za rakusce iz rijeke

llove.

4.4.1. Bioloski pokazatelji u rakusaca

Razli¢iti rakuSci roda Gammarus uzorkovani su iz rijeka Krke i llove za dodatnu
procjenu akumulacije metala u organizmima, kao i stanja okoliSa. Na izvoru rijeke Krke
uzorkovali smo dvije vrste: Gammarus balcanicus te Echinogammarus acarinatus, dok je na
nizvodnoj postaji kod Knina bila prisutna samo vrsta G. balcanicus. Od ranije je poznato da je
izvor rijeke Krke staniSte dviju endemskih svojti podru¢ja Dinarida, ve¢ spomenute vrste E.
acarinatus i podvrste Fontogammarus dalmatinus krkensis S. Karaman, 1931 (Gottstein i
sur., 2007; Zganec i sur., 2016), koja nije pronadena u nasem istrazivanju, vjerojatno kao
posljedica nacina uzorkovanja i1 njezinog specificnog mikrostaniSta unutar mahovina te
nastanjivanja samog izvora Krke tj. zone eukrenala (Zganec i sur., 2016). Mahovina ima
obrambenu ulogu od predacije i struje vode, a predstavlja i izvor hrane za rakuSce jer
zarobljuje Cestice detritusa. Ove dvije endemske svojte moguce je zajedno pronaci i u €istim,
izvori$nim i gornjim dijelovima rijeke Une dok nisu prisutne u srednjem i donjem toku
(Zganec i sur., 2010). Takoder, odsustvo ovih dviju endemskih svojti s podrudja rijeke Krke
pod antropogenim utjecajem kod Knina je takoder ve¢ ranije opisano u rijeci Krki, iako je
vrstu E. acarinatus moguce prona¢i u mnogim dijelovima toka rijeke Krke s razli¢itim
ekoloskim zonacijama (Gottstein i sur., 2007; Zganec i sur., 2016) te mozaiénu
rasprostranjenost ove vrste u ovom rije¢nom toku nije moguée objasniti samo na temelju
varijabilnosti fizikalno-kemijskih ¢imbenika (Zganec, 2009).

Nadalje, vrsta E. acarinatus bila je manjih dimenzija tijela i manje mase nego G.

balcanicus, a razlika u masi oc€itovala se i medu jedinkama vrste G. balcanicus jer su sitniji
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primjerci nadeni na izvoru rijeke, nego na nizvodnijoj postaji, Sto je vjerojatno posljedica
brzine toka koja smanjuje koli¢inu dostupnih hranjivih tvari (Suren, 1991). Vjerojatno zbog
manjih eneregetskih potreba malih vrsta i jedinki (White i sur., 2007), sitnija vrsta E.
acarinatus je na izvoru bila brojnija, nego vrsta G. balcanicus. Uz to, opcenito je rije¢ 0
ekoloskoj zonaciji s obzirom na termiku, tip i koli¢inu ponudene hrane i specifi¢na preferirana
mikrostaniSta svake od navedenih vrste rakuSaca. MikrostaniSta se razlikuju s obzirom na
sastav supstrata, brzinu strujanja, koli¢inu organskog materijala, prisutnost makrofita kao $to
su mahovine i cvjetnice te prisutnost algi. Supstrat predstavlja prostor za kretanje, odmaranje,
razmnozavanje ili sakupljanje hrane te ga ¢ini organska (komadi¢i lis¢a, mrtva vodena
vegetacija i uginule Zzivotinje) i anorganska komponenta (stijene, mulj, pijesak, §ljunak,
obluci) (Giller i Malmqvist, 1998). Mahovina, kao vrlo pogodno mikrostaniste, pak
omoguc¢ava zaklon od predacije ili struje vode, osobito manjim vrstama rakuSaca, te sluzi i
kao izvor hrane. Uz to, vrste roda Gammarus preferiraju stanista s vodenom vegetacijom u
usporedbi sa Sljunkom ili golim pijeskom (MacNeil i Prenter 2000), a temperatura je opéenito
jedan od najvaznijih ¢imbenika koji regulira njihovu rasprostranjenost (Zganec, 2009).

U rijeci Ilovi rakusci roda Gammarus su pronadeni samo na najuzvodnijoj postaji u
blizini sela Maslenjac¢a, dok je svega nekoliko jedinki ovog roda uzorkovano kod sela llove, a
kod sela Trebeza uzorkovano je tek nekoliko jedinki invazivne vrste iz roda Dikerogammarus.
Na Maslenjaci su uzorkovane dvije vrste rakusaca - G. fossarum te G. roeselii, pri ¢emu je
veca brojnost zabiljezena za vrstu G. fossarum. Takoder, prosje¢no su primjerci G. roeselii
bili veé¢i, nego G. fossarum. Longitudinalna distribucija rakuSaca ovisi o kompleksim
interakcijama izmedu fizikalno — kemijskih ¢imbenika te o biotickim interakcijama, a medu
najvaznijim fizikalno-kemijskim ¢imbenicima su: temperatura vode, koncentracija kisika u
vodi, koncentracija kalcijevih iona, alkalinitet, tip supstrata te strujanje vode (MacNeil i sur.,
2000). Mnogi autori longitudinalnu zonaciju odredenih vrsta rakuSaca pripisuju upravo
kombiniranom utjecaju temperature i nekih drugih ve¢ spomenutih ¢imbenika, kao §to su
brzina strujanja vode, pH vrijednost, koncentracija otopljenog kisika u vodi i oneciS¢enje
(Zganec, 2009). Uz to, na rasprostranjenost vrsta utjetu i kompeticija, predacija i prisutnost
parazita. Nedostatak rakusaca u donjem toku rijeke odrazava i njihovu prirodnu i uobi¢ajenu
distribuciju te slijedi koncept rije¢nog kontinuiteta (Vannote i sur., 1980) prema kojem u
gornjim tokovima rijeka, zbog pritoka alohtone organske tvari s kopna, poput otpalog lis¢a i
komadic¢a drveta, u zajednici makrobeskraljeSnjaka dominiraju usitnjivaci te detritivori (eng.
shredders) koji prikupljaju sitnije Cestice nastale usitnjavanjem listinca, Sto se smatralo i

funkcionalnom grupom rakusaca (Cummins, 1973). Medutim, danas takva kategorizacija nije
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toliko zastupljena jer se pokazalo da rakuSci zauzimaju i puno viSe polozaje u hranidbenim
lancima te da velik udio u njihovoj prehrani mogu ¢initi i alge, biljni te Zivotinjski materijal
(Kelly i sur., 2002; Glazier, 2009), dok njihovu stopu usitnjavanja listinca uvelike povecava
prisutnost raznolikih vrsta gljiva (Lecerf i sur., 2005; Glazier, 2009) koje time zapravo
reguliraju brojnost i stopu rasta rakusaca i sudjeluju u razgradnji listinca. Sama struktura
staniSta i sastav supstrata su medu dominantnim ¢imbenicima koji utje¢u na distribuciju svih

svojti beskraljeSnjaka u mnogim slatkovodnim sustavima.

4.4.2. Citosolske koncentracije metala u rakuscima

Zbog postojanja hitinskog oklopa kod rakusaca, koncentracije metala mjerene su samo u
citosolskoj, odnosno topljivoj i metabolicki dostupnoj frakciji. Homogenate zbog viskoznosti
i gusto¢e uzorka nije bilo moguée odvojiti u preciznom volumenu te stoga nismo mogli dobiti
vrijednosti citosolskih i ukupnih metala u istim jedinkama.

Nadalje, razlike izmedu referentne i oneciS¢ene lokacije bilo je moguce testirati samo na
rijeci Krki za vrstu G. balcanicus, budu¢i da je, kako je ve¢ navedeno, vrsta E. acarinatus bila
prisutna samo na izvoru rijeke. Takoder, u rijeci llovi je bilo moguce uzorkovati rakusce samo
na jednoj lokaciji pa su stoga usporedene sezonske razlike. Provedena je i usporedba
specifiénih razlika izmedu vise vrsta ovog roda, unutar svakog istrazivanog ekosustava, ¢iji se
pripadnici Cesto koriste kao bioindikatorski organizmi (Rinderhagen i sur., 2000; Gerhardt 1
sur., 2011).

Kod vrste G. balcanicus iz rijeke Krke zabiljezene su statistiCki znacajno vise
koncentracije Co, Fe, K, Mn, Mo i Na na onecis¢enoj postaji kod Knina u odnosu na
referentnu postaju u objema sezonama te dodatno As u jesen te Cu i Zn u proljece. Na izvoru
u odnosu na postaju kod Knina u objema sezonama bile su povisene koncentracije Cd, Cs i T,
jednako kao i u probavilu poto¢nih pastrva. Dakle, vise organizama je potvrdilo neobican
trend povisSenih vrijednosti ovih elemenata na izvoru i ukazalo na njihov znacajan izvor koji
zahtijeva dodatna istrazivanja. Za organizme koji se velikim dijelom hrane detritusom
opc¢enito postoje dva nacina unosa metala U organizam: unos putem sedimenata bogatih
metalima tijekom hranjenja te unos iz vode, pri ¢emu je unos putem vode znacajniji tijekom
presvlacenja (Luoma, 1989; Ternjej 1 sur., 2014). S obzirom na to da rakuSci ¢ine i1 vazan dio
prehrane potocnih pastrva, sli¢ni trendovi u oba organizma takoder upuéuju na vaznost unosa
metala hranom u riba jer su upravo rakuSci mogli posluziti kao dodatni izvor tih elemenata za
ribe. Takoder, s obzirom da se radi o karbonatnom podrucju i blago alkalnim uvjetima u rijeci

Krki na objema lokacijama, metali se adsorbiraju na suspendiranu tvar i taloze u sedimentima,
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Sto utjeCe na brzi pad koncentracija metala u vodi (Korfali i Davies, 2004; Cukrov i sur.,
2008b), ali i na njihovu dostupnost vodenim organizmima putem hrane. Sezonske razlike kod
vrste G. balcanicus nisu bile ujednaéene, ali vise znacajnih razlika zabiljeZeno je na izvoru
nego kod Knina, pri ¢emu je veci broj elemenata na izvoru bio poviSen u jesen (Ca, Cd, Cu,
Fe, Mg, Mn, Mo, Sr), dok je u Kninu vise elemenata bilo poviseno u proljece. Usporediv
sezonski obrazac na izvoru rijeke pokazale su i koncentracije metala u vrsti E. acarinatus kod
koje su razine Ca, Cd, Cs, K, Mg, Mn, Mo, Sr i TI bile viSe u jesen, a samo As i Na u
proljece. Padajuéi redoslijed koncentracija u citosolu u objema vrstama bio je sljedeé¢i: Ca > K
>Na>Mg>Sr>2Zn>Cu>Rb>Fe>Mn>Se>As>Cd>Mo >Co>TI>V >Cs.
Medutim, koncentracije metala u vrsti E. acarinatus bile su znacajno vise za As, Co, Cs, Mn i
Tl u objema sezonama te za Ca, Cd i Na u proljece, nego u vrsti G. balcanicus. Moguce
objasnjenje visih koncentracija u vrste E. acarinatus je to §to se radi o sitnijoj vrsti, sli¢no
istrazivanju Rainbow i Moore (1986) koje je pokazalo znacajno visu akumulaciju metala u
sitnim raku$cima. Isti autori navode i specifi¢ne izvore hrane i mikrostanista za blisko srodne
vrste rakuSaca, Sto u konacnici dovodi i do razli¢itog unosa metala putem hrane i konacne
razli¢ite akumulacije u pojedinoj vrsti.

U wvrsti G. roeselii u rijeci Ilovi, znacajne sezonske razlike u koncentracijama
zabiljezene su za Cd, Rb i Zn s visim vrijednostima u proljece te za Ca, Mo i1 Sr s viS§im
vrijednostima u jesen. U vrsti G. fossarum razlike izmedu sezona bile su ocite za veliki broj
elemenata, pri ¢emu su Ca, K, Mo, Na i Sr bili vi$i u jesen, a Cu, Se, Rb, Tl i Zn u proljece. Ti
trendovi djelomi¢no su ukazali na unos metala iz vode te su rakuSci odrazavali okoliSne uvjete
u vodi, ali kao 1 kod riba, u slu¢aju nekih elemenata sezonske razlike izmedu organizama nisu
posljedica unosa vodom (Mijosek i sur., 2020a). Opcenito su koncentracije bile ili usporedive
izmedu dviju vrsta ili vise u rakusaca vrste G. roeselii, $to se pokazalo statisticki znacajnim za
As i Mg u objema sezonama te za Co, Cu, Mn, Na, Tl i Zn u jednoj sezoni. Redoslijed
koncentacija u citosolu bio je jednak u objema vrstama: Ca > K > Na > Mg > Sr > Cu > Zn >
Mn> Rb > Se > As > Mo > Co > Cd > V > Tl, dakle bez znacajno vecih razlika u odnosu na
rakusce iz rijeke Krke.

Citosolske koncentracije elemenata poput Co, K, Mo, Na, Sr i V bile su slicne i
usporedive u svim istrazivanim vrstama rakusaca iz obiju rijeka, dok su elementi poput Cu,
Mn i Zn bili visi u vrstama iz rijeke Ilove, a Cd, Se, T, Ca i Rb u dvjema vrstama iz rijeke
Krke. U oba istrazivana sustava je potvrdeno i da su koncentracije mnogih elemenata u
citosolu vise u rakuscima nego u probavilu riba, potvrdivsi da se za vec¢inu metala ne oc¢ekuje

biomagnifikacija kroz hranidbene mreze (Mathews i1 Fisher, 2008). U rijeci Krki najveca
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razlika u koncentracijama izmedu rakuSaca i riba ocitovala se za Sr, Ca, Cu i As, pri ¢emu su
srednje vrijednosti bile 50-60 puta vise u rakuscima za Sr i Ca, 15 puta vise za Cu te 0sam
puta za As. Nadalje, dvostruko viSe vrijednosti u rakusaca su zabiljezene i za Cd i Mg, dok su
neki elementi poput K, Cs, Se i Rb ipak imali dvostruko vise vrijednosti u potocnim
pastrvama nego rakuscima, kao i Fe 1 Zn koji su u riba postizali i pet puta vise vrijednosti.
Gotovo identi¢ni trendovi su dobiveni i na rijeci Ilovi gdje su vrijednosti Sr i Ca bile 60-70
puta, Cu i Mn 7-8,5 puta te As i Mg oko tri puta vise u rakuscima nego u babuskama. Cink je
imao 15 puta viSe vrijednosti u ribama, Rb tri puta te K i Se dvostruko vise vrijednosti u
ribama. Ocigledno je da su unato¢ razli¢itom staniStu i samim ekologijama vrsta, sve vrste
odrazavale okoliSne uvjete na slican nacin i sa slicnim strategijama akumulacije metala.
Dobiveni rezultati su u skladu s istrazivanjem u morskom okoliSu i hranidbenim mreZzama
gdje se sugerira mogucénost biomagnifikacije za Cs, Se 1 Zn, elemente koji su i u naSem
istrazivanju bili visi kod riba (Mathews 1 Fisher, 2008). Takoder su ocekivane i puno vise
koncentracije Ca i Sr kod rakusaca s obzirom na postojanje njihovog egzoskeleta osobito
bogatog Ca u obliku kalcijevog karbonata (Greenway, 2008). Stroncij je drugi Cesti element u
skeletu vodenih organizama koji moze posluZziti kao zamjena za Ca (Mertz, 1987). lako
prirodno visoko zastupljen element, dugotrajno i poviSeno djelovanje Sr moze narusiti
mineralizaciju oklopa 1 skeleta rakuSaca (Mertz, 1987; Nielsen 2004) 1 na taj nacin utjecati na
propusnost oklopa, pa potencijalno i na unos drugih metala koji se stoga u uvjetima

oneciSéenja posljedicno moze povecati (Gagné i sur., 2005; Ternjej i sur., 2014).

4.5. Usporedba kukaSa, rakuSaca i probavila poto¢ne pastrve iz rijeke Krke kao

bioindikatora izloZenosti metalima

Nastavno na prethodni dio istrazivanja rakusaca, iduci korak je bio detaljnije procijeniti
potencijal kukaSa kao pogodnih bioindikatora u procjeni onecis¢enja okolisa metalima. Stoga
su u istrazivanju koristeni kukasi vrste D. truttae, njihovi medudomadari rakusci G.
balcanicus te probavilo poto¢ne pastrve S. trutta kako bismo ukljuéili sve organizme
uklju€ene u Zivotni ciklus ove vrste kukasa. Uzorci kukaSa, rakuSaca te komadi¢ probavila
riba su na jednak nacin razgradeni te su pomoc¢u HR ICP-MS izmjerene ukupne koncentracije
15 elemenata. S obzirom na nedostatak kukasa iz rijeke llove, prije svega zbog nedostatka
rakuSaca kao njihovih medudomadara na istim postajama na kojima su uzorkovane ribe, dio
istrazivanja na kukasima proveden je samo na uzorcima iz rijeke Krke te su ovi rezultati

prezentirani u tablicama u Prilozima 3, 4 i 5.
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4.5.1. Bioloska i epidemioloska obiljezja kukasa

Zastupljenost, odnosno invadiranost kukasima u pastrvama je bila veoma visoka na
objema lokacijama i u objema istrazivanim sezonama (92,3-100 %), dok je prosjecni
intenzitet invazije iznosio izmedu 5,9 i 42,0 ovisno o postaji i sezoni, ali vece vrijednosti
zabiljezene su u jesen nego U prolje¢e na objema postajama. Isti trend zabiljezen je i za
ukupan broj kukasa na objema lokacijama te je minimalna vrijednost od 76 kukasa
zabiljezena u proljece na onecis¢enoj postaji kod grada Knina, a maksimalna od 669 jedinki
kuka$a u jesen na istoj postaji. Veca brojnost u jesenskom razdoblju vjerojatno je posljedica
zivotnog ciklusa rakuSaca kao njihovih medudomadara, koji se uglavnom razmnoZavaju u
kasno ljeto i jesen te tako utjecu i na vecu brojnost kukasa (Kennedy, 1985). Prosje¢nu
zastupljenost od 73 % u potocnim pastrvama iz rijeke Krke su zabiljezili i Vardi¢ Smrzli¢ i
sur. (2013) tijekom 11 uzorkovanja provedenih izmedu 2005. i 2008. godine, pri ¢emu su
najvise vrijednosti postignute upravo u jesenskim razdobljima. U skladu i sa svim ranije
navedenim indikatorima, brojnost i zastupljenost kukasa takoder je ukazala na tek umjereno
oneciscenje rijeke Krke, budué¢i da u jako onecis¢enim okoliSima dolazi do pada brojnosti
nametnika (Mackenzie, 1999). Medutim, kako na ove parametre utjeGu i sezona, brojnost
medudomadara, spol domadara i biometrijske osobine, takve kompleksne odnose i sustave je
teSko dovesti u vezu iskljucivo s izvorom nekog onecis¢enja.

Brojnost kukasa pozitivno je korelirala s ukupnom duzinom riba (TL), a negativno s
FCI. lako u literaturi postoje podaci o utjecaju spola ribe na brojnost kukaSa, u ovom
istrazivanju to nije dokazano kao znacajan ¢imbenik, iako su prosjecan i ukupan broj kukaSa
ukazivali na neSto vecu stopu invazije u muzjaka. Manju brojnost kukasa vrste D. truttae u
Zzenkama potoc¢ne pastrve zabiljezili su 1 Vardi¢ Smrzli€ i sur. (2013), Sto je suprotno vecini
istrazivanja koja Cesto izvjeStavaju o vecoj invadiranosti Zenki nego muzjaka (Valtonen i

Crompton, 1990; Filipovi¢ Mariji¢ i sur., 2013).

4.5.2. Akumulacija metala u kukaSima, rakuScima i probavilu poto¢ne pastrve

Razlike u koncentraciji ukupnih metala izmedu referentne i onec¢iséene postaje rijeke
kukasi s najviSe zabiljezenih statisticki znacajnih razlika. Naime, statisticki znacajne razlike
izmedu postaja zabiljezene su za Rb, Cd, Co, Sr, Ca i Mg u objema sezonama te za Fe, Pb,
Mn, Zn i K u jednoj sezoni, s trendom povisenja na onecis¢enoj postaji za Sve navedene
elemente, osim za Cd i Rb koji su bili povi$eni na referentnoj postaji. Dodatno, kao i u vecini

tkiva i/ili frakcija, i Tl je bio povisen u kuka$ima s referentne postaje, iako ne znacajno
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(Mijosek i sur., 2020b). | srednje vrijednosti vecine drugih elemenata bile su vise na
onecis¢enoj postaji, ali zbog varijabilnosti koncentracija izmedu jedinki kukasa, te razlike
nisu dokazane kao znacajne. Sezonske razlike u akumulaciji metala u kukasima uglavnom
nisu bile znacajne, ali neki su elementi ipak bili poviSeni u prolje¢e u odnosu na jesen, dakle
izvan reproduktivnog razdoblja poto¢ne pastrve. Povisene koncentracije metala u kukasima
vrste P. laevis izvan reproduktivnog razdoblja njihovog domadara, mrena, zabiljezili su
Nachev 1 Sures (2016), objasnivsi da sezonalnost ovisi o transmisiji kukasa, stadiju razvoja u
probavilu domadara, kao i promjenama u aktivnosti i fiziologiji ribe domadara. Padajuci niz
ukupnih koncentracija u kukasima iz naseg istrazivanja bio je K > Na > Ca > Mg > Fe > Zn >
Cu > Mn > Sr > Rb > Tl > Se > Pb > Cd > Co > Cs. Filipovi¢ Mariji¢ i sur. (2014) su
istrazivali akumulaciju metala u vrstama kukasa P. laevis i A. anguillae iz rijeke Save te su
dobiveni redoslijedi koncentracija Zn > Fe > Cu > Mn > Pb > Cd za obje vrste §to potvrduje
istu uc€inkovitost akumulacije u viSe vrsta kukaSa iz razli¢itih podrucja, dok vrijednosti i
razlike u ukupnim koncentracijama govore o razli¢itim mehanizmima akumulacije i
detoksikacije u razli¢itim vrstama, a sigurno i o razlikama u koncentraciji otopljenih metala u
vodi izmedu rijeka Save i Krke (Dragun i sur., 2009; Filipovi¢ Mariji¢ i sur., 2018; Serti¢
Peri¢ i sur., 2018). Analiza korelacija ukazala je na negativan odnos ukupne duzine riba (TL) i
koncentracije Mn, Fe, Zn, Ca, Co, Sr, Mg i K u kukasima, kao i negativan odnos mase kukasa
i koncentracije Na, Mg, Ca, K, Sr i Co. Spol riba nije pokazao znaCajnu povezanost s
akumulacijom metala u kukasima.

U rakusaca vrste G. balcanicus, pretpostavljeno medudomadara kukasa vrste D. truttae,
prostorne razlike u koncentraciji ukupnih metala su se ocitovale kao znacajno vise vrijednosti
Mn, Fe, Co i Pb na oneciS¢enoj postaji nego referentnoj postaji u objema sezonama te Cs, Cu,
K, Sr i1 Zn u jednoj sezoni, dok su Cd, Rb i TI bili poviSeni u organizmima s referentne u
odnosu na oneciS¢enu postaju. Slican obrazac bio je vidljiv i u ranije opisanim citosolskim
koncentracijama iste vrste rakusaca. Sezonski trendovi nisu bili ujednaceni, no nekoliko je
elemenata imalo viSu akumulaciju u jesen nego U prolje¢e. Koncentracije metala u rakuscima
su pratile padaju¢i niz Ca> K > Na > Mg > Fe > Sr>Zn > Cu> Mn > Rb > Se > Cd > Co >
Pb > Tl > Cs, sli¢no kao i za citosolske koncentracije rakusaca, izuzev Fe koji je u citosolskoj
frakciji prisutan u malom postotku. Rakusci su pokazali malen broj znacajnih korelacija s
masom uzorka rakuSaca. Preciznije, masa uzorka negativho je Kkorelirala samo s
koncentracijom Cs, a pozitivno samo s koncentracijom Na, §to upucuje na to da rakusci dobro

prate i odrazavaju okoliSne uvjete, kao i na potencijal njihove primjene kao dobrih
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bioindikatora stanja okoli$a (Geffard i sur., 2007; Lebrun i sur., 2014; Filipovi¢ Mariji¢ i sur.,
2016a).

Najmanje znacajnih razlika u koncentracijama ukupnih metala izmedu postaja pokazalo
je probavno tkivo poto¢ne pastrve s viS§im vrijednostima Sr na oneciS¢enoj postaji u objema
sezonama te Tl na referentnoj, dok je razlika u samo jednoj sezoni bila vidljiva za Rb, Cs, Mn,
Se, Cd, Co 1 Na. Pri tome su Cd, Cs, Na i Rb bili visi u riba s referentne postaje, a ostali
navedeni elementi na oneciS¢enoj postaji. Kao i kod kukasa i rakuSaca, ukupne koncentracije
u probavilu pokazale su mali broj sezonskih razlika, uglavnhom samo na po jednoj istrazivanoj
postaji. Padajuci niz koncentracija u probavilu riba bio je K> Na > Mg > Ca > Zn > Fe > Rb
> Cu > Se > Mn > Sr > Cd > Pb > Co > Tl > Cs, $to je potvrdilo ve¢ zabiljezene trendove
ukupnih koncentracija dobivenih razgradnjom homogenata i citosolskih koncentracija za
jedinke ove vrste iz istih uzorkovanja. Spol ribe nije imao utjecaj na akumulaciju metala, dok
je mali broj statisticki znacajnih korelacija zabiljezen s duzinom riba, ali ne na objema
lokacijama i/ili sezonama. | ovaj dio istrazivanja potvrdio je da s obzirom na mali broj
korelacija izmedu koncentracija metala i spola, duzine ili mase riba, probavilo moze biti
koriSteno kao pouzdan bioindikator izloZenosti metalima i stvarnih okoli$nih uvjeta.

Iako ne uvijek statisticki znacajno, kukaSi, rakuSci i1 probavilo poto¢nih pastrva
odrzavali su okoli$ne uvjete na sli¢an nacin s poviSenim koncentracijama Co, Cu, Fe, Mn, Se i
Sr na onecis¢enoj u odnosu na referentnu postaju rijeke Krke, dok su koncentracije Cd i Tl te
uglavnom Rb bile poviSene na referentnoj postaji u svim organizmima. Padaju¢i nizovi
koncentracija takoder su bili sliéni s najviSim koncentracijama esencijalnih elemenata, a
najnizim koncentracijama Cd, Co, Pb, Tl 1 Cs. Utjecaj sezone nije bio jasno izrazen niti
potpuno ujednacen medu ovim bioindikatorskim organizmima. Nadalje, najviSe koncentracije
Cd, Cu, Mn, Na i Pb zabiljezene su u kukasima, Ca, Co, Cs, Fe, Mg, Se i Sr u rakuscima te K,
Rb i Zn u probavilu potoc¢nih pastrva.

Kako bismo dodatno opisali kompleksni odnos kukasa i njihovih domadara, napravili
smo 1 analizu korelacije akumulacije metala u probavilu i1 pripadaju¢ih kukaSa te dobili
pozitivan odnos za Cs, Rb 1 Sr. Nadalje, broj kukaSa naden u probavilu nije znacajno utjecao
na akumulaciju metala u riba, ali pozitivan odnos, odnosno povisene koncentracije u
probavilu u jedinkama s ve¢im brojem kukasa, zabiljezen je za Cd i Na, te negativan za Co.
Iako je viSe istrazivanja potvrdilo i zastitnu ulogu kukasa za njihove domadare u smislu
smanjene akumulacije metala u riba invadiranih kukasima (Sures i Siddall, 1999; Oyoo-Okoth
i sur., 2012; Filipovi¢ Mariji¢ i sur., 2013; Paller i sur., 2016), u naSem istrazivanju s obzirom

na nedostatak neinvadiranih riba nije bilo moguce testirati tu tezu. Suprotno zastitnoj ulozi,
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ukoliko su kukasi pri¢vrséeni duboko u epitelnoj sluznici probavila, mogu uzrokovati i
histopatoloska stanja koja dovode do fibroze. Moze do¢i do perforacija, upale tkiva i
sustavnih klini¢kih promjena organizma (Shafaquat i sur., 2016). Dva su glavna ¢imbenika
koja utjecu na potencijalno negativno djelovanje kukasa, njihova gustoca te dubina prodiranja
u tkivo (Taraschewski, 2000). Kako je istrazivana vrsta D. truttae poznata kao vrsta koja
prodire duboko u tkivo svojih domadara (Dezfuli i sur., 2011), u jednom dijelu istrazivanja
smo pratili histopatoloSke promjene stanica probavila poto¢nih pastrva pod utjecajem
poviSenih razina metala, ali 1 velike brojnosti kukasa, te se primjecena oste¢enja crijevnih
resica, smanjeni broj nabora sluzice kao i povecana brojnost eozinofila mogu dovesti u
izravnu vezu s invazijom nametnika, dok su se promjene poput degeneracije resica,
nepravilnog izgleda epitelnih stanica i naruSavanja epitelne povrSine, smanjenog broja
vréastih stanica s ubrzanom proizvodnjom sluzi, nekroza te atrofija s infiltracijom leukocita
mogle povezati s poviSenim razinama metala na oneciS¢enoj, u odnosu na referentnu postaju
(Barisi¢ i sur., 2018).

Nasi rezultati su potvrdili vecu sposobnost akumulacije metala u kukasima, nego mekim
tkivima riba (Sures 1 sur., 1999; Thielen i sur., 2004; Filipovi¢ Mariji¢ i sur., 2014), Sto je
vjerojatno posljedica njihove ovisnosti 0 nutrijentima domadara s obzirom na to da sami
kuka$i nemaju probavni sustav. Dodatno su izracunati biokoncentracijski faktori (BCF) u
odnosu na probavilo riba kao kombinacija kratkoro¢ne 1 dugorocne izloZenosti metalima s
obzirom na to da je zivotni vijek kukasa relativno kratak i traje 50-140 dana (Kennedy, 1985)
u odnosu na zivotni vijek riba od 10-15 godina (Kottelat i Freyhof, 2007). Kao popratnu
informaciju izra¢unali smo BCF i u odnosu na rakusce, iako u istrazivanju nismo imali
licinacki stadij cistakanta koji bi omogucio preciznu usporedbu s rakuscima, ali vec¢ je ranije
dokazano da u tom stadiju kukasi imaju puno manju sposobnost akumulacije metala, nego kao
odrasli oblici (Sures, 2001).

S obzirom na uglavnom veée koncentracije ukupnih metala u rakuScima nego u ribama,
BCF su bili nizi u odnosu na rakusce nego u odnosu na probavilo riba. Padajué¢i niz BCF > 1 u
odnosu na rakuSce bio je T1 > Pb > Cd > Cu > Zn > Mn > Rb > K > Na, dok su vrijednosti
BCF manje od 1 zabiljezene za Co, Cs, Fe, Se, Sr, Ca i Mg §to je znacilo da su koncentracije
tih elemenata bile viSe u rakusScima, nego U kukasima. Vrlo niske vrijednosti BCF ocekivano
su zabiljezene za Ca i Sr s obzirom na njihove visoke razine u skeletu rakusaca (Greenway,
2008). Vrijednosti BCF u odnosu na rakusce su bile uglavnom vise na oneci$éenoj postaji,
dodatno sugeriraju¢i visoku osjetljivost na prisutnost metala i brzu reakciju kukaSa na

promjene u okolisu. Padaju¢i niz BCF > 1 u odnosu na probavilo poto¢nih pastrva bio je Cd >
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Tl > Cu > Pb > Sr > Mn > Ca > Co > Fe > Na > Mg, §to je ukazalo na osobito u¢inkovitu
akumulaciju potencijalno toksi¢nih metala poput Cd, T1 i Pb u kukaSa u odnosu na ribe, kao i
na njihovu eventualnu zastitnu ulogu, §to zahtijeva dodatna istrazivanja. Cezij, K, Rb, Se i Zn
su bili elementi koji su pokazali vecu akumulaciju u probavilu potocne pastrve nego U
kukasima. Sezonske su vrijednosti BCF (u odnosu na ribe) bile uglavnom vise u proljec¢e nego
u jesen, Sto je vjerojatno posljedica uglavnom nizih koncentracija metala u probavilu u tom
razdoblju, jer se radi o sezoni izvan razdoblja mrijesta, a ne samog utjecaja izlozenosti
metalima (Filipovi¢ Mariji¢ 1 sur., 2013). Vrijednosti BCF su, kao i u odnosu na rakusce,
takoder bile viSe na oneci§¢enoj postaji. Visoke vrijednosti BCF (u odnosu na ribe) za Cd, Cu,
Mn, Pb i Sr ukazale su na znacajnu nedavnu izlozenost ovim elementima u rijeci Krki, dok
vrijednosti BCF malo iznad 1 za Co, Fe, Mg i Na upucuju na izlozenost organizama tim
elementima kroz duze vrijeme. lako je isti trend bio vidljiv i na izvoru rijeke i na onec¢i§¢enoj
postaji nizvodno od Knina, zabiljezene vise vrijednosti BCF mnogih elemenata na
oneciséenoj, nego referentnoj postaji govore o izrazenijem unosu metala na oneciséenoj
postaji, vjerojatno kao posljedica antropogenih aktivnosti i otpadnih voda u tom dijelu toka
rijeke.

U znanstvenoj literaturi nesto je ¢eS¢e opisivana akumulacija metala u kukaSima rodova
Pomphorhynchus te Acanthocephalus, odnosno najéesé¢e vrsta P. laevis te A. lucii i A.
anguillae (Sures i Taraschewski, 1995; Sures i sur., 1999; Schludermann i sur., 2003; Thielen
i sur., 2004; Nachev i sur., 2010; Filipovi¢ Mariji¢ i sur., 2013, 2014). Zajednicka
najviSe vrijednostti BCF za Cd, Cu, Pb 1 Ag. To potvrduje Cinjenicu o izuzetno velikoj
sposobnosti akumulacije metala, osobito toksi¢nih, u razli¢itih vrsta kukaSa. U Hrvatskoj su
od ranije poznati rezultati o akumulaciji metala u vrstama P. laevis te A. anguillae iz klenova
iz rijeke Save (Filipovi¢ Mariji¢ i sur., 2013, 2014). Od tih dviju vrsta, BCF u odnosu na
probavilo klena su bili visi za vrstu P. laevis, sli¢no kao $to su dokazali i Sures i Taraschewski
(1995), a u objema vrstama su pratili redoslijed Ag > Pb > Cd > Cu > Mn. Vrijednosti BCF u
odnosu na probavilo klena u objema vrstama kukasa kretale su se u rasponu 13,2-57,6 za Ag,
19,1-48,1 za Pb, 6,6-10,8 za Cd, 3,5-6,4 za Cu te 1,9-3,5 za Mn (Filipovi¢ Mariji¢ i sur.,
2014). Dakle, izuzev Pb, vrijednosti BCF za D. truttae u nasem istrazivanju bile su vise nego
vrijednosti za P. laevis i A. anguillae u prethodno provedenim istrazivanjima u Hrvatskoj. S
obzirom da su koncentracije metala u vodi rijeke Krke nize nego u Savi (Dragun i sur., 2009;
Serti¢ Peri¢ i sur., 2018), ovi rezultati upuéuju na to da je vrsta D. truttae dobar indikatorski

organizam, osjetljiv ¢ak 1 na niske okoliSne koncentracije metala te da bi mogao imati i

121



4. Rasprava

prednost u odnosu na neke bolje istrazene vrste kukasa poput vrste P. laevis. Time je izravno

potvrdena hipoteza H5, kao i neposredno hipoteze H1 i H2.

4.6. Usporedba akumulacije metala u mekim i tvrdim tkivima riba te u kukasSima u

prolje¢e 2015. godine

Prethodno opisane analize metala u probavilu riba, kao i u svim mekim tkivima korisni
su pokazatelji nedavne izlozenosti oneciS¢enju, ali detoksikacija, metaboli¢ka transformacija i
preraspodjela u tkivima mogu promijeniti bioloske odgovore organizma te njihova upotreba
zahtijeva kontinuirano uzorkovanje kako bi se dobila realna procjena stanja okolisa.

Iz tog razloga smo dodatno koristili ljuske i otolite poto¢ne pastrve iz rijeke Krke, kako
bismo procijenili njihovu primjenu u procjeni dugoro¢ne akumulacije metala u riba, a ljuske
jos 1 kao neletalnu alternativu bioindikatorskog tkiva. Analiza upotrebe tvrdih tkiva riba u
procjeni stanja okoliSa i izloZenosti metalima primjenjena na uzorcima iz uzorkovanja na
rijeci Krki u travnju 2015. godine, koje je prethodilo ranije opisanim istrazivanjima, kada su
uz probavilo koriStena tvrda tkiva (otoliti i ljuske), zatim jetra i misi¢ kao dodatna meka tkiva
te nametnici u probavilu, kukasi, u svrhu sveobuhvatne procjene utjecaja oneciscenja u cjelini.
Jetra je odabrana kao glavni metabolicki i detoksikacijski organ (Linde i sur., 1998), a misi¢
zbog svoje vaznosti u ljudskoj prehrani, zbog ¢ega posljedicno moze utjecati i na zdravlje
ljudi (Carvalho i sur., 2005). Kukasi su, kako je ve¢ navedeno, opisani kao organizmi s
visokom sposobnos$¢u akumulacije metala, koja je puno ucinkovitija nego u inace koristenim
indikatorskim organizmima (Sures, 2004; Sures i sur., 2017), ali za vrstu D. truttae nije bilo
dostupnih podataka $to daje vazan doprinos okoli$noj parazitologiji. Suprotno od mekih tkiva,
gdje utjecaj na akumulaciju imaju brojni ¢imbenici, kalcificirane strukture su neaktivne i
metabolicki inertne, Sto omogucava dobivanje trajnog zapisa o izloZenosti pojedinim bioloski
dostupnim metalima (Campana, 1999; Tzadik i sur., 2017). Rezultati ovog dijela istrazivanja,
fokusiranog prvenstveno na kukase i kalcificirane strukture kao bioindikatore izlozenosti
metalima, predstavljeni su u pripremljenom radu u Prilogu 6.

U istrazivanju je odabrano osam elemenata na temelju rezultata dobivenih u uzorcima
vode i tkiva, odnosno oni elementi koji su bili mjerljivi u (gotovo) svim tkivima, §to je
omogucilo usporedbu mekih i tvrdih tkiva (esencijalni Fe, Mg, Mn i Zn te neesencijalni Ba,
Rb, Sr i Tl). U kukaSima te jetri i miSi¢u potocne pastrve mjereni su svi navedeni elementi,
dok u otolitima nisu mjerene koncentracije Fe, a u ljuskama su zbog nedostatka pouzdanih
referentnih materijala izmjerene samo koncentracije Fe, Mg, Mn, Sr i Zn. Uzorci vode su
pokazali da su ribe s lokacije blizu grada Knina u uzorkovanju u travnju 2015. godine bile
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izloZene znacajno viSim koncentracijama svih ovih elemenata, osim Mg i TI koji su bili visi u
vodi s referentne postaje na izvoru rijeke Krke.

Koristena kombinacija bioindikatora ukazala je da postoje razlike u stupnju akumulacije
1 koncentracijama metala u pojedinim tkivima, ali da unato¢ tome sva tkiva odrazavaju
okoli$ne uvjete na slican na¢in. Unato¢ malo statisti¢ki znacajnih razlika, trendovi su ukazali
na uglavnom vise prosjecne koncentracije Ba, Mn, Fe, Sr i Zn u svim koriStenim
bioindikatorima s onecis¢ene postaje, potvrdujuéi utjecaj tvornice vijaka i neadekvatno
proc¢is¢enih otpadnih voda. Vrijednosti Rb u jetri, miSi¢ima i otolitima poto¢ne pastrve te
kukasima, T1 u mekim tkivima te otolitima riba te kukaSima, kao i Mg u jetri, ljuskama i
otolitima potoCne pastrve bile su vise u uzorcima s referentne postaje, kao i u ostalim
uzorkovanjima, unato¢ naj¢eS¢e nizim koncentracijama Rb i Tl u vodi na toj postaji, $to je
potvrdilo da izvor tih elemenata nije primarno u vodi. Upravo za Tl su Clearwater (2000) te
Lapointe i Couture (2009) pokazali da unos putem hrane predstavlja glavni put ulaska u ribe.
Koncentracije metala u mekim tkivima i kukasima uglavnom su slijedile sli¢an redoslijed s
najvisim koncentracijama Mg, Fe i Zn i najnizim Ba i Tl (Mg > Fe >Zn > Rb > Mn >Ba > Tl
> Sr u jetri, Mg > Fe > Rb > Zn > Sr > Mn > Ba > Tl u miSi¢u te Mg > Zn > Fe > Mn > Sr >
Rb > Tl > Ba u kukasima).

Redoslijed koncentracija metala u vrsti D. truttae je usporediv s nasim prvim dijelom
istrazivanja na kada je niz analiziranih metala bio K > Na > Ca > Mg > Fe > Zn > Cu > Mn >
Sr > Rb > Tl > Se > Pb > Cd > Co > Cs, dok drugih literaturnih podataka o ovoj vrsti nema.
Ukupne koncentracije Cd, Mn i Rb pokazale su se sli¢cnima u svim uzorkovanjima 2015. i
2016. godine, dok su koncentracije Fe, Sr, Tl i Zn bile nesto niZze u jesen 2015. i proljece
2016. u odnosu na proljece 2015. godine.

Statisticki znacajne razlike izmedu postaja zabiljeZzene su za najveéi broj metala kod
kukasa, ¢ime je jo$ jednom potvrdena njihova izuzetna osjetljivost na promjene u okolisu kao
i visoka ucinkovitost akumulacije metala (Sures, 2004), sto ih ¢ini korisnim bioindikatorima i
ranim pokazateljima izlozenosti metalima i pri niskim okolisnim koncentracijama. Naime,
statisticki znacajno vise koncentracije Ba, Fe, Sr i Zn zabiljezene su u kukasa s oneciS¢ene
postaje, kao i Rb u kukasa s referentne postaje. Medutim, u skladu s prethodnim
istrazivanjima drugih istrazivaca, i nasi podaci potvrdili su veliku varijabilnost u
koncentracijama u pojedinim jedinkama kukaSa koja moZe nastati kao posljedica mobilnosti
domadara, razlika u starosti te time i duzine izloZenosti (Sures i sur., 1999; Filipovi¢ Mariji¢ i
sur., 2014). Uz to, potvrdeno je i da je akumulacija u kukasa ucinkovitija nego u mekim

tkivima riba, sto su potvrdili i BCF koji opisuju odnos koncentracije metala u kukasima i
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tkivima domadara (Sures i sur., 1999). S obzirom nisku metaboli¢ku aktivnost miSi¢a i
o¢ekivano nize koncentracije metala u misicu, nego jetri (Jari¢ i sur., 2011; Nachev i Sures,
2016), BCF u odnosu na misi¢ bili su znatno visi, nego u odnosu na jetru. Najvise vrijednosti
BCF u nasem istrazivanju su zabiljeZene za Mn, Sr, Tl 1 Zn §to je ukazalo na nedavnu
povecanu izlozenost tim elementima, a same vrijednosti BCF uglavnom su bile vise na
oneciséenoj postaji, $to je kao i u prethodnom dijelu istrazivanju na kukasima, potvrdilo vecu
akumulaciju metala u kukasima koji su izlozeni jaCem antropogenom utjecaju, kao i
mogucénost njihove primjene kao osjetljivih bioindikatora bioloski dostupnih razina metala i
brzih odgovora na promjene u okoliSu. U odnosu na prethodni dio naSeg istraZivanja, gdje su
BCF izracunati u odnosu na probavilo poto¢ne pastrve, vrijednosti BCF u odnosu na jetru bile
su usporedive s vrijednostima za probavilo za Fe, Mn i Rb, dok su vrijednosti BCF za Mg, Sr
i Zn bile vece, a za Tl niZe u jetri. Sto se ti¢e misi¢a, BCF za Fe, Mn, Tl i Zn bili su visi u
odnosu na BCF za probavilo, za Mg nizi, a za Rb i Sr usporedivi s probavilom. Dok je Zn
imao ucinkovitiju akumulaciju u kukasima nego u jetri i misi¢u, probavilo je i u ovom dijelu
istrazivanja potvrdeno kao njegova glavna zaliha u tijelu s puno visim koncentracijama nego u
kukaSima (Sun i Jeng, 1999), a Rb je u svim analiziranim slucajevima pokazao slabiju
akumulaciju u kukasima u odnosu na indikatorske organe riba.

lako bez statistiCki znacajnih razlika izmedu lokacija, koncentracije Fe, Mn, Sr i1 Zn u
ljuskama, te Ba, Mn, Sr i Zn bile su viSe na onecis¢enoj postaji kod Knina, dok su
koncentracije Mg u ljuskama, te Mg, Rb i Tl u otolitima bile viSe na referentnoj postaji na
izvoru rijeke Krke. Padajuéi redoslijedi koncentracija u ljuskama bili su Mg > Sr > Zn > Fe >
Mn te Sr > Zn > Mg > Rb > Mn > Ba > Tl u otolitima. Kalcificirane strukture su takoder
pokazale medusobne razlike u akumulaciji metala, s viSim vrijednostima akumulacije vecine
metala u ljuskama nego otolitima, §to odgovara i ranijim literaturnim podacima (Wells 1 sur.,
2000; Ramsay i sur., 2011; Kalantzi i sur., 2019), pri ¢emu je najveca razlika izmedu dvaju
tkiva zabiljezena za Mg i Mn. S obzirom na kemijsku strukturu ljusaka ¢iju osnovu ¢ini
hidroksiapatit, viSe vrijednosti Mg u ljuskama su su oc¢ekivane, jer Mg ¢ini osnovu u izgradnji
apatita (Bigi i sur., 1992). Nadalje, i sintetski i biogeni apatiti imaju visok afinitet za vezanje
Mn (Wells 1 sur., 2000), $to objaSnjava i poviSenu vrijednost Mn u ljuskama u odnosu na
otolite. Suprotan trend je uocen za Sr Cije vrijednosti su bile vise u otolitima nego u ljuskama,
vjerojatno kao posljedica kemijske sli¢nosti Sr 1 Ca, koji je glavni gradivni element otolita
(Campana, 1999; Kalantzi i sur., 2019). KoriStenje ljusaka u odnosu na otolite je korisno iz
nekoliko razloga: koncentracije elemenata opcenito su vece Sto smanjuje pogreske i povecava

preciznost mjerenja osobito za elemente prisutne u vrlo niskim koncentracijama; lako ih je
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prikupiti 1 mogu se koristiti kao neletalna alternativa, Sto je osobito korisno ako se istrazuju
neke rijetke i ugrozene vrste; njihova priprema za mjerenje na LA ICP-MS-u je laksa i brza, a
zbog vidljivih zona rasta ljusaka nije potreban postupak poliranja, §to smanjuje moguénost
onecis¢enja. Medutim, problem je Sto joS uvijek nema dostupnih relevantnih i u potpunosti
pouzdanih referentnih materijala koji bi omogucili mjerenje Sirokog spektra elemenata u
ljuskama te se koriste dostupni materijali koji sadrze ili mali broj elemenata ili po kemijskom
sastavu ne odgovaraju najbolje sastavu ljusaka riba (Clarke i sur., 2007; Ramsay i sur., 2011).
Uz to, budu¢i da ribe mogu regenerirati ljuske, takve ljuske ne ukazuju na citavo razdoblje
Zivota te ne daju potpun podatak o izloZenosti, ali i kao takve takoder mogu dati informaciju o
nedavnoj, kao i relativno dugotrajnoj izlozenosti oneciSéenju, bez utjecaja fizioloSkih
promjena organizma (Hammond i Savage, 2009).

Usporedba svih koristenih bioindikatora ukazala je na uglavnom najvise koncentracije u
kukaSima, jetri i ljuskama, a najniZzu u misic¢u i otolitima. Naime, uc¢inkovitost akumulacije
bila je: kukasi > jetra > otoliti > misi¢ za Ba i TI, jetra > kukasi > ljuske > misi¢ za Fe, ljuske
> misi¢ > kukasi > jetra > otoliti za Mg, ljuske > kukasi > jetra > otoliti > misi¢ za Mn, jetra >
misi¢ > kukasi > otoliti za Rb, otoliti > ljuske > kukas$i > mi$i¢ > jetra za Sr i kukasi > ljuske
> jetra > otoliti > misi¢ za Zn. Ucinkovitost akumulacije, odnosno visoke koncentracije nekih
elemenata u ljuskama su takoder potvrdile njihov potencijal u procjeni stanja okoliSa, dok
otoliti zbog aragonitnog sastava imaju relativno nizak afinitet za metale, osobito u usporedbi s
apatitnim strukturama poput ljusaka (Adey i sur., 2009; Goto i Sasaki, 2014).

Ovim dijelom istraZivanja potvrdili smo hipoteze H2, H3 i H5, s osobitim naglaskom na
prednosti koriStenja kukasa 1 kalcificiranih struktura kao bioindikatora. Takoder, potvrdena je
1 H1 budu¢i da su vrijednosti koncentracija metala bile viSe u organizmima s oneciS¢ene
postaje, 1ako su sva tkiva ukazala na jo§ uvijek umjereno, ali kontinuirano onecis¢enje rijeke

Krke, potvrdeno sli¢nim trendovima mekih i tvrdih tkiva i BCF vrijednostima.

4.7. Biomarkerski odgovori u probavilima riba i raku$cima u procjeni stanja okolisa

Uz odredivanje koncentracija metala u okoliSu, kao i akumulacije u organizmima,
neophodno je prikupiti informacije i o Stetnim udincima zagadivala na biotu (Livingstone,
1993), sto se Cesto provodi analizom razlicitih biomarkera. Molekularni i stani¢ni biomarkeri
se definiraju kao najranije mjerljive promjene i biokemijski odgovori u organizmima
izloZenim onecis¢enju (Phillips i Rainbow, 1993). Kako bi se istovremeno odredili razliciti
bioloSki odgovori koji ukazuju na promjene kakvoce okoliSa najbolje je Kkoristiti
multibiomarkerski pristup koji omogucava jasniju i Sveobuhvatnu procjenu stanja okolisa i
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izlozenosti odredenim skupinama zagadivala, ¢ak i pri niskim razinama (Broeg i Lehtonen,
2006; Monserrat i sur., 2007). Stoga je u naSem istrazivanju koristen set biomarkera koji je
obuhvacao promjene koncentracija ukupnih citosolskih proteina (TP) koji se koriste kao
biomarkeri opcéeg stresa, odnosno ocituju se bilo kao porast koncentracija uslijed povecane
sinteze proteina ili pad uslijed oStecenja i raspada proteina. Strukturu ili funkciju proteina
Cesto narusavaju i povecane koli¢ine kisikovih radikala i oksidacijski stres u stanici (Carney
Almroth i sur., 2008; Lushchak, 2011). Aktivnost acetilkolinesteraze (AChE) se koristi kao
biomarker ucinka na ziv€ani sustav, najceSc¢e izlozenosti organofosfornim i karbamatnim
spojevima (Lionetto i sur., 2011), ali se moze javiti i kao rezultat izloZenosti drugim
zagadivalima, poput teSkih metala, policilickih aromatskih ugljikovodika i deterdzenata, koji
najée$¢e uzrokuju inhibiciju (Elumalai i sur., 2007; Richetti i sur., 2011; de Lima i sur.,
2012). Nadalje, kako su istrazivanja u zadnjih nekoliko desetlje¢a pokazala da metali poput
Fe, Cu, Cr, Cd, Hg, Ni, Pb 1 V znac¢ajno utje€u na povecanu proizvodnju reaktivnih kisikovih
spojeva (ROS) uzrokujuéi o$teéenja tkiva i stani¢nih dijelova, odnosno oksidacijski stres
(Winston i Di Giulio, 1991; Valko i sur., 2005), biomarkeri vezani uz ravnotezu oksidacijske i
antioksidacijske aktivnosti imaju veliki znac¢aj u akvatickim studijama gdje se kao
indikatorska tkiva najCeS¢e koriste jetra, bubrezi i Skrge riba (Valavanidis i sur., 2006;
Fernandes i sur., 2008; Sevcikova i sur., 2011). Cesta posljedica oksidacijskog stresa je
peroksidacija lipida, kao pokazatelj oSte¢enja stanicne membrane (Valavanidis 1 sur., 2006), a
jedan od produkata peroksidacije lipida je malondialdehid (MDA), ¢ija razina izravno
odrazava stupanj oksidacijskog ostecenja izazvanog zagadivalima (Banerjee i sur., 1999). U
aktivnu obranu organizma ipak su ukljuceni razli€iti stani¢ni antioksidansi od kojih su u ovom
istrazivanju mjereni ukupni glutation (GSH) te katalaza (CAT) koja $titi stanicu od djelovanja
vodikovog peroksida te je jedan od prvih predloZzenih biomarkera oksidacijskog stresa,
odnosno antioksidacijskog kapaciteta stanica (Livingstone i sur., 1993). Njihovo djelovanje na
prisutnost oksidacijskog stresa naj¢eS¢e se prvo ocituje kao indukcija aktivnosti, no u
uvjetima jaceg oksidacijskog stresa i1 oneciS¢enja dolazi do inhibicije. Na kraju, biomarker
specifican za procjenu izlozenosti metalima je koncentracija metalotioneina (MT),
niskomolekulskih proteina bogatih cisteinom ¢ija pojacana sinteza predstavlja odgovor na
povecanu razinu metala u okoliSu (Amiard i sur., 2006) jer ima klju¢nu ulogu u odrZavanju
homeostaze esencijalnih elemenata poput Cu i Zn te detoksikacije elemenata poput Cd i Hg
(Vasak, 2005). S obzirom na nespecifi¢nost biomarkera TP i AChE, istrazivanje je posebno

usmjereno na biomarkere vezane uz oksidacijski stres (GSH, CAT, MDA) i izlozenost
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metalima (MT) u okoliSu i organizmima. Rezultati dijela istrazivanja vezanog uz biomarkere

predstavljeni su u radovima 1, 2 i 3 na popisu radova te Prilozima 7 i 8.

4.7.1. Biomarkeri u probavilu riba

U oba istrazivana ekosustava, dinaridskoj rijeci Krki i panonskoj rijeci llovi,
biomarkerski odgovori su ukazali na umjereno oneéiS¢enje okoli$a i ne toliko izrazen utjecaj
na bioloske odgovore organizama. Ukupni proteini (TP) kao pokazatelji opéeg stresa ukazali
Su na neke prostorne i sezonske razlike, ali njihov porast ne moze se dovesti u vezu iskljucivo
s poviSenim razinama metala budu¢i da na metabolizam proteina u tkivima utjecu i
temperatura, razina kisika ili salinitet, a znacajan doprinos daju i hranidbene navike, osobito U
probavilu (Peragén i sur., 1994). Specifi¢ne razlike u koncentraciji TP u poto¢nim pastrvama
ogledale su se kao znacajno viSe vrijednosti na oneciS¢enoj nego referentnoj postaji u jesen
(54,1 mg g m. m. (mokre mase) u odnosu na 47,8 mg g* m. m., a u babuski kao znacajno
vise vrijednosti na oneci§¢enoj nego referentnoj postaji u proljece (80,8 u odnosu na 66,6 mg
gl m. m.). Dodatno, kod babuski je primjecena i sezonska razlika na referentnoj postaji kod
sela llove s visom vrijednosti u jesen (82,4 u odnosu na 66,6 mg g™* m. m.). Takvi rezultati su
u skladu sa studijama koje su dokazale poviSene razine proteina u ribama s oneciS¢enih
lokacija (Filipovi¢ Mariji¢ 1 Raspor, 2012). Poznato je da organizmi prije Stetnih ucinaka
zagadenja, prvo odgovaraju porastom koncentracija proteina kako bi zadrzali homeostazu.
Takoder, uocljivije razlike u razinama TP izmedu postaja U ovome istrazivanju zabiljeZene Su
u reproduktivnom razdoblju svake vrste te je moguce da su zapocele 1 specificne fizioloske
promjene u riba koje uzrokuju porast citosolskih koncentracija proteina (Filipovi¢ Mariji¢ i
Raspor, 2010). Uz to, Stegman i sur. (1992) su zabiljezili da se porast koncentracije TP
dovodi u vezu i s razli¢itim organskim zagadivalima koja su, s obzirom na ispuste komunalnih
i industrijskih otpadnih voda, kao i poljoprivredne aktivnosti, svakako prisutna na
onecis¢enim postajama obiju rijeka. Nadalje, porast TP je moguc i zbog veée dostupnosti
hrane na oneciS¢enim postajama, $to je u skladu i s vrijednostima FCI, kao i masama riba koje
su bile vec¢e na onecis¢enim postajama kod grada Knina i sela Trebeza nego na referentnim
postajama kod izvora Krke i sela llove. Dakle, iako porast TP mozZe upucéivati i na izlaganje
stresnom utjecaju koji moze rezultirati 1 indukcijom stres proteina te porastom njihove
koncentracije, a time i porastom koncentracije ukupnih citosolskih proteina, razine TP
znacajno ovise i o fiziologiji riba, a ne samo o vanjskim utjecajima.

Do inhibicije aktivnosti AChE dolazi uslijed izloZenosti organofosfatima, karbamatima,

ali 1 metalima, no u naSem istrazivanju nisu zabiljezene statisticki znacajne razlike niti izmedu
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postaja, niti izmedu sezona. Ipak, nesSto manje prosjecne vrijednosti su zabiljezene na
onecis¢enim postajama, nego na referentnim postajama i u rijeci Krki i Ilovi, vjerojatno kao
posljedica poviSenih razina metala u vodi i probavilu riba s onecis¢enih postaja, kao i
koristenja pesticida koji u ovim regijama imaju stalnu primjenu zbog povecanja prinosa u
poljoprivredi, a poznato je da u blizini grada Knina i sela Trebeza ima puno obradivih
povrsina. S obzirom na to da smo proveli prva mjerenja AChE u probavilu poto¢nih pastrva i
babuski na ovom podru¢ju, ne mozemo pouzdano zakljuciti predstavljaju li dobivene
vrijednosti aktivnosti AChE (koje su kretale od 7,5 do 9,4 nmol min™t mg? prot. u potoénih
pastrva te 7,8 do 8,8 nmol min* mg* prot. u babuski) bazalne vrijednosti ovih vrsta ili se radi
0 eventualnim promjenama aktivnosti. Svakako, vrijednosti AChE su bile usporedive izmedu
dviju vrsta riba, odnosno dvaju slatkovodnih dinaridskih i panonskih ekosustava. Szabd i sur.
(1991) su istrazivali aktivnost AChE u miSi¢u, srcu, mozgu i probavilu 12 vrsta riba, medu
kojima su bile 1 kalifornijska pasrtva, Saran te bijeli tolstolobik, kao vrste najsrodnije potocnoj
pastrvi, odnosno babuski. Medu njima, vrijednosti AChE u probavilu kalifornijske pastrve
bile su najnize u usporedbi s preostalim istrazivanim vrstama riba, dok je probavilo u ovoj
vrsti pokazalo najnizu aktivnost AChE od svih testiranih indikatorskih tkiva. Vrijednosti u
probavilu su bile oko 10 nmol min mg? prot. §to je nesto vise nego u poto¢noj pastrvi iz
naSeg istrazivanja. Sto se ti¢e $arana i bijelog tolstolobika, u probavilu su takoder zabiljeZene
najnize aktivnosti AChE u usporedbi s drugim tkivima, ali prosje¢ne vrijednosti bile su 19,
odnosno 35 nmol min™ mg™ prot., §to je zna¢ajno vise nego $to je zabiljezeno u babuskama iz
naseg istrazivanja (Szabd i sur., 1991).

Kako bismo dobili uvid u ravnotezu oksidansa i antioksidansa u poto¢nim pastrvama i
babuskama, izmjerene su razine GSH te aktivnosti CAT kao pokazatelja ucinkovitosti
antioksidacijskog sustava organizama, koji su ukazali na nes$to nepovoljnije uvjete i veéu
izlozenost oksidacijskom stresu na oneciS¢enim postajama. Naime, u rijeci Krki zabiljeZena je
statisticki znacajno visa vrijednost GSH na oneciséenoj nego na referentnoj postaji u jesen
(1642,3 nmol g* m.m. u odnosu na 1102,1 nmol g m.m.), a isti trend bio je vidljiv i u
prolje¢e no nije bio statisti¢ki znacajan. Sli¢an odgovor zabiljezen je i1 za aktivnost CAT, ali
bez znacajnih razlika. U rijeci Ilovi razlike izmedu postaja ocitovale su se kao znacajno vise
vrijednosti CAT na oneciS¢enoj postaji u proljece, kada su uglavnom zabiljeZene 1 vise
koncentracije metala, dok GSH nije pokazao jedinstven obrazac. Atli i sur. (2006) su mjerili
aktivnost CAT u probavilu slatkovodne vrste Nilske tilapije nakon 96 h izlaganja razli¢itim
koncentracijama (0,1, 0,5, 1,0 i 1,5 mg L) Ag, Cd, Cr, Cu i Zn pri ¢emu su svi elementi osim

Cu uzorkovali inhibiciju ovog enzima, a dobivene vrijednosti kretale su se izmedu 25 i 225
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umol H202 min™t mg? prot. ovisno o metalu i koncentraciji. Ipak, moze se pretpostaviti da
prvotno pojacano djelovanje antioksidansa ukazuje na njihovu indukciju kisikovim
radikalima, kao mehanizma obrane i zastite od oksidacijskog stresa (Winston i Di Giulio,
1991). S obzirom na nedostatak podataka za probavilo kao indikatorsko tkivo, kao i za
istrazivane vrste, ne moze se reci radi li se o nekoj znacajnoj inhibiciji ili aktivaciji CAT, ali
ocekivana reakcija je da u uvjetima poviSenih koncentracija metala, odnosno povecane
koli¢ine ROS, dode do porasta aktivnosti enzima uslijed njihove indukcije, nakon ¢ega slijedi
pad aktivnosti uslijed katabolicke aktivnosti 1/ili inhibicije enzima djelovanjem zagadivala
(Viarengo i sur., 2007). U literaturi su generalno zabiljezeni razli¢iti odgovori antioksidansa
na prisutno oneciSéenje metalima i u laboratorijskim i1 okoli§nim uvjetima ovisno o dozi i
trajanju izlaganja, elementu, vrsti organizama i na¢inu izlaganja (Liu i sur., 2005; Atli i sur.,
2006; Tsangaris i sur., 2011; Greani 1 sur., 2017). Primjerice, Liu 1 sur. (2005) su zabiljezili
porast koncentracija GSH u jetri s produzenjem izlaganja zlatnih ribica Cu, dok Berntssen i
sur. (2001) u svojem izlaganju nisu zabiljezili promjene u vrijednostima GSH u jetri i
probavilu lososa s povisenjem koncentracija Cd, a Greani i sur. (2017) su objavili rezultate o
poviSenoj razini MDA 1 aktivnosti CAT u jetri, gonadama 1 bubrezima u pastrvama kao
odgovor na kroni¢nu izloZenost As u okoliSu. S obzirom da su u naSim istrazivanjima mnogi
elementi bili poviseni na oneciS¢enim postajama, to ukazuje na njihovu moguéu ulogu u
nastanku oksidacijskog stresa i posljedi¢ne aktivacije ili inhibicije odgovora stani¢nih
antioksidansa.

Povisene koncentracije MDA u organizmima odrazavaju oksidacijski stres kao
posljedicu osteCenja lipida (Banerjee i1 sur, 1999). Prosje¢ne vrijednosti MDA u poto¢nim
pastrvama kretale su se izmedu 147,1 i 166,1 nmol g m.m., a u babuskama izmedu 39,9 i
104,7 nmol g* m.m., ovisno o lokaciji i sezoni. Zna¢ajno povisene razine MDA u nasem
istrazivanju zabiljeZene su samo u babuskama iz rijeke Ilove s viSim vrijednostima na
onecisc¢enoj postaji kod sela TrebeZza u objema sezonama S$to ukazuje i na mozebitni nastanak
oksidacijskih osStecenja uslijed prisutnog oksidacijskog stresa. Razine MDA u jesen bile su
dvostruko, a u proljece ¢ak trostruko viSe na oneciS¢enoj nego na referentnoj postaji rijeke
Ilove. U poto¢nih pastrva iz rijeke Krke nisu bile zabiljezene statisticki znaCajne razlike
izmedu postaja. Usporedba s razinama MDA u prirodnim populacijama riba bila je moguca
samo za probavilo vardarskog klena iz triju makedonskih rijeka pod utjecajem rudnika i
poljoprivrednih aktivnosti. Iako su sve tri rijeke, Zletovska, Kriva i Bregalnica vise
oneciS¢ene metalima, nego rijeka Krka (Ramani i sur., 2014; Filipovi¢ Mariji¢ 1 sur., 2018),

prosjeéne vrijednosti MDA u klenu su se kretale u rasponu od 3,3 do 155,8 nmol gt m.m
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(Dragun 1 sur., 2017). Znacajno poviSenje MDA nije nadeno u rijekama jako onecis¢enim
metalima (Zletovska i Kriva), nego u rijeci Bregalnici koja je jako oneciS¢ena pesticidima, $to
je ukazalo na ve¢i utjecaj organskog zagadenja, nego metala na nastanak oksidacijskog stresa
(Dragun i sur., 2017). Stoga je u nedostatku drugih podataka o vrijednosti MDA u probavilu
slatkovodnih vrsta, napose vrsta istrazivanih u ovome radu, teSko zaklju¢iti radi li se u naSem
istrazivanju o pojacanoj sintezi MDA i pojavi oksidacijskog stresa na objema postajama rijeke
Krke. U slucaju babuski, uzimajuc¢i u obzir jasno vidljiv porast MDA na one¢iS¢enoj postaji,
vjerojatno je u pitanju pojava izvjesne poviSene razine oksidacijskog stresa u blizini sela
Trebeza, no nije moguce utvrditi je li uzrok poviseno oneciS¢enje vode metalima ili
organskim zagadivalima prisutnim u tom ekosustavu. Okoli$ni uvjeti poput temperature,
koncentracije Kkisika i dostupnosti hrane takoder mogu djelovati na oksidacijski stres i
odgovore organizama uslijed promjena u metabolizmu ili reprodukciji (Sheehan i Power,
1999). Ipak, nastanak kisikovih radikala i oSte¢enja tkiva, DNK, lipida ili proteina Cesto se
dovodi u vezu upravo s metalima poput As, Cu i Fe (Berntssen i sur., 2000; Carriquirriborde i
sur., 2004; Bhattacharya i Bhattacharya, 2007; Greani i sur., 2017), kao i s organskim
zagadivalima (Dragun i sur., 2017). S obzirom da su i u naSem istraZivanju potvrdene
povisene koncentracije nekih od tih elemenata, a vjerojatna je i prisutnost organskih
zagadivala iz okolnih poljoprivrednih podru¢ja u rije¢noj vodi te je pozitivna korelacija
zabiljezena za razine As i MDA kod sela Trebeza, vrlo je vjerojatna prisutnost oksidacijskog
stresa U babuSkama iz rijeke Ilove. Za probavilo poto¢ne pastrve potrebno je dodatno istraziti
bazalne razine MDA, kako bismo mogli sa sigurnos¢u utvrditi jesu li dobivene visoke
vrijednosti MDA na objema postajama posljedica oksidacijskog stresa ili normalnog
fiziolo§kog stanja ove vrste.

Metalotioneini, kao specifi¢niji biomarkeri izloZzenosti metalima, sudjeluju u pohrani i
detoksikaciji metala poput Cd, Cu i Zn, kao i obrani organizama od oksidacijskog stresa
(Viarengo i sur., 1999, 2007; Fernandes i sur., 2008). Njihova antioksidacijska uloga
vjerojatno pociva na visokom udjelu tiolnih skupina u molekuli MT 1 specifi¢noj dinamici
vezanja i otpustanja metala (Atif 1 sur., 2006; Viarengo i sur., 2007), ali utjecaj zagadenja na
odnos izmedu vezanja metala i antioksidacijske funkcije MT nije dobro razjasnjen (Chesman i
sur., 2007). lako se indukcija MT Koristi kao ucinkovit pokazatelj izlozenosti metalima u
mnogim organizmima (Langston i sur., 2002; Ivankovi¢ i sur., 2005; Mosleh i sur., 2006;
Dragun 1 sur., 2007; Calisi 1 sur., 2013), u ovom istrazivanju njihova znacajna indukcija nije
zabiljezena niti U jednoj od istrazivanih vrsta, neovisno o lokaciji i sezoni. Srednje vrijednosti

razine MT u objema vrstama riba ipak su bile vise na oneciS¢enim postajama rijeke Krke,
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odnosno Ilove, u odnosu na referentne postaje, ali to nije dokazano kao statisticki znacajno.
Nadalje, vrijednosti su uglavnom bile blago povisene u reproduktivnim razdobljima riba,
moguce kao posljedica povec¢anih metabolickih aktivnosti i ishrane u tom razdoblju (Filipovi¢
Mariji¢ i Raspor, 2010), ali ni to nije bilo jasno izrazeno. Srednje vrijednosti MT u poto¢nim
pastrvama kretale su se u rasponu 0,85-1,5 mg g* m.m., a u babuskama od 2,0-2,5 mg g
m.m. lako je indukcija MT u probavilu razli¢itih vrsta riba potvrdena nakon izlozenosti Cu
(Berntssen i sur., 1999; Handy i sur., 1999), Ni (Ptashynski i Klaverkamp, 2002) ili Cd
(Berntssen i sur., 2001; Roesijadi i sur., 2009), usporedba dobivenih vrijednosti za probavilo
bila je moguca samo s klenovima iz rijeke Save buduci da vrijednosti MT jako variraju ovisno
o metodi odredivanja (Isani i sur., 2000; Zorita i sur., 2005). Vrijednosti u probavilu klena iz
rijeke Save bile su 2,9-3,1 mg g m.m., $to je ukazalo na sli¢nije rezultate s babuskom koja
takoder pripada porodici Cyprinidae, nego s poto¢nom pastrvom (Filipovi¢ Mariji¢ i Raspor,
2010). U istrazivanju klenova, uoceno je da su vrijednosti MT u probavilu bile viSe nego u
Skrgama (oko 2 mg g m.m.) i jetri (oko 1,5 mg g* m.m.) istih jedinki (Dragun i sur., 2009;
Podrug i Raspor, 2009). Budu¢i da su i Skrge i probavilo ukljuc¢eni u unos, detoksikaciju, kao i
izluCivanje tvari i metala (Van Cleef i sur., 2000), vise koncentracije MT u tim tkivima su
vjerojatno povezane s vaznom funkcijom ovih proteina u unosu metala, kao i zastitnoj ulozi
od prekomjernog unosa, odrzavanju homeostaze i detoksikaciji. lako se zna da su Cd, Cu i Zn
medu glavnim elementima koji induciraju sintezu MT, taj odgovor u naSem istraZivanju
takoder nije uvijek bio jednoznafan. Naime, u poto¢nim pastrvama uglavnom nije bilo
znacajnih razlika u citosolskim koncentracijama ovih elemenata izmedu dviju postaja, izuzev
Cd, ali zabiljezena je znacajna pozitivna korelacija izmedu razina MT i citosolskih
koncentracija Cd i Cu u pastrva s referentne postaje u proljece, te s Cu U pastrva s onecis¢ene
postaje U jesen. Znacajne korelacije nisu zabiljeZene s citosolskim koncentracijama Zn, no
jasna korelacija ponekad izostaje kad je raspon analiziranih vrijednosti uzak. S druge strane,
razine Cd i Cu u babuskama iz rijeke Illove bile su znacajno vise u ribama ulovljenim na
onecis¢enoj postaji u odnosu na referentnu, ali to nije uzrokovalo znacajnu indukciju niti je
zabiljezena znacajna korelacija koncentracija ovih elemenata s razinom MT u probavilu. Ipak,
u babuskama je zabiljezena pozitivna korelacija razine MT s citosolskim koncentracijama Zn
na referentnoj postaji u jesen te onecis¢enoj postaji u proljece. Ukupne koncentracije metala
nisu pokazale znacajne korelacije s koncentracijama MT, vjerojatno stoga $to se samo
citosolski metali mogu vezati na biomolekule te utjecati na njihove koncentracije, aktivnosti
ili strukturu (Caron 1 sur., 2018). Ipak, sama raspodjela Zn medu citosolskim biomolekulama

pokazala je da ne dolazi do znacajnog vezanja Zn u vremenu eluiranja standarda MT niti u
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jednoj istrazivanoj vrsti riba, dok je pokazano da se Cd i Cu u najve¢im koli¢inama vezu za
MT. Iako su MT specifi¢niji biomarkeri u odnosu na TP ili MDA te se koriste kao biomarkeri
izlozenosti metalima, zapravo svi ¢imbenici koji utjeCcu na metabolizam proteina utjecu
izravno i na MT, dok mnogi drugi ¢imbenici koji utjeu i na akumulaciju metala, poput spola,
reproduktivnog razdoblja ili veli¢ine organizma neizravno utje¢u i na MT (Hylland i sur.,
1998; Amiard i sur., 2006). Takoder, same razine izlozenosti metalima u oba ekosustava
potencijalno nisu bile dovoljne da izazovu znacajnu indukciju sinteze MT jer je raspoloziva
koli¢ina u stanicama bila dovoljna za vezanje unesenih metala. Poremecaji u fizikalno-
kemijskim ¢imbenicima poput temperature, vodljivosti, koli¢ine kisika i koli¢ine organskih
tvari takoder mogu djelovati i na razinu sinteze MT. S obzirom na saznanje da na sintezu MT
utjecu brojni bioticki i abioti¢ki ¢imbenici, te da su organizmi u prirodnom okoliSu izlozeni
razli¢itim zagadivalima, nemoguce je povecanu sintezu MT povezati samo sa specifiénim

elementom te je ovaj biomarker takoder potrebno pratiti kao dio sveobuhvatne analize.

4.7.2. Biomarkeri u rakusaca

S obzirom da je za elektrokemijsku analizu MT bila dovoljna mala masa uzorka, razine
MT su odredene i u rakuScima iz rijeke Krke, ulovljenim na istim postajama kao 1 poto¢ne
pastrve. Vrsta G. balcanicus pokazala je znacajne razlike u koncentraciji MT izmedu dviju
postaja sa znacajnom visom vrijednosti MT na oneci$éenoj nego na referentnoj postaji u
proljece, dok su u jesen kocentracije bile usporedive. Sezonske razlike su se ocitovale kao
vise vrijednosti MT u jesen nego u proljece na objema lokacijama. Prosje¢ne vrijednosti MT u
vrsti G. balcanicus bile su izmedu 2,43 i 3,30 mg g* m. m. Sli¢ne vrijednosti zabiljeZene su i
u vrsti E. acarinatus (2,94 mg g m. m. u jesen te 2,53 mg g** m. m. u proljece), koju je bilo
moguce uzorkovati samo na izvoru rijeke Krke, a znacajne sezonske razlike u ovoj vrsti nisu
zabiljezene. lako su metali poput Cu i Zn imali poviSene citosolske koncentracije u rakuscima
s oneciS¢ene postaje, Cd je bio znacajno poviSen u organizama s referentne postaje, te je
znacajna korelacija MT dokazana samo s citosolskim koncentracijama Zn na oneciS¢enoj
postaji u jesen za vrstu G. balcanicus, dok nije bilo znacajnih korelacija razine MT i metala u
vrsti E. acarinatus. Indukcija MT u rakusaca kao i u drugih organizama moze biti uzrokovana
i sezonom, temperaturom, spolom ili reproduktivnom fazom (Rainbow i Moore, 1986;
Geffard i sur., 2007; Filipovi¢ Mariji¢ 1 sur., 2016a) te viSe vrijednosti postignute u jesen
mogu biti posljedica utjecaja reproduktivnog razdoblja ovih vrsta. Dobivene vrijednosti MT u
ovom istrazivanju su usporedive s rezultatima dvaju dostupnih istrazivanja na rakuScima istog
roda; vrsti G. pulex iz rijeke La Bourbre u Francuskoj, okarakteriziranom kao rijekom s
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niskim koncentracijama metala u kojoj su koncentracije MT bile u rasponu od 1,25 do 3,25
mg gt m. m. (Geffard i sur., 2007), te vrsti G. fossarum iz rijeke Sutle, koja se pokazala kao
jace onecis¢enom metalima nego rijeka Krka, u kojoj su koncentracije MT bile u rasponu od
1,55 do 3,65 mg g* m. m. (Filipovi¢ Mariji¢ i sur., 2016a).

lako i biomarkerski odgovori potvrduju hipoteze HI i H2, slicno kao i obrasci
akumulacije metala te njihove raspodjele medu citosolskim biomolekulama, oni takoder
potvrduju umjereno onecis¢enje obaju istrazivanih sustava te zasad samo blage negativne
utjecaje i u¢inke na organizme. Naime, iako markeri upuéuju na viSe razine oksidacijskog
stresa ili nesto ja¢u indukciju MT na oneci§¢enim postajama, odgovori antioksidansa ukazuju
na djelotvoran rad na objema lokacijama bez znacajnog pada aktivnosti, koji je Cesto vidljiv u
jako onecis¢enim okoliSima. To pokazuje da u bioti nije doSlo do znacajnog ili trajnog
oSte¢enja pod utjecajem ispustanja otpadnih voda i ostalih antropogenih aktivnosti. Ipak,
dobivene razlike izmedu postaja ukazuju na potencijalne opasnosti ukoliko se isto djelovanje i
trendovi nastave i u buducnosti bez prikladnog i u¢inkovitog sustava prociS¢avanja te da u
tom slucaju tijekom vremena moze doéi i do izrazenijih i trajnih poremecaja, oSteCenja i
negativnih u¢inaka na same organizme, kao i zaSticena podru¢ja Nacionalnog parka Krka i

Parka prirode Lonjsko polje.
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U znanstvenoj literaturi malobrojna su istrazivanja o unosu metala putem hrane,
odnosno probavilom riba kao izabranim bioindikatorskim organom. Nase istrazivanje o
akumulaciji ukupnih i citosolskih metala, raspodjeli elemenata medu citosolskim
biomolekulama te multibiomarkerskim odgovorima u probavnom tkivu obuhvatilo je dvije
vrste riba razli¢itih bioloskih i ekoloskih karakteristika (poto¢nu pastrvu i babusku), koje su
ulovljene na dvjema postajama (referentnoj i onecis¢enoj) i u dvjema sezonama (izvan i
tijekom mrijesta, odnosno u jesen i prolje¢e) u dinaridskoj rijeci Krki te panonskoj rijeci llovi
pod antropogenim utjecajem komunalnih i industrijskih otpadnih voda. Dobiveni rezultati
predstavljaju prve podatke za koncentracije metala u citosolu i biomarkerske odgovore u
probavilu navedenih vrsta riba u znanstvenoj zajednici. Analiza kalcificiranih struktura
(ljuske, otoliti) poto¢ne pastrve takoder je donijela nove podatke za ovu dobro istrazenu vrstu
1 ukazala na prednosti koriStenja ljusaka u monitoring studijama. Nadalje, novi podaci o
akumulaciji metala u kukasu vrste D. truttae, prvi ovakve vrste u svijetu, daju doprinos polju
okoli$ne parazitologije, a napravljena je i usporedba akumulacije metala u nekoliko vrsta
rakuSaca roda Gammarus $to je omogucilo sveobuhvatnu analizu stanja okoliSa i ekosustava

rijeka Krke i Tlove. Specifi¢ni zakljucci istrazivanja su:

I. Analiza akumulacije metala, raspodjele elemenata medu citosolskim biomolekulama te
biomarkerskih odgovora u probavilu dviju vrsta riba predstavlja vazan dio istrazivanja
unutarstani¢nog ponasanja metala u ribama i pruza sveobuhvatnu informaciju o stanju okolisa

1 organizama te pruza moguc¢nost buduce primjene i usporedbe u monitoring programima.

II. Fizioloske promjene tijekom mrijesta i reproduktivnog razdoblja utjecu na vrijednosti
nekih bioloskih pokazatelja, npr. povisene vrijednosti gonadosomatskih indeksa, kao i snizene
vrijednosti Fultonovog kondicijskog indeksa i hepatosomatskog indeksa te na vrijednosti
biokemijskih pokazatelja, npr. akumulacija metala, osobito esencijalnih, ¢esto je povecana u
reproduktivhom razdoblju te je za pracenje unosa metala i izloZenosti metalima pogodnije

uzorkovati ribe u razdoblju izvan razdoblja mrijesta.

I11. Ukupne koncentracije metala u probavilu riba, koje samo djelomi¢no odrazavaju okolisne
uvjete i ne pruzaju informaciju o potencijalno toksi¢nim i Stetnim ucincima na organizme,
ukazale su na uglavnom vise vrijednosti u babuskama nego U poto¢nim pastrvama, bilo
uslijed vece izlozenosti metalima u rijeci Ilovi, ili zbog fizioloskih i bioloskih specifi¢nosti

svake vrste.

134



5. Zakljucci

IV. Redoslijed koncentracija ukupnih i citosolskih metala u tragovima bio je sli¢an u

probavilima obiju vrsta riba s najvisim koncentracijama Zn, Fe, Mn i Rb, a najnizim Cs i V.

V. S obzirom na to da koncentracije metala u citosolu odrazavaju bioloski, odnosno
metabolicki dostupne koncentracije, preporuca se odredivanje citosolskih koncentracija

metala u probavilu, a ne samo ukupnih.

VI. Analiza raspodjele metala/metaloida/nemetala izmedu topljive i netopljive citosolske
frakcije probavila poto¢nih pastrva i babuski ukazala je na visoku zastupljenost (> 70 %) u
citosolu za Na, K, Se, Cs, Cd, Mo i1 Rb, ukazujuéi na njihovu veliku metabolicku
raspolozivost te u nekim slucajevima i moguéi toksi¢ni potencijal, dok su najmanju
zastupljenost imali Mn, Ni i V, §to upucuje na njihovu uspjeSnu detoksikaciju u objema

vrstama riba u oba rije¢na ekosustava.

VII. Ukupne i citosolske koncentracije mnogih elemenata bile su vise u ribama s onec¢is¢enih
nego referentnih postaja, a takoder su koncentracije viSe elemenata ¢esto bile povisene u
reproduktivnom razdoblju svake od istrazivanih vrsta, u jesen za poto¢nu pastrvu i proljece za
babusku. Ipak, koncentracije Cd, Cs i Tl bile su uglavnom povisene i u ribama, rakuscima i
kukasima s referentne postaje rijeke Krke, kao i Mn i V u babuskama s referentne postaje
rijeke llove, §to se nije moglo objasniti samo unosom metala vodom te upucuje na vaznost

unosa putem hrane i sedimenta kao dodatnih izvora metala za organizme.

VIII. Primjenom SEC-HPLC-a i HR ICP-MS-a odredene su raspodjele esencijalnih elemenata
Co, Cu, Fe, Mo, Se i Zn te neesencijalnog Cd medu citosolskim biomolekulama razli¢itih
molekulskih masa u probavilu poto¢nih pastrva iz rijeke Krke te babuski iz rijeke llove te se

moze istaknuti sljedece:

o dominantna raspodjela Cd i Cu u podrué¢ju biomolekula niskih molekulskih masa, ¢ija

molekulska masa i vrijeme eluiranja odgovaraju MT u probavilu obiju vrsta riba

o dominantna raspodjela Co u podrucju biomolekula visokih molekulskih masa (85-235
kDa) u potoc¢nih pastrva te u podruc¢ju biomolekula jako niskih molekulskih masa (0,7-

18 kDa) u babuskama

o raspodjela Fe uglavnom u podru¢jima visokih (VMM; ~180-1100 kDa) i srednjih
molekulskih masa (SMM; ~20-110 kDa), pri ¢emu je SMM podrucje dominantno kod

potocnih pastrva i sugerira vezanje za razliite proteine poput hemoglobina,
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transferina, feroportina ili podjedinice katalaze, a VMM kod babuski i obuhvaca

molekulsku masu feritina, proteina koji sluzi za skladistenje Fe

o dominantna raspodjela Mo u podrucju biomolekula jako niskih molekulskih masa (2-8
kDa) te manji dio u podru¢ju visokih molekulskih masa (100-400 kDa) u objema

vrstama

o dominantna raspodjela Se u podrucju jako niskih molekulskih masa (0,4-5,1 kDa) u
poto¢nih pastrva, koje obuhvacaju molekulske mase poznatih selenospojeva poput
selenoneina i selenometionina, te ravnomjerna raspodjela u podru¢ju jako niskih (0,4-
11 kDa) i visokih molekulskih masa (30-300 kDa) u babuski, §to je ukljuéivalo i

molekulske mase glutation peroksidaze i tioredoksin reduktaze

o dominantna raspodjela Zn u podru¢ju visokih molekulskih masa (30-1100 kDa) u
objema vrstama, uz dodatak eluiranja u podrué¢ju jako niskih molekulskih masa (0,7-
14 kDa) u babuskama, $to je ukazalo i na mogucénost vezanja za MT, ali nije bilo jasno

vidljivo u probavilu.

IX. Meka (jetra i misi¢) i tvrda tkiva (ljuske i otoliti) unato¢ razlikama u razinama
akumulacije odabranih elemenata odrazavaju okoliSne uvjete na slian nacin, pri ¢emu je

akumulacija najizrazenija u jetri i ljuskama, a najniza u misi¢ima i otolitima.

X. Ljuske su potencijalna neletalna alternativa uobicajenim bioindikatorskim tkivima u
procjeni stanja okoliSa jer omogucavaju izbjegavanje usmréivanja riba, ali i zbog uglavnom
visih koncentracija akumuliranih metala, lakog sakupljanja te jednostavne pripreme za
lasersku ablaciju, zbog ¢ega ih se moze preporuditi za Koristenje u istrazivanjima endemskih

1/ili ugroZenih vrsta.

XI. Akumulacija metala u citosolima bila je usporediva u svih vrsta rakuSaca rodova
Gammarus i Echinogammarus koji su pokazali slicne trendove i razlike kao i probavilo riba u

oba rijecna ekosustava.

XIl. Crijevni nametnici kukasi akumuliraju viSe razine ve¢ine metala u odnosu na probavno
tkivo potoc¢ne pastrve, pri ¢emu je najveci porast u kukasima zabiljeZzen za Cd, Cu, Mn, Pb i
Sr. Visoka osjetljivost na promjene u okoliSu pokazuje da je vrsta D. truttae prikladan i

obecavajuci bioindikator u okoli§nim istrazivanjima, u usporedbi s bolje istrazenim vrstama
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kukas$a. Ipak, zbog velike varijabilnosti izmedu pojedinih jedinki iste vrste, njihova primjena

zahtijeva dodatna istrazivanja.

XI11. Primjenjeni multibiomarkerski pristup daje sveobuhvatnu informaciju o stanju okolisa i
istrazivane biote te, unato¢ nesto poviSenim razinama oksidacijskogstresa (GSH, CAT) u
ribama s oneciS¢enih postaja obiju rijeka ili oksidacijskog oste¢enja (MDA) u ribama s
oneciscene postaje rijeke Ilove, ukazuje na jos uvijek djelotvoran antioksidacijski sustav na
svim lokacijama, $to ukazuje da u bioti nije doslo do znacajnog ili trajnog oStecenja pod
utjecajem ispusStanja komunalnih i industrijskih otpadnih voda, kao i ostalih antropogenih

utjecaja na rijeke Krku i llovu.

XIV. S obzirom na dobivene rezultate, mjerljivost metala i svih biomarkera u probavilu riba,
visoku ponovljivost i osjetljivost mjerenja te slabo izrazenu povezanost razina metala u
probavilu s drugim ¢imbenicima poput duzine, mase ili spola riba, probavilo se pokazalo kao
vazno 1 korisno bioindikatorsko tkivo u procjeni unosa metala prehranom i izloZenosti
metalima te ga je potrebno koristiti u okoliSnim studijama kako se nebi zanemario znacajan

udio unosa metala hranom.

XV. Cjelokupno istrazivanje upucuje na zasad umjeren utjecaj otpadnih voda i antropogenih
aktivnosti na istrazivana podruéja i vrste dinaridske rijeke Krke i panonske rijeke llove, ali
postojece razlike u koncentracijama metala, od kojth mnogi imaju porast na oneciS¢enim
postajama, kao i vece razine oksidacijskog stresa i/ili oksidacijskog oStecenja, upucuju na
prisutnu opasnost i ukazuju na potrebu kontinuirane kontrole i monitoringa ovih podrugja,
strateSki osobito bitnih zbog blizine zastiCenih podruc¢ja Nacionalnog parka Krka te Parka

prirode Lonjsko polje.
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Abstract

Cytosolic distribution of six essential elements and nonessential Cd among biomolecules of
different molecular masses was investigated in the intestine of brown trout (Salmo trutta)
from the karst Krka River and Prussian carps (Carassius gibelio) from the lowland llova
River. Fish were sampled at two locations (reference and contaminated) and in two seasons
(autumn and spring). Analyses were conducted by size exclusion high performance liquid
chromatography and high resolution inductively coupled plasma mass spectrometry. Although
studied salmonid and cyprinid fish have different biological characteristics, obtained profiles
often showed mostly similar patterns in both species. Specifically, Cd and Cu were
dominantly bound to metallothioneins in both species, but the same association was not
observed for Zn, whereas Mo distribution was similar in the intestine of both fish species with
two well shaped and clear peaks in HMM (100-400 kDa) and VLMM (2-8 kDa) range. In
brown trout, Se was mostly associated with biomolecules of very low molecular masses
(VLMM, <10 kDa), whereas significant additional elution in HMM region (30-303 kDa) was
observed only in Prussian carp. Iron binding to VLMM biomolecules (1.8-14 kDa) was
observed only in brown trouts, and of Zn in Prussian carps. Cobalt was mostly bound to
HMM biomolecules (85-235 kDa) in brown trout and to VLMM biomolecules (0.7-18 kDa)
in Prussian carp. Comparison of intestinal profiles with previously published data on liver and
gills revealed some similarities in distribution, but also organ-specific differences due to the
different function and composition of each organ. Obtained results represent the novel
findings, as there is no published data on intestinal trace metal distribution, and moreover the
key point for the exact identification of specific metal-binding biomolecules which could

eventually be used as biomarkers of metal exposure.

Keywords: SEC-HPLC, brown trout, Prussian carp, HR ICP-MS, metal detoxification,

wastewaters
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1. Introduction

Although essential metals have a significant role in variety of physiologically important
processes, often as cofactors of a number of metalloproteins and enzymes (Holm et al., 1996),
they can also be the cause of toxic effects if present in high concentrations. Elements as Cd or
Pb, considered as non-essential, do not have any known biological role in organisms and can
be toxic even in very low concentrations. However, commonly applied procedure of
measuring only total concentrations of trace elements in bioindicator organisms and their
tissues does not provide complete and reliable information on bioavailability, biological
effects and toxicity of metals in aquatic environments as their real impact is mostly connected
with binding to essential molecules such as enzymes or transporter proteins and their possible
inactivation in the cytosol (Mason and Jenkins, 1995). Cytosolic metal fraction, soluble and
metabolically available, consists of heat denaturable proteins (HDP, such as enzymes) and
microsomes (biologically available and partially toxic metal fraction), and heat-stable proteins
(HSP, such as metallothioneins) (detoxified metal fraction) (Wallace et al., 2003). In cytosol,
metal toxic effects include blocking of functional groups of biomolecules, substitution of
essential elements, and formation of reactive oxygen species (ROS) which have an important
role in oxidative stress However, they can also be detoxified either through sequestration in
forms of granules or by binding to molecules such as metallothioneins (MTs) or
metallothionein-like proteins in cytosols (Wallace et al., 2003; Vijver et al., 2004).

Therefore, to get the insight into biomolecules targeted by the metals and affected
metabolic and physiological pathways, new approach, called metallomics, was developed
(Szpunar, 2004). Combination of size-exclusion liquid chromatography (SEC-HPLC) and
inductively coupled plasma mass spectrometry (ICP-MS) is one of recognized approaches for
screening cytosolic metal distribution among biomolecules of different molecular sizes. This
methodology has already been used for determination of the cytosolic metal distribution in
different tissues of aquatic organisms including bivalves Mytilus galloprovincialis (Strizak et
al., 2014) and Perna perna (Lavradas et al., 2016), or fish such as European eel (Anguilla
anguilla; Goenaga Infante et al., 2003), yellow perch (Perca flavescens; Caron et al., 2018),
white sucker (Catostomus commersonii; Urien et al., 2018), European and Vardar chub
(Squalius cephalus and Squalius vardarensis; Krasnici et al., 2013, 2014, 2018, 2019), brown
trout (Salmo trutta; Dragun et al., 2018b) and Prussian carp (Carassius gibelio; Dragun et al.,
2020).
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As a continuation of comprehensive study of anthropogenic impact on Croatian rivers,
Krka and llova, we have, for the first time, chosen the intestine of brown trout and Prussian
carp, for the analysis of molecular masses (MM) of cytosolic biomolecules that bind specific
trace elements. Both of the investigated rivers are under moderate influence of industrial and
municipal wastewaters (Filipovi¢ Mariji¢ et al., 2018; Serti¢ Peri¢ et al., 2018; Mijosek et al.,
2020). So far, we have investigated seasonal and spatial variability of total and cytosolic
metal levels, as well as biomarker responses in the intestine of these two fish species (MijoSek
et al., 2019a, 2019b, 2021). But, to our knowledge there is no available data on distribution of
any element among cytosolic molecules in the intestine of these or any other fish species.
Despite its great importance in fish digestion and dietborne metal uptake (Clearwater et al.,
2000), intestine is still rarely used as a bioindicator tissue.

Thus, we applied SEC-HPLC combined with offline metal measurement using high
resolution ICP-MS (HR ICP-MS) to separate, for the first time, intestinal cytosols of two fish
species into fractions with the main aim to define the distribution among biomolecules of
different MM for seven selected elements, including nonessential Cd and six essential
elements (Co, Cu, Fe, Mo, Se, and Zn). The additional aim was to establish the
differences/similarities between two studied species, as well as the differences/similarities
between intestinal metal/nonmetal distributions and distributions reported for the other organs
of the same fish species (Dragun et al., 2018b; Dragun et al., 2020). Moreover, the goals of
the study were also to detect possible differences in metal-handling strategies of fish dwelling
in differently polluted areas and of fish caught during the spawning (autumn) and post-

spawning period (spring).

2. Materials and methods

2.1. Study areas

Two areas of differing ecological characteristics were selected, the karst Krka River and
lowland llova River. At both watercourses, samplings involved two sampling sites of different
pollution impact (reference and contaminated) and two sampling campaigns covering
different physiological conditions of fish, specifically spawning (autumn) and post-spawning
period (spring).

At Krka River, sampling campaigns were conducted in October 2015 and May 2016. As

a reference site, river source was selected, whereas contaminated site was located downstream
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of the Town of Knin, due to the known pollution sources (industrial wastewaters of screw
factory and untreated municipal wastewaters of the Town of Knin). The information on
sampling sites and water quality were already published (Filipovi¢ Mariji¢ et al., 2018; Sertié
Peri¢ et al., 2018), as well as on metal accumulation in fish intestine (Mijosek et al., 2019a,
2019b). Iron and Mo were considerably higher in water from the contaminated site (Town of
Knin), while Cu and Zn were below LOD in all sites and seasons. At llova River, the
samplings were conducted in October 2017 and May 2018. The reference site was located
upstream of contamination sources near the Ilova village, while contaminated site, affected by
municipal (the Town of Kutina) and industrial (fertilizer factory) wastewaters, was located
near the Trebez village. The information on sampling sites and water and sediment quality
were already published (Mijosek et al., 2020), as well as on metal accumulation in the
intestine of Prussian carp (Mijosek et al., 2021). In the llova River, Cd, Mo and Se in both
seasons, and Co and Fe in one season were elevated in the water samples from contaminated
site (Trebez village). All elements except Zn were higher in the Ilova than Krka River so fish
from the Ilova River were exposed to higher water metal concentrations indicating that some
specific differences in metal handling strategies and defense mechanisms of the two fish

species might be presumed.

2.2. Fish sampling and tissue dissection and preparation

The selected bioindicator organisms were representative native fish from the Krka and
Ilova rivers, brown trout (Salmo trutta Linnaeus, 1758) and Prussian carp (Carassius gibelio
Bloch, 1782), respectively. Sampling campaigns were performed by electro-fishing, following
the Croatian standard HRN EN 14011. Fish were kept alive in an opaque plastic tank filled
with aerated river-water. Among the sampled fish, we selected twelve specimens from each
ecosystem for cytosolic metal distribution analyses, three per each site in each season. Basic
biometric characteristics of used fish are presented in Table 1. In the laboratory, fish were
anesthetized using tricaine methane sulphonate (MS 222, Sigma Aldrich) in accordance with
the Ordinance on the protection of animals used for scientific purposes (NN 55, 2013). Fish
total body mass and total lengths were recorded and sex determined. The posterior part of the

intestinal tissue was dissected, weighed and stored at —80 °C until further analyses.
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2.4. Homogenization procedure and preparation of intestinal cytosolic fractions

Homogenization procedure of the fish intestinal tissue has been described in detail by
Mijosek et al. (2019a). Homogenization buffer contained 100 mM Tris-HCl/base (Merck,
Germany, pH 8.1 at 4 °C), 1 mM DTT (Sigma, USA) as a reducing agent, 0.5 mM PMSF
(Sigma, USA) and 0.006 mM leupeptin (Sigma) as protease inhibitors. Intestinal tissue was
homogenised on ice in five volumes of buffer at 6000 rpm by Potter-Elvehjem homogenizer
(Glas-Col, USA). Obtained homogenates were afterwards centrifuged by Avanti J-E
centrifuge (Beckman Coulter, USA) at 50,000xg for 2 h at 4 °C, and the resulting supernatant

corresponded to total soluble cytosolic fraction, which was stored at -80 °C.

2.5. SEC-HPLC fractionation of intestinal cytosols of brown trout and Prussian carp

The distributions of elements among biomolecules of different MM in the cytosols of
the intestine of brown trout and Prussian carp were determined using HPLC system (Perkin
Elmer, 200 series, USA). Tricorn Superdex TM 200 10/300 GL column with a separation
range of 10-600 kDa (GE Healthcare Biosciences, USA) was used as described by Krasniéi et
al. (2013, 2014, 2018, 2019) and Dragun et al. (2018b, 2020). 20 mM Tris-HCI/Base buffer
solution (Sigma—Aldrich, pH 8.1 at 22 °C) was used as the mobile phase at a flow rate of 0.5
mL min~! (isocratic mode). The supernatant (cytosol) samples were injected directly into the
HPLC system. One-minute fractions were collected starting at 13" minute and ending at 52"
using a fraction collector (Gilson FC 203B) after two consecutive injections (100 pL of
supernatant sample each) and two chromatographic runs. For column calibration, seven
protein standards (thyroglobulin, apoferritin, b-amylase, alcohol dehydrogenase, bovine
albumin, and carbonic anhydrase, Sigma, USA) were run through the column under the same
conditions as the samples and obtained equation of the calibration straight line is given in
Table 2. Calibration straight line was created based on known MM of protein standards and
their respective elution times (te; Table 2). Metallothionein (MT) standards (Enzo
Metallothionein-1, Enzo Metallothionein-2, Enzo Life Sciences, Switzerland) were also run
through the column, whereas the void volume (Vo) of the column was determined by use of

blue dextran.
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Table 2. Elution times (te) and molecular masses (MM) of eight proteins used as
standards for calibration of Superdex 200 10/300 GL size exclusion column, as well as
of rabbit metallothionein standard (Enzo Metallothionein-1, Enzo Metallothionein-2).
Equation of calibration straight line was: Kav =—0.277 x log MM + 1.627.

Protein te MM Concentration
/ /kDa /mgmL?

Thyroglobulin 16.12 669 8
Apo-ferritin 17.88 443 10

o | pamylase 2055 200 4

é Alcohol 21.8 150 5

§ Bovine albumin 23.06 66 10

% Superoxide dismutase 27.71 32 1.25

%_ Carbonic anhydrase ~ 29.60 29 3

@ | Metallothionein -2~ 31.22 6.1 1
Metallothionein - 1 3232 6.1 1
Vitamin B12 36.14 135 3

2.6. Measurement of trace element concentrations in the SEC-HPLC fractions of intestinal

cytosols

Cytosolic trace element concentrations in the intestinal tissue of brown trout and
Prussian carp were previously measured and reported by Mijosek et al. (2019b, 2021), and are
now given in Table 1 for seven elements analyzed in this study. In present study, we have
measured concentrations in one-minute fractions obtained by SEC-HPLC separation of
cytosols. Fractions collected after SEC-HPLC separation were only acidified with HNO3
(Suprapur, Merck, Germany, final acid concentration in the samples: 0.16%) prior to
measurements. Indium (Fluka, Germany) was added to all samples as an internal standard (1
png L. High resolution inductively coupled plasma mass spectrometer (HR ICP-MS,
Element 2, Thermo Finnigan, Germany), equipped with an autosampler SC-2 DX FAST
(Elemental Scientific, USA) was used for the measurements. Measurements of Se, ®Mo and
11cd we performed in low resolution mode, whereas >®Fe, *°Co, ®3Cu, and %Zn in medium
resolution mode. External calibration was performed using diluted multielement standard

solution for trace elements (Analitika, Czech Republic), prepared in 1.3% HNO3 (Suprapur;
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Merck, Germany), supplemented with In (1 pg L% Fluka, Germany). Limits of detection
(LODs) were reported by Krasni¢i et al. (2018) and Dragun et al. (2018b, 2020). The accuracy
of measurements was checked by analysis of quality control sample (QC for trace metals,
catalog no. 8072, lot no. 146142-146143, Burlington, Canada) and the following recoveries
(%) were obtained based on 13 measurements: Cd 96.2+1.8; Co 96.8+1.7; Cu 97.3+1.3; Fe
96.94+4.4; Mo 97.442.4; Se 96.7+5.8; and Zn 106.6+13.7.

2.7. Data processing and statistics

Microsoft Excel 2007 and SigmaPlot 11.0 for Windows were used for data processing
and creation of graphs. Column calibration (Table 2) enabled association of elution times of
specific peaks to corresponding MM, with the aim to define MM of biomolecules that bind
each element (Table 3). Based on te of protein standards and the chromatographic profiles of
metals and previous studies (Krasni¢i et al., 2013, 2018), biomolecules were categorized in
four classes: a high molecular mass range (HMM; >100 kDA), a medium molecular mass
range (MMM; 30-100 kDa), a low molecular mass range (LMM; 10-30 kDa) and a very low
molecular mass range (VLMM; <10 kDa).

3. Results and discussion

3.1. Fish biometry and cytosolic metal concentrations

The information on cytosolic intestinal metal levels in the same fish as analyzed in this
study was previously published as a part of comprehensive research of metal exposure and
bioaccumulation in brown trout and Prussian carp (Mijosek et al., 2019b; 2021). In the
presented research, element distribution among biomolecules was assessed at different
bioaccumulation rates by choosing fish individuals with variable cytosolic metal
concentrations.

Biometric characteristics of twelve selected specimens of each species, as well as their
cytosolic metal levels are listed in Table 1. Brown trouts used in this research were 16.2-27.8
cm long and had masses of 46.7-201.7 g. Altogether, we have analyzed five females and
seven males (Table 1). Prussian carps varied in total length from 17.1 to 27.2 cm and weighed
from 83.36 to 339.19 g. Female predominance was evident, as already noted by few authors
for Prussian carp (Erdogan et al., 2014; Dragun et al., 2020), with eight females and four
males analyzed (Table 1). However, comparison of obtained element distribution profiles did

not indicate any considerable variations regarding fish sex or size. Differences, mainly

189



7. Prilozi

referring to peak heights, were mostly the consequence of variable intestinal accumulation in

investigated specimens.

3.2. Distribution of trace elements in the intestinal cytosols of brown trout and Prussian carp

Distribution profiles of seven analyzed elements among cytosolic biomolecules of
different MM in the intestine of brown trout and Prussian carp are presented in Figs. 1-4 for
each river and location, while their elution times and MM of corresponding biomolecules are
given in Table 3. Sampling season is also indicated in figures to consider the differences that
might occur due to the physiological variability and reproductive status of fish species. In
general, specific seasonal and spatial trends were mostly not observed in presented research,
but rather connection with different levels of bioaccumulation. Each investigated element will
further be independently presented and discussed.
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3.2.1. Cadmium

Cd is considered as nonessential and toxic element, and it was distributed within a
single peak in LMM biomolecule region (28"-38" minute) in the majority of specimens of
both investigated fish species (Fig. 1a-d). The peaks maxima were at 30"-32"d minute, which
corresponded to biomolecules of MM of 11-18 kDa (Table 3) and the elution time of two MT-
standards (Table 2). This finding confirmed the well-known affinity of MTs for Cd binding,
as one of the most important mechanisms for its detoxification (Roesijadi et al., 1992;
McGeer et al., 2012). Obtained profiles, which differeneces referred only to increase of peak
height following the increase of cytosolic Cd concentrations, without specific spatial and
seasonal patterns, suggested high detoxification rate of Cd when present in low and moderate
concentrations. However, slight association of Cd with HMM region was observed in samples
with highest cytosolic concentrations (in Prussian carp from Trebez village), indicating
possible higher susceptibility to Cd toxicity after its higher bioaccumulation. Generally, the
presumable Cd-MT peaks were higher in the Prussian carp than brown trout, probably owing
to considerably higher intestinal Cd cytosolic concentrations in that fish (Fig. 1a-d, Table 1).
Dominant binding of Cd to MTs has already been described in the liver of brown trout
(Dragun et al., 2018b) and liver and gills of Prussian carp (Dragun et al., 2020) from the same
samplings. Comparison of intestinal Cd distribution with the distributions in the other two
organs from these species revealed variability only in heights of the existing peaks, as a
consequence of different cytosolic Cd concentrations (Dragun et al., 2018b, 2020). Probable
binding of Cd to MTs was also observed in the liver of variety of fish species (Goenaga
Infante et al., 2003; van Campenhout et al., 2010; Krasni¢i et al., 2013, 2018; Urien et al.,
2018), indicating dominant Cd detoxification by MTs.

3.2.2. Copper

Copper is an essential element known to have an important role in fish metabolic
processes involving its catalytic and structural function in various enzymes and
metalloproteins (Festa and Thiele, 2011). Although the dominant LMM peak was almost the
same as in the case of Cd (maxima at 11-18 kDa; Table 3) indicating predominant Cu binding
to MTs, there was an additional peak in MMM biomolecules range of both fish species (Fig.
1e-h) at elution times from 24™ to 30" minute (biomolecules MM range from 18 to 85 kDa).
That peak has encompassed many other proteins known to contain Cu, such as albumin (66

kDa), superoxide dismutase (32 kDa) and carbonic anhydrase (29 kDa) (Szpunar and
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Lobinski, 1999; Table 2), but it was much less pronounced in all cases than presumable Cu-
MT-peak (Fig. 1le-h). Specific seasonal and spatial patterns were generally not observed, with
the exception of peaks in brown trout from the Krka River source which, due to the lowest
cytosolic Cu concentrations, were not so clear and defined as in the fish from the other sites,
but still revealed the similar distribution patterns (Fig. 1e). Variability of Cu distribution
mainly referred to increase of peak height and area of Cu LMM-peak following the increasing
Cu cytosolic concentrations (Fig. 1le-h, Table 1), with peak widening which possibly indicated
Cu association to the other cytosolic biomolecules when present in the cell in higher
concentrations. In the liver of brown trout the predominant binding of Cu to LMM region was
also previously confirmed, suggesting the crucial role of MTs, but additional peaks in HMM
biomolecule range were also observed when Cu was present in higher cytosolic
concentrations (Dragun et al., 2018b). An indication of such peaks was also visible in the
brown trout intestine at elution time from 13" to 17" minute in the samples with higher Cu
intestinal concentrations (Fig. le, f). Comparison of Cu distribution in the intestine of
Prussian carp with liver and gills of the same species indicated that intestinal Cu distribution
was more similar to liver than to gills, with majority of Cu eluted in LMM region (Dragun et
al., 2020). Generally, many studies confirmed dominant Cu elution at the elution time of MTs
in many other fish species and tissues (van Campenhout et al., 2008; Krasnici et al., 2013,
2014, 2018; Caron et al., 2018; Urien et al., 2018).
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Figure 1. Distribution profiles of two selected elements (Cd: a-d; Cu: e-h) among cytosolic
biomolecules of different molecular masses in the intestine of brown trout from the two sites
of the Krka River (Krka River source and Town of Knin) and Prussian carp from the two sites
of the Ilova River (Ilova village and Trebez village) in two seasons (autumn and spring)
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3.2.3. Cobalt

Cobalt distribution included four separate Co-containing peaks in both fish species (Fig.
2a-d, Table 3), but there were differences in predominant peaks between the species. In brown
trout, predominant binding of Co to HMM molecules was observed (85-235 kDa). This
finding was consistent with Co distribution in hepatic cytosol of brown trout from the Krka
River where even higher increase of Co quantity was observed in the HMM peak (Dragun et
al., 2018b), similar as in the liver and gills of European and Vardar chub (Krasni¢i et al.,
2013, 2014, 2018), and liver of juvenile yellow perch (Caron et al., 2018). Only smaller part
of Co in brown trout intestine binded to MMM (30-85 kDa) or VLMM (0.5-18 kDa)
biomolecules (Fig. 2a,b). The MMM-peak included the elution time of the bovine albumin
standard (Table 2), known to have a role in binding and transport of metals, including Co
(Sadler et al., 1994). Two less clear peaks, especially in samples with the lowest Co cytosolic
concentrations, corresponded to VLMM biomolecules region (elution times from 30™ to 38"
minute, and from 39" to 44" minute; Table 3). The opposite trend was revealed in Prussian
carp from the llova River, where similar distribution occurred, but predominant binding to
VLMM biomolecules was observed at both investigated sites (Fig. 2c, d). The first VLMM-
peak was higher and corresponded to molecules of 2.4-18 kDa. The other smaller VLMM-
peak corresponded to biomolecules of 0.7-1.8 kDa (Table 3),and included MM of cobalamine
(vitamin B12, 1.3 kDa; Kirschbaum, 1981), confirming the role of essential Co in building
cobalamine structure (Blust, 2012). Although this possible link with cobalamine was more
pronounced in Prussian carp, it was also observed in the intestine of brown trout, contrary to
the liver of brown trout where this peak was not clearly visible (Dragun et al., 2018b). In
Prussian carp, almost negligible portion of Co was associated with HMM and MMM regions
(Fig. 2c, d). The significant impact of season or site on the obtained profiles was not noticed,
and only the increase of Co quantity in HMM region was observed due to the increasing
cytosolic Co concentrations (Fig. 2a-d), with the highest cytosolic concentration and peak
heights observed in brown trout from the Town of Knin (Fig. 2b). In Prussian carp, the
differences between the peaks were not that pronounced, and only slightly increased Co
elution in VLMM region was observed with higher Co bioaccumulation (Fig. 2c, d).

3.2.4. lron

As essential element, Fe has important physiological roles in oxygen transport as

integral part of hemoglobin or cytochrome c¢ oxidase, which participates in mitochondrial
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respiratory chain (Bury et al., 2012). Further, it is involved in DNA synthesis and metabolism
of collagen, fatty acids or tyrosine (Kuhn et al., 2016), as well as in protection against
bacterial infections. Iron distribution profiles indicated its presence in two or three areas of
MM, depending on the fish species. The first peak in the HMM area (182-1088 kDa) and the
second one in the MMM area (18-109 kDa) were common for both fish species. Maximum of
the HMM peak was associated to biomolecules of 400-500 kDa and likely presented binding
to ferritin (450 kDa; Szpunar and Lobinski, 1999), Fe storage protein, whereas MMM peak
covered MM of several Fe-containing biomolecules, such as blood protein hemoglobin (65
kDa) or its subunits (Krasni¢i et al., 2019), transport proteins transferrin (80 kDa; Asmamaw,
2016) and ferroportin (63 kDa), or enzyme catalase subunits (each of 60 kDa) (Martin-
Antonio et al., 2009). Dominant peak in brown trout was observed in MMM biomolecule
range (Fig. 2e, f), whereas the first peak in HMM region was dominant in Prussian carp (Fig.
29, h). The clear third peak was observed only in brown trout in the LMM/VLMM range,
covering an area of 1.8-14 kDa (Fig. 2e, f), which suggested possible binding to nucleotides,
amino acids, pyrophosphates, and Fe complexes (Beard et al., 1996). In Prussian carps, there
was no peak in VLMM biomolecule range, but a slight indication of a peak in LMM
biomolecule region (5.1-14 kDa) was visible in a few samples (Fig. 2g, h). Intestinal Fe
distribution in brown trout was comparable with hepatic distribution in the same species, with
three peaks observed (Dragun et al., 2018b). Only difference was that in hepatic samples
HMM peak was dominant, probably due to higher Fe concentrations in liver than intestine,
suggesting more important role of the liver in Fe storage (Walker and Fromm, 1976; Dragun
et al., 2018b). In Prussian carp, two peaks observed in the intestine were also observed in the
liver and gills, where MMM peak was shown to be predominant in the gills and HMM peak in
liver, similar to the intestine (Dragun et al., 2020). We further observed similarity of intestinal
Fe distributions of Prussian carp with hepatic and gill distributions in European and Vardar
chub, where binding of Fe in VLMM region was also not observed (Krasni¢i et al., 2013,
2014, 2018) suggesting some similar mechanisms of Fe binding in species belonging to the
same fish family (Cyprinidae). Specific seasonal and spatial trends were not observed, but
connection with different levels of bioaccumulation. In both fish speacies, elevated Fe
concentrations were accompanied by an increase in the HMM or MMM peak, depending on

the specimen.
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Figure 2. Distribution profiles of two selected elements (Co: a-d; Fe: e-h) among cytosolic
biomolecules of different molecular masses in the intestine of brown trout from the two sites
of the Krka River (Krka River source and Town of Knin) and Prussian carp from the two sites

of the Ilova River (Ilova village and Trebez village) in two seasons (autumn and spring)
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3.2.5. Molybdenum

Molybdenum serves as a cofactor in various enzymes including Fe-Mo flavoprotein
xanthine oxidase (275 kDa, Truglio et al., 2002), aldehyde oxidase (130 kDa, Uchida et al.,
2003) or sulfite oxidase (120 kDa; Johnson and Rajagopalan, 1976). Its distribution was
similar in the intestine of both investigated fish species with two well shaped and clear peaks
in HMM (~100-400 kDa, Table 3) and VLMM (~2-8 kDa, Table 3) biomolecule range, and
the VLMM peak was visibly predominant in both species (Fig. 3a-d). Generally, Mo cytosolic
concentrations were higher in Prussian carp than in brown trout which affected peak heights
and quantity of eluted Mo (Fig. 3a-d, Table 1). Although MMs of all above mentioned
enzymes were encompassed by the observed HMM peak, this peak was much smaller
compared to VLMM peak, suggesting less significant Mo binding to enzymes in the intestine.
For comparison, HMM peak was dominant and much more pronounced than VLMM peak in
the liver of both brown trout and Prussian carp (Dragun et al., 2018b, 2020), as well as of
European and Vardar chub (Krasniéi et al., 2013, 2018), confirming the organ-specificity of
these enzymes that have important roles in detoxification of xenobiotics, drugs and
progesterone (Kisker et al., 1997), which mostly takes place in the liver as main detoxifying
and metabolic organ (van Campenhout et al., 2008). The dominant peak in our research, in the
intestine of both Prussian carp and brown trout, was located in VLMM region (maximum at
5.1 kDa; Fig. 3a-d, Table 3), same as observed in the gills of Prussian carp (Dragun et al.,
2020), suggesting higher similarity in function of intestine with gills as uptake organs, than
with the liver. Krasniéi et al. (2019) have shown that VLMM Mo-binding biomolecules were
heat-stable and determined their exact mass to be 3.3 kDa, which corresponded well to the
estimated MM of predominant Mo-binding biomolecules in the intestine of brown trout and
Prussian carp. The significant impact of season or site on the obtained profiles was not
noticed and in both species, the increase of Mo elution in samples with higher cytosolic
concentrations was seen in both peaks, but it was much more pronounced in the second,
VLMM peak (Fig. 3a-d). Evidently, variability in different organs of the same species can be
attributed to their different bioaccumulation capacities and different role of Mo in each organ.
Presence in the intestine as a site of dietborne metal uptake, and gills as the site of waterborne
metal uptake probably reflect recent Mo uptake and indicate binding to small

metallochaperons or nonprotein compounds (Dragun et al., 2020).
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3.2.6. Selenium

Selenium biological role is primarily related to incorporation into proteins in a form of
selenocysteine, and is found, for example, in glutathione peroxidase, thioredoxin reductase
and vitamin E (Watanabe et al., 1997). We noticed several species-specific differences in Se
distribution in our research which included differences in number of peaks and peak
predominance between the two species (Fig. 3e-h, Table 3). Distribution profiles of Se in the
intestine of the brown trout showed its predominant presence within two peaks in VLMM
range, one covering biomolecular region from 1.8-5.1 kDa (maximum at 3.9 kDa) and another
one covering biomolecules of less than 1.5 kDa (Fig. 3e, f, Table 3). This second peak was
predominant at both locations of the Krka River (Fig. 3e, f). In some brown trout specimens,
two barely visible peaks were also observed in HMM region (500-100 kDa and 65-235 kDa;
Fig. 3e, f). In the liver of brown trout, Se association with biomolecules below 1.5 kDa was
also the most pronounced (Dragun et al., 2018b). Major binding of Se to biomolecules below
2 kDa was already reported in gills of European and Vardar chub (Krasni¢i et al., 2014,
2018), but not in the liver (Krasniéi et al., 2013, 2018). Such Se elution in VLMM region
could refer to forms of free selenocysteine (167 Da) or selenomethionine (196 Da) in the
cytosols, as fish mostly accumulate Se in these forms and gastrointestinal uptake is central to
both nutritional Se requirements and its toxicity (Janz et al., 2010). Further, it may indicate
binding to compounds active in defense against oxidative stress, such as selenoneine (0.5
kDa, Yamashita and Yamashita, 2010). In addition to two VLMM peaks, which in Prussian
carp encompassed biomolecules of 0.4-11 kDa, possibly including low MM selenoprotein
SelW (~10 kDa), protein that possibly participates in antioxidant function (Lopez Heras et al.,
2011), in this species Se was also comparably eluted in HMM region (30-303 kDa; maximum
at 110 kDa; Fig. 3g, h). This HMM range includes known selenoproteins, such as glutathione
peroxidase (85 kDa, Shulgin et al., 2008) or thioredoxin reductase (66 kDa), as well as
selenoprotein SelP (50 kDa) identified in zebra fish (Danio rerio), primarily synthesized in
liver and involved in the transport and delivery of Se to remote tissues (Kryukov and
Gladyshev, 2000). As in brown trout, in some samples of Prussian carp additional small
HMM peak was indicated at elution time from 14" t018" minute (Fig. 3g, h). In Prussian
carp, the increase in Se accumulation at the llova village was mainly reflected in its increased
presence in the HMM biomolecule region, while at Trebez village higher amount of Se was
bounded to VLMM biomolecules (Fig. 3g, h), regardless of the fact that Se in the intestine

cytosol was present in a relatively narrow concentration range (Table 1). In brown trout, the

199



7. Prilozi

increase in intestinal cytosolic Se concentrations was not site-specific and resulted in a more
pronounced presence in the VLMM biomolecule region, precisely in the second VLMM peak
(<2 kDa) at both sites. Previous research on Prussian carp showed the existence of four peaks
in gills with major part of Se being eluted in two VLMM peaks, whereas in the liver majority
of Se was eluted within one HMM peak and only minor part was eluted within two VLMM
peaks (Dragun et al., 2020). Therefore, the intestinal distribution profiles of Se in Prussian
carp unite the characteristics of both gills and liver, with observed Se elution being almost
comparable in HMM and VLMM regions (Fig. 3g, h). Recorded species-specific differences
between brown trout and Prussian carp could be associated to the variability of their feeding

behavior (Maher, 1987), and to differences in Se metabolism between the species.
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Figure 3. Distribution profiles of two selected elements (Mo: a-d; Se: e-h) among cytosolic
biomolecules of different molecular masses in the intestine of brown trout from the two sites
of the Krka River (Krka River source and Town of Knin) and Prussian carp from the two sites

of the llova River (Ilova village and Trebez village) in two seasons (autumn and spring)
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3.2.7. Zinc

Zinc essentiality is reflected by its role in metabolism of different biomolecules
including proteins, carbohydrates and lipids, but also in cell signalization, protection of the
immune system and neurotransmission, therefore encompassing catalytic, regulatory, and
structural functions (Coelman, 1992). Therefore, its distribution in relatively wide range of
MM was not unexpected. Moreover, species-specific differences between brown trout and
Prussian carp were observed (Fig. 4). In brown trout, Zn was eluted in two clear peaks in
HMM biomolecule region. First and dominant peak covered the biomolecules of 392-1088
kDa, and the second one of 30-235 kDa, with the maxima at ~600-800 kDa and 85-109 kDa,
respectively (Table 3). This range could suggest binding to different proteins such as albumin
(66 kDa, Table 2) or transferrin (80 kDa), carbonic anhydrase (29 kDa, Table 2), Zn
superoxide dismutase (32 kDa, Table 2) and alcohol dehydrogenase (150 kDa, Table 2).
Similar distribution, with the predominant peak at 20-400 kDa which corresponded well to
our second HMM peak, but with the additional LMM peak (9-19 kDa), which coincided with
the elution time of MT standard, was observed in the hepatic cytosols of brown trout (Dragun
et al., 2018b). In Prussian carp, in addition to above mentioned two HMM peaks (maxima at
843 kDa and 109 kDa, respectively), elution in VLMM region was also observed (Fig. 4c, d,
Table 3). Although Zn in VLMM region was eluted in broad range, by careful insight two
separate peaks could be distinguished in most samples (Fig. 4c, d), the first at 1.8-14 kDa, and
the second one at 0.7-1.8 kDa, and the predominant binding to VLMM was mostly observed
for specimens with the higher Zn intestinal cytosolic concentrations (Fig. 4c, d). Therefore, in
Prussian carp there was an indication of possible binding to MT (the tail of the first VLMM
peak), but this was not clear and pronounced. More dominant Zn association with MT region
was observed in liver of Prussian carp, while hepatic Zn HMM peaks appeared at MMs of 30—
300 kDa and above 400 kDa (Dragun et al., 2020) comparable to intestine. The significant
impact of season or site was not noticed. Intestine was, as in the case of some other elements,
confirmed to be more similar to gills as the uptake tissue, in which clear binding to MTs was
also not observed in Prussian carp, but neither in European nor Vardar chub (Krasni¢i et al.,
2014, 2018; Dragun et al., 2020). In addition, two VLMM peaks were also observed in both
the gills and the liver of Prussian carp (Dragun et al., 2020), as well as of European chub (<5
kDa), especially in the specimens with higher cytosolic Zn concentrations (Krasni¢i et al.,
2013). Elution in VLMM biomolecule range could indicate role of Zn in antioxidative defense
by binding to glutathione (GSH, 307 Da), intracellular thiol compound composed of cysteine,
glutamic acid and glycine, which can be free in the cells or bound to proteins (Iwasaki et al.,
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2009). This mechanism of detoxification by GSH might occur in the fish intestine, as GSH
quantity was shown as quite high in the intestine of brown trout and Prussian carp (Mijosek et
al., 2019a, 2021). Zinc distribution profiles slightly differed for different species or different
tissues, due to differences in biology and ecology of the species, their different accumulation

and detoxification mechanisms, as well as tissue composition or specific role.

Distribution profiles of Zn

325 325

a) Krka River source . a vills —O— IL57 - autumn
) ) —O— K2 - autumn C) IlO‘f‘ \]"dgE —— IL65 - autumn
Brown trout —— K5 - autumn Prussian carp —0O— IL68 - autumn
260 4 —0O— KII - autumn 260 —8— IL116- spring
—— IfSJ - spr!ng —w— IL118 - spring
—v— K67 - spring —&— ILI121 - spring
195 | —=— K68 - spring 195
4 =
= E
N N ]
130 4 130
65
65
0
0 4
325 325
b) Town of Knin —0— K20 - autumn d) Trebez village —O— IL72 - autumn
Brown trout —7— K21 - autumn Prussian carp —v— IL76 - autumn
260 1 —0— K26 - autumn 260 4 o) —0— IL81 - autumn
—8— K42 - spring —&— IL94 - spring
—¥— K46 - spring —¥— IL96 - spring
—&— K47 - spring —&— IL100 - spring
195 4 195
=1
£ g
= =
S =
b N
130 4 130
65 - 65
0 - L

Figure 4. Distribution profiles of Zn among cytosolic biomolecules of different molecular
masses in the intestine of brown trout from the two sites of the Krka River (Krka River source
and Town of Knin) and Prussian carp from the two sites of the Ilova River (llova village and

Trebez village) in two seasons (autumn and spring)

4. Conclusions

Applied methodology enabled us to define, for the first time, the molecular mass ranges of
cytosolic molecules that bind Cd, Co, Cu, Fe, Mo, Se and Zn in the intestines of brown trout
and Prussian carp from two moderately impacted rivers. Although we considered spatial and
temporal variability at each river, comparison of the obtained profiles indicated that
distribution of trace elements among different biomolecules was mostly dependent on level of

exposure and consequent bioaccumulation. Significant differences associated to seasons were
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not observed, and trace elements under all studied conditions were associated to the same
biomolecules, and only the proportions associated to specific cytosolic compounds changed as
a consequence of different concentrations of elements. Well-established link of Cd and Cu to
MTs was confirmed for the intestine of both fish species, suggesting efficient detoxification
of these elements, as well as functional association in case of Cu. However, association of Zn
to MTs was not observed in the intestine, contrary to previously established presence of Zn-
MT binding in the liver of brown trout and Prussian carp. Further, Fe, Se and Zn showed
some considerable species-specific differences in our research. Specifically, Fe elution in
VLMM biomolecule range was observed only in brown trout, while Se was eluted in HMM
and Zn in VLMM biomolecule range only in Prussian carp. Additionally, Co was found to
predominantly bind to biomolecules of MM of 85-235 kDa in brown trout, but to
biomolecules of MM <18 kDa in Prussian carp, but the same peaks were observed in both
species. Tissue-specific differences were additionally observed for Fe, Se and Zn distribution
between intestinal, hepatic and gills cytosols. They reflected different functions of these
organs, showing some similarities of the intestine with both gills and liver, but more clear
with gills, as both being the uptake organs. Comparison with other fish species also indicated
species-specific variability, due to the different ecology of the species, their accumulation
capacities and specific metal handling strategies. As there is no other available data on
cytosolic distribution of elements in the fish intestine, obtained results present a significant
contribution to better understanding the fate of the elements, their detoxification mechanisms
and behavior in general in fish intestinal tissue, specifically in brown trout and Prussian carp.
Comparison with other tissues suggested the importance of considering few different tissues,
as their primary role has significant impact on metal handling strategies. Future research
should involve additional separation methods and mass spectrometry to accurately identify the
exact metal binding molecules. This would enable the clear recognition of detoxification
mechanisms, but also the estimation of metal/nonmetal toxicity. Such comprehensive
methodology is the base of development of new biomarkers of metal exposure, similar to

MTs, which are extremely important in the assessment of metal contamination.
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Prilog 2. Citosolske koncentracije elemenata u vrstama G. fossarum i G. roeselii iz rijeke
Ilove iz dvaju uzorkovanja (jesen i proljece). Rezultati su prikazani kao srednja vrijednost +
standardna devijacija. Statisticki znacajne razlike (Mann-Whitney U test, p < 0,05) izmedu

sezona su oznacene zvjezdicom (*).

Gammarus fossarum

Gammarus roeselii

Listopad 2017. Svibanj 2018. Listopad 2017. Svibanj 2018.

As 86,95 + 16,90 73,47 + 13,40 115,12 £ 23,47 115,00 + 21,69
Cd 23,71 +4,19 23,43 +3,02 23,23 +1,99" 27,06 + 4,34"
Co 37,69 £ 8,10 31,93+3,33 43,57 + 10,08 39,19 £ 4,65
Cu 6787,72,+701,32"  9649,24 +2333,32"  8783,66 + 1226,53  9715,41 +1902,60
Mn L 402531+1337,37 4293,02+1490,53  6864,21 +2365,98  5275,04 + 1165,57
Mo oy 54,32 £10,54" 40,73 +7,34" 48,79 £ 3,61" 42,86 + 4,68"
Rb e 572,96+ 49,58" 784,04 + 42,90 612,03 +49,54" 758,98 +79,31"
Se 201,31 +£32,24" 263,58 +£49,48" 184,16 £ 31,94 220,65 + 50,76
Sr 8151,43 £679,90°  6743,05+691,32"  8917,27 +1049,66"  6259,61 + 724,90"
TI 0,42 +£0,09" 0,53+0,11" 0,68 +0,15 0,65+0,23

\% 9,44 + 3,46 11,29 +£2.29 11,47 +2,58 10,55+ 1,50
Zn 6769,64 + 777,40°  7915,87 £432,40" 722428 +528,62°  8670,51 + 870,00
Ca ~  3604,85+293,18"  2948,57 +346,02°  3986,52 +481,14"  3060,58 + 407,40
K £ 2034,50+ 154,51 1812,47 £ 140,18 2034,50 + 137,65 1901,62 + 150,47
Mg g 287,86 + 19,51 264,21 +£27,83 355,83 + 28,03 359,96 + 45,70
Na 1261,87 +39,69" 1192,70 + 82,00" 1278,21 £ 92,27 1301,57 £ 111,67
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Prilog 3. Biometrijska obiljezja (srednja vrijednost + standardna devijacija) poto¢nih pastrva
(S. trutta) ulovljenih u rijeci Krki na referentnoj (izvor rijeke Krke) i onecis¢enoj postaji (grad
Knin) u dva uzorkovanja i osnovne epidemioloske znacajke kukasa iz probavila poto¢nih
pastrva. Statisticki znacajne razlike (Mann-Whitney U test, p < 0,05) izmedu sezona na
pojedinoj postaji su oznacene zvjezdicom (*), a izmedu dviju postaja u jednoj sezoni s

razli¢itim velikim tiskanim slovima (A i1 B).

Izvor rijeke Krke Grad Knin
jesen 2015. proljece 2016. jesen 2015. proljeée 2016.
n=12 n=13 n=13 n=13

Ukupna duzina (cm) 24,45+ 446" 18,22+2,10" 24,27+3,14" 20,05+2,90"
Tjelesna masa (g) 161,2+85,1" 65,65£21,36%~  164,7+53,9" 102,1+44,7%8
FCI (g cm?*100) 1,010,084 1,06+0,06* 1,11+0,09" 8 1,20+0,09" 8

HSI (%) 1,01+0,22" 1,32+0,31" 0,94+0,26" 1,57+0,49"

GSI (%) 4,4242.36" 0,40+0,34%A 3,56+2,68" 0,14+0,05"8

Spol (Z/M/ND) 41711 5/8/0 5/8/0 7/6/0

EpidemiolosSke znacajke kukasa

Zastupljenost (broj i 12, 100% 13, 100% 13, 100% 12,92,3%
% pastrva invadiranih
nametnicima)

Prosjecni intenzitet 42,0+£19,0 20,7+8.9 51,5+53,3 5,9+6,7
invazije
Ukupan broj 504 269 669 76
nametnika u

uzorkovanim ribama
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Prilog 4. Koncentracije metala/metaloida/nemetala (srednja vrijednost + standardna
devijacija) u bioindikatorskim organizima iz rijeke Krke s referentne (izvor rijeke Krke) i
oneciS¢ene postaje (grad Knin) u dvjema sezonama (jesen i proljece). Za svaki element u
prvom redu su prikazane koncentracije u kukaSima, u drugom redu u rakuscima, a u tre¢em
koncentracije metala u probavilu riba. Statisticki zna¢ajne razlike (Mann-Whitney U test, p <
0,05) izmedu sezona na pojedinoj postaji su oznacene zvjezdicom (*), a izmedu dviju postaja

u jednoj sezoni s razli¢itim velikim tiskanim slovima (A i B).

Element/postaja Izvor rijeke Krke Grad Knin
(ug kg*/mg kg™) jesen 2015. proljece 2016. jesen 2015. proljece 2016.
458,0+366,5" A 1047,0+£533,6™ A 119,8+86,88 171,0+£98,28
Cd (ng kg?) 140,1+51,6» 139,3+36,4~ 28,1+12,98 19,6+7,58
107,7£141,0 114,9£122,74 10,48+12,00 2,74+1,108
10,28+5,11%4A 23,23+11,07"4 61,24+57,198 106,2+66,58
Co (ng kg?) 34,02+12,30* 39,30+10,714 85,74+23,58" 116,9+50,88
12,15£10,86 14,51+8,31% 39,23+28,83 31,25+8,628
4,97+1,59 4,11£1,37 3,88+2,10 5,04+1,96
Cs (ng kg?) 8,09+3,854 8,47+2,13 14,15+6,098 9,42+4,91
10,59+1,16%A 6,37+1,99" 4,37+2,938 5,99+2,07
224,7+154,14 404,5£271,6 659,7+464,98 346,3+£298,7
Pb (ng kg?) 41,07+29,284 33,90+18,104 88,86+39,058 85,16+53,858
41,21+20,96 49,11+11,97 30,91+13,10" 59,25+24,00"
6,50+4,62 12,06+10,08 7,15+6,53 18,35+16,64
Cu (mg kg?) 6,55+1,56" 7,00+1,21 8,89+1,818 7,14+1,91
0,844+0,429 0,693+0,206 1,07+0,42 0,725+0,132
10,26+4,78A 8,574+2,75 28,61£8,708 15,93+12,94
Fe (mg kg?) 22,13+13,724 25,44+11,93A 71,81+37,588 70,74+49,728
14,52+5,19" 7,54+2,94" 14,80+4,39 12,27+5,37
3,07+0,53 3,36+0,40% 3,65+0,98 4,26+1,108
Mn (mg kg?) 1,99+0,85% 1,81+0,534 5,43+1,478 4,16+1,858
0,47+0,12% 0,57+0,07 0,71+0,158 0,72+0,30
2,08+0,45% 1,70+0,574 1,35+0,52"B 2,34+0,61"B
Rb (mg kg™ 1,82+0,15" 1,63+0,14™A 1,80+0,11" 1,42+0,19%8
4,20+1,33%A 2.34+0,76" 2,56+0,978 2,93+0,76
0,590+0,140 0,698+0,245 0,610+0,110 0,726+0,225
Se (mg kg™ 1,95+0,53 1,45+0,48 1,90+0,55 1,78+0,50
0,857+0,217 0,668+0,1074 0,927+0,204 0,895+0,2168
0,706+0,724A 0,842+0,4824 3,63£1,058 2,410,898
Sr (mg kg?) 53,26x17,04 30,44+6,03% A 50,49+16,42 51,12+17,958
0,106+0,0274 0,093+0,0414 0,260+0,0638 0,337+0,2228
13,82+2,56 14,10+8,444 16,73+7,76 19,77+5,128
Zn (mg kg?) 8,73+0,934 8,4442,15 9,93+1,068 9,63+2,23
182,4+57.7 109,4+67,3 130,8+95,3 114,4+482
510,9+496,3A 487,3+£251,6% 869,3+348,98 1045,4+434,88
Ca (mg kg?) 24370,9+£5823,6  26371,2+3118,2  23561,5+4917,8  22125,8+7765,9
119,1+35,2 130,2+60,3 124,8+30,2 193,8+164,7
1854,7+359,1 1954,2+245,3* 1963,3+294,2" 2441,8+289,9™ 8
K (mg kg™) 1496,8+294,8* 1435,6+132,0 2110,3+114,4%8 1508,4+155,7"
2993,1+318,8 2924,2+219,5 2906,0+276,9 2742,9+333,3
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Prilog 4 - nastavak,

164,5+50,3» 174,8+23,14 200,6+30,81B 209,2+27,28

Mg (mg kg?) 443,1+125,0 421,3+42 2 429,1+£76,7 430,1+125,8
164,4+£28,1 184,8+19,9 167,7+£26,8 173,3+54,9

1822,24357,3" 1413,6+261,4" 1523,5+£216,5 1359,7+255,1

Na (mg kg?) 1377,0+£313,4 1329,6+£223,3 1290,8+272,6 1209,2+215,9

1192,1+137,1 1140,2+135,4 1041,6+145,4 962,2+137,58
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Prilog 5. Biokoncentracijski faktori za kukase (D. truttae) izraunati u odnosu na rakusce (G.

balcanicus) kao medudomadare i probavno tkivo poto¢nih pastrva (S. trutta) kao domadara.

Element/ Kukasi/rakusci KukaSsi/probavilo riba
postaja Izvor rijeke Grad Knin Izvor rijeke Grad Knin
Krke Krke
jesen  proljece jesen proljece jesen  proljece jesen  proljece

Cd 3,27 7,52 4,27 8,72 4,25 9,11 11,43 62,40
Co 0,30 0,59 0,71 0,91 0,85 1,60 1,56 3,40
Cs 0,61 0,49 0,27 0,54 0,47 0,65 0,89 0,84
Pb 5,47 11,93 7,42 4,07 5,45 8,24 21,34 5,84
Cu 0,99 1,72 0,80 2,57 7,70 17,40 6,68 25,31
Fe 0,46 0,34 0,40 0,23 0,71 1,14 1,93 1,30
Mn 1,54 1,86 0,67 1,03 6,53 5,89 5,14 5,92
Rb 1,14 1,04 0,75 1,65 0,50 0,73 0,53 0,80
Se 0,30 0,48 0,32 0,41 0,69 1,04 0,66 0,81
Sr 0,01 0,03 0,07 0,05 6,66 9,00 13,96 7,15
Zn 1,58 1,67 1,68 2,05 0,08 0,13 0,13 0,17
Ca 0,02 0,02 0,04 0,05 4,29 3,74 6,97 5,39
K 1,24 1,36 0,93 1,62 0,62 0,67 0,68 0,89
Mg 0,37 0,41 0,47 0,49 1,00 0,95 1,20 1,21
Na 1,32 1,06 1,18 1,12 1,53 1,24 1,46 1,41
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Prilog 6. Fish soft tissues, calcified structures and intestinal parasites, acanthocephalans

as indicators of short and long term metal exposure in the karst freshwater ecosystem
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Graphical abstract

Salmo trutta Linnaeus, 1758,

N

muscle l otoliths
Mg-Fe Rb-Zn-Sr-Nn~Ba~Tl Sr-Zn- Mg~ Rb-NMn-Ba-Tl

acanthocephalan
- Dentitruncus truttae Sinzar, 1955

Mg-Zn-Fe-NMn-S1-Rb-TIBa

liver
Mg Fe-Zn Rb-Mn Ba TI"Sr

scales
Mg~Sr-Zn-Fe-Nn

(LA) HR ICP-MS metal determination

liner ) Mendie Ba Fe Mg Mn Rb Sr 11 Za
- - )
190 { 0 Rebereme 190 £ Referene ot - otaliths
oo | S Comtaminsd 10 | T Comemisant o sc sc ot U [
P e i " v - iver
H
:j : C liv mus ac liv sc » s¢ s - muscle
i ) | »Ufl - | ] ac - acanthocephalany
i 'y o / 'y > h ac liv  mus ac li liv
1 { -
i oo ‘
i :{ G t sC Iy ot ) mus ol ot
§ n B
34 i, .
11 I H mus mus o mus o liv o0 mus
i B¥ Bl BI ) B1 Bl I
e Fe Mg Ma Rb OS¢ M Za Ba Fe Mg Ma RM OS¢ T Za

oncentration factors (BCFs) Efficiency of metal accumulation

217



7. Prilozi

Abstract

Although there are common and well established bioindicator organisms and tissues,
there is still a need of reliable and sensitive bioindicators, which will rapidly reflect short and
long term metal changes in the aquatic environment. In addition to commonly used soft
tissues, in the present pilot-study fish calcified structures and intestinal parasites were applied
as combination of long term and rapid indicators of metal exposure, respectively. Patterns of
metal accumulation and distribution in soft (muscle, liver) and hard (scales, otoliths) tissues of
brown trout (Salmo trutta Linnaeus, 1758) and their intestinal parasites, acanthocephalans
(Dentitruncus truttae Sinzar, 1955) from the Krka River influenced by industrial and
municipal wastewaters were estimated and compared. The novel multi-indicator approach
required the application of advanced analytical techniques, HR ICP-MS for metal
measurements in soft tissues and laser ablation system to assess metal content in otoliths and
scales. Levels of most elements were higher in acanthocephalans, scales and liver than muscle
and otoliths, and therefore indicated differences in metal uptake routes, tissue function and
metabolic activity. Despite recorded differences in metal contents, hard and soft fish tissues
and acanthocephalans reflected environmental conditions in a similar way. Most elements
were accumulated in all investigated tissues in higher levels at the contaminated that at the
reference site. Acanthocephalans were confirmed as sensitive bioindicators in metal exposure
assessment due to effective metal accumulation capacity, while combination of soft and hard
tissues provided extended temporal information on recent to long-term metal exposure.
Estimation of wastewater impact was evidenced as moderate metal pollution by all applied
indicators and therefore pointed to present but also long term disturbances in the karst Krka

River and importance of continuous monitoring and protective actions.

Keywords: otoliths, scales, muscle, liver, Krka River, metal contamination
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1. INTRODUCTION

Metals are among the major chemical toxicants polluting the environment due to their
prolonged persistence and complex interactions with organisms in aquatic ecosystems (Boyd
et al., 2010; Authman et al., 2015; de Paiva Magalhaes et al., 2015). Consequently, changes in
metal levels can be reflected in aquatic organisms, which serve as biological indicators of
metal exposure (Geffen et al., 2003). The advantage of applying indicator organisms and
organs is that metals are retained in tissues for longer period than in the water, so biological
responses indicate long-term metal variability. That is especially valid for hard tissues, like
fish scales and otoliths, which offer a permanent record of metal exposure over fish life span.
To date fish hard tissues were mostly applied for stock discrimination (Campana et al., 1994;
Milton et al., 2008), movement studies (Tabouret et al., 2012; Prohaska et al., 2016) and only
to a lesser extent as environmental indicators of pollution (Sawhney and Johal., 1999; Adami
et al., 2001; Saquet et al., 2002; Darafsh et al., 2008; Ranaldi and Gagnon, 2008) which were
mostly represented by fish soft tissues, such as liver, gills and muscle (Jari¢ et al., 2011;
Krasni¢i et al., 2013; Dragun et al., 2018).

Otoliths are calcified structures in the inner ear of teleost fish (Ranaldi and Gagnon,
2008), while scales are composed of a thin, hard, external, well-mineralized layer in which
annular structure incorporate metals over time. As covering the surface of the fish body,
application of scales in biomonitoring studies represents a nonlethal alternative in metal
exposure assessment (Muhlfeld and Marotz, 2005). Since fish calcified structures are acellular
and metabolically inert, any elements that incorporate into their surface stay conserved
permanently and reflect conditions in the surrounding habitat. In soft tissues, apart from
environmental conditions, the influence of fish physiology, mechanisms of elimination of
potentially toxic metals and tissue regeneration might have a significant impact on metal
levels as well (Bath et al., 2000; Filipovi¢ Mariji¢ et al., 2014). Therefore, application of soft
tissues requires continuous monitoring and consideration of all these factors which might
interfere with responses to metal exposure. In addition, powerful analytical technology, LA
ICP-MS enables highly sensitive elemental analysis directly on solid samples, such as
calcified structures. Application of acanthocephalans as bioindicators of metal exposure has
gained increasing interest due to their effective metal accumulation, orders of magnitude
higher than in other commonly used aquatic indicator organisms, such as fish, bivalves and
crustaceans (Filipovi¢ Mariji¢ et al., 2013, 2014; Sures et al., 2017). So far, few research

groups dealing with parasites as indicators of environmental health has mainly been focused
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on reporting and comparing metal levels in parasites and other bioindicator organisms (Sures,
2001, 2004; Nachev and Sures, 2016) but studies on their application as indicators in metal
exposure assessment are rare (Thielen, 2004, Filipovi¢ Mariji¢ et al., 2013, 2014). One of the
reasons is high variability of metal levels among parasite individuals, which was explained by
fish mobility and different age (Sures et al., 1999; Filipovi¢ Mariji¢ et al., 2014).

The studies on application of scales and otoliths in metal exposure assessment of the
freshwater ecosystem and their comparison to soft tissues as bioindicators are rare (Darafsh et
al., 2008). Thus, the goal of the present study was to assess whether the metal accumulation in
hard tissues (scales, otoliths) reflects metal exposure in correspondence to soft tissues (liver,
muscle) of brown trout (Salmo trutta Linnaeus, 1758) and their intestinal parasites
acanthocephalans (Dentitruncus truttae Sinzar, 1955). We have chosen 8 elements to
measure; Fe, Mg, Mn and Zn as essential elements and Ba, Rb, Sr and Tl as nonessential
elements for organisms which was based on results obtained for metal concentrations in water
and the fact that one of our main goals was to compare response to metal exspoure in soft and
hard tissues. Therefore, it was important to use elements which could be measured in (almost)
all of these tissues. Further, most of these elements (Ba, Fe, Mg, Mn and Sr) were already
found to correlate significantly between the two fish otoliths (Campana et al., 1994; Campana,
2000; Rooker et al., 2001; Huxham et al., 2007). Some toxic elements like Cd or Hg could not
be considered due to the lack of available reference data for fish hard tissues which would
disable our goal to compare soft and hard tissues. Fish were collected at a reference (river
source) and a contaminated site impacted by the wastewater outlets (Krka Knin) of the Krka
River, a typical karst river in the Republic of Croatia. Lower part of the Krka River was
proclaimed National Park in 1985, but only 2 km upstream of the park borderline
technological and municipal wastewaters have a direct impact on the river water.

Since total metal content in tissues do not necessarily represent metabolically available
metal fraction, known to be able to cause possible toxic effects, but comprise the complete
amount of accumulated metal, our study included both fractions, total metal levels in muscle
and metals bound to cytosolic biomolecules in liver, representing the metabolically available
metal fraction (Wallace et al., 2003; Rainbow et al., 2011; Urien et al., 2018; Mijosek et al.,
2019b). This way, we applied new approach against conventional biomonitoring studies and
achieved the following specific objectives: a) evaluation of the fish calcified tissues as tracers
of environmental metal exposure, especially scales as noninvasive alternative; b) comparison
of metal levels and spatial differences in the river water, fish soft (liver, muscle) and hard
tissues (scales, otoliths) and intestinal parasites (acanthocephalans); c) estimation of the
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wastewaters impact regarding water, fish and acanthocephalans to get conclusion on the

quality status of the karst freshwater ecosystem, Krka River.

2.MATERIALS AND METHODS

2.1. Study area and sampling procedure

The study was conducted in the Krka River watercourse, influenced by two
contamination sources, technological wastewaters from the screw factory and municipal
wastewaters from the Town of Knin (11,000 inhabitants), which are released without
adequate treatment in the river water. Sampling of the river water (n=3 per site) and fish was
conducted in April 2015 at two locations, reference (Krka River source; n=18) and
wastewater impacted (Krka Knin, located downstream of the wastewater outlets near the
Town of Knin; n=17) (Fig. 1). More detailed description of the sampling sites was given by
Filipovi¢ Mariji¢ et al. (2018) and Serti¢ Peri¢ et al. (2018).

The river water was collected in triplicates in acid-cleaned polyethylene bottles and
immediately filtered through 0.45 um pore diameter cellulose acetate filter (Sartorius,
Germany) mounted on syringes. Aliquots of filtered samples were transferred into acid pre-
cleaned 20 mL polyethylene bottles and acidified with concentrated nitric acid (Rotipuran®
Supra 69%, Carl Roth, Germany) and stored at +4 °C untill metal measurements.

Individuals of brown trout were sampled in April in order to avoid physiology related
metal variability during the spawning period, which occurs in the late autumn. Sampling was
performed by electrofishing, according to the Croatian standard HRN EN 14011 (2005). The
electric field does not kill fish but only temporarily stuns them so captured fish were kept
alive in aerated water tank until further processing in the laboratory. This way all fish

survived transport to the laboratory and physiological disturbances were minimized.
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Figure 1. The map of the Krka River with indicated sampling locations (1 — Krka River

source; 2 —Krka Knin) and its position in the Republic of Croatia.

2.2. Dissection of fish tissues

After specimens were anesthetized with freshly prepared anaesthetic tricaine
methanesulphonate (MS 222, Sigma Aldrich) in accordance to the Ordinance on the
protection of animals used for scientific purposes (NN 55/2013) and sacrificed, fish total
length and body mass were recorded. Fish soft tissues (liver and muscle) were dissected and
samples were individually stored at —80 °C for further analyses. Fish intestinal parasites,
acanthocephalans, were manually isolated from the intestine using tweezers, counted in each
specimen, and stored at —80 °C. Gonads were used for sex determination and calculation of
fish gonadosomatic index.

Hard tissues, scales and otoliths, were taken from each fish and stored in small paper
bags. Around 15-20 scales were removed from the area closely above the lateral line and
below the dorsal fin. The head of the fish was cut off directly behind the gills and the skullcap
was opened to remove the saggital otoliths which were cleaned from adherent tissue.
Elemental fingerprints are suggested to be consistent between right and left otoliths (Campana
et al., 2000), therefore only one otolith per fish was analyzed. Few other studies already
confirmed significant correlation between concentrations of elements like Al, Ba, Fe, Mg, Mn
and Sr in left and right otoliths of the fish (Campana et al., 1994; Rooker et al., 2001; Huxham
et al., 2007).
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2.3. Preparation of hepatic cytosolic fraction

Hepatic samples (n=18 for the reference and n=15 for the contaminated site) were
homogenized by addition (w/v 1:5) of cooled homogenization buffer (100 mM Tris-HCI/Base
(Merck, Germany, pH 8.1 at 4 °C) supplemented with reducing agent (1 mM dithiotreitol,
DTT, Sigma, USA)). Homogenization was performed in ice cooled tubes by 10 strokes of
Potter-Elvehjem homogenizer (Glas-Col, USA). Resulting homogenates were centrifuged
(Avanti J-E centrifuge, Beckman Coulter, USA) at 50,000xg for 2 h at +4 °C to obtain hepatic
soluble cytosolic fractions (Dragun et al., 2018), which were stored at -80°C until further

metal analysis.

2.4. Acid digestion of muscle tissue and acanthocephalans

Digestion was performed in a dry oven at 85 °C for 3.5 h, using concentrated HNO3
(Rotipuran® Supra 69%, Carl Roth, Germany) and 30% H20: (Suprapur®, Merck, Germany)
in appropriate volumes for muscle tissues (n=6 per site) and acanthocephalans (n=10 per site).
Considering the low mass of the acanthocephalan specimens, individuals from the same fish
were pooled together in order to perform reliable measurements. After digestion, the clear,
colourless solutions of muscle and acanthocephalans were left to cool and afterwards were

stored at +4°C.

2.5. Hard tissues preparation

Fish otoliths (one sagittus from individual fish, n=3 per site) were rinsed and sonicated
in Type | reagent-grade water (18 MQ cm) (F+LGmbH, Vienna, Austria) for 5 minutes and
let to dry completely for about an hour. Dried otoliths were placed on small glass slides using
adhesive Krazy glue (InstantKrazy Glue Pen, Elmer’s Products (Distributor), Westerville,
Ohio, USA). After 24 h of hardening, otoliths were carefully ground and polished in small
circular movements using lapping films of 30 pum and 3 um for grinding and polishing
(lapping film 266X, 3M™). Polishing remains were removed under the air flow. Scales of the
same three fish per site were rinsed and sonicated in tubes in Type | reagent-grade water for 5
minutes and then completely cleaned in Type | reagent-grade water using brush under the
light microscope and left to dry. Each sample contained 4-6 scales, which were mounted on
small glass slides using two-side adhesive tape. They were afterwards observed under the
microscope and one scale with the most visible growth zones was chosen per sample for the

subsequent lasering procedure. Selected scales and otoliths were photographed, marked and
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stored in small plastic bags until further analysis by laser ablation inductively coupled plasma
mass spectrometer (LA ICP-MS).

2.6. Determination of metal content in water, fish soft tissues and acanthocephalans

High resolution ICP-MS (HR ICP-MS, Element 2; Thermo Finnigan, Germany),
equipped with an autosampler SC-2 DX FAST (ElementalScientific, USA) was used to
analyze macro and trace elements in water, acanthocephalans and fish soft tissues. Prior to
measurement, river water samples were 10 times diluted with Type | reagent-grade water for
the determination of Mg due to its higher levels, whereas trace elements were measured
directly in the prepared water samples. Hepatic cytosols were 100 times diluted for Mg and 10
times for trace element analyses, whereas digested muscle and acanthocephalans were 20
times diluted with Type | reagent-grade water for Mg analyses and 5 times for the
measurements of trace elements.

Depending on the element, the measurement was operated in low (*Rb and 2%°TI) or
medium (**Mg, >>Mn, >°Fe, &Cu, %0Zzn, 8Sr, and *Ba) resolution mode. Multielement stock
standard solution containing Ca2.0g L', Mg0.4gL !, Nal1.0gL "' and K2.0g L' (Fluka,
Germany) was used as calibration standard for the measurement of macro element Mg.
Multielement standard solution for trace elements (Analytika, Czech Republic) supplemented
with Rb (Sigma-Aldrich, Germany) was used for the external calibration for the trace element
analyses. Indium (1 pg L', Indium Atomic Spectroscopy Standard Solution, Fluka, Germany)
was added to all solutions as an internal standard. The accuracy and the precision of HR ICP-
MS measurements was tested using quality control sample for macro-elements (QC Minerals,
Catalog number 8052, UNEP GEMS, Burlington, Canada) and for trace elements (QC trace
metals, catalog number 8072, UNEP GEMS, Burlington, Canada). Good agreement was
observed between certified values and our data, resulting in the following average recoveries
obtained during measurements of water, liver, muscle and acanthocephalans samples: Ba:
100.3+2.7%, Mg: 95.9+4.7%, Mn: 93.9+11.8%, Sr: 99.9+3.0%, T1: 102.6+5.5%.

2.7. Determination of metal contents in hard tissues

Laser ablation measurements were conducted by connecting a laser ablation system
(NWR193, Electro Scientific Industries, Portland, USA) to an HR ICP-MS (Element XR;
Thermo Finnigan, Germany). Prior to LA-ICP-MS measurement, the instrument was
optimized using the solution set-up in a daily routine for maximum intensity while

maintaining low oxid and doubly-charged ion rates. Cross-sectional line scans were taken
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through the whole length of the otoliths and scales and going through the core. The time-
resolve information of these line scans had been object to a different study. The elements of
interest showed minor variations as compared to the relative uncertainty of the LA-ICP-MS
measurement (approx. 30%). Given limited habitate changes, average metal mass fractions
have been considered to study their accumulation in these hard tissues. Measurement involved
isotopes Mg, >°Mn, °’Fe, ®3Cu, ®zn, %Rb, 88Sr, 13Ba, 2%°T| and 2°®Pb according to the
following laser instrumental parameters: spot size 100 pm, scan speed Sum s, repetition rate
15 Hz and energy of 50 %. The otolith and scale samples were analyzed within one batch. At
the beginning and the end of the batch, the following certified reference mateirals were
ablated: (i) FEBS-1 (Otolith Certified Reference Material for Trace Metals, National Research
Council Canada) and MACS-3 (Calcium carbonate standard, United States Geological
Survey, 189 USA) were used as reference materials for the calculations of metal
concentrations in otoliths. (ii) In addition, NIST SRM 1400 (Bone ash, National Institute of
Standards and Technology, Gaithersburg, MD, USA) and NIST SRM 1486 (Bone meal,
National Institute of Standards and Technology, Gaithersburg, MD, USA) were used in the
case of the fish scales. Nano-pellets of FEBS-1 and MACS-3 were prepared by pstandards
according to standard protocols (Garbe-Schonberg and Miiller, 2014). In-house pressed
reference pellets of NIST SRM 1400 and NIST SRM 1486 were prepared using hydraulic
press (10 tons per cm?). All reference pellets were prepared without addition of any binders.
Calcium, as a main element in the aragonite matrix of otoliths (approx. 38 %, Sturgeon et al.,
2005) and in the hydroxyapatite matrix in scales (approx. 25 %, Hola et al., 2010), was used
as internal standard because it shows only small variations in mass fractions. Final mass
fractions in the otolith samples were calculated via MACS-3. FEBS-1 was used as quality
control for the quantification. For the final calculation of metal mass fractions in scales, NIST
SRM 1400, chosen as most suitable material, was used as a reference material. NIST SRM
1486 was used as quality control for the quantifcation. Differences in Ca content between the
reference material used for calibration and the sample were considered in the calibration
strategy. Good agreement was observed between certified values and our data, resulting in the
following average recoveries obtained during LA-ICP-MS measurements of otoliths and
hydroxylapatites samples and were within measurement uncertainties: Ba: 97+£15%, Mg:
108+29%, Mn:89+31%, Rb: 121+£18%, Sr:126+37%, Zn: 123+33%.
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2.8. Data processing and statistical analyses

Biological data

Fulton condition index was calculated as: FClI = (W / L% x 100 (Ricker, 1975),
hepatosomatic index as: HSI = (LW / W) x 100 (Heidinger and Crawford, 1977), and
gonadosomatic index as: GSI = (GW / W) x 100) (Wootton, 1990), where W is the body mass
(9), L is the total length (cm), LW is the liver mass (g) and GW is the gonad mass (g).

Level of parasite infection was quantified by calculating prevalence (the percentage of
infected fish) and mean intensity (parasite number per host individual) according to Bush et
al. (1997).

Chemical data

Metal levels were presented as mean values + standard deviations for all types of
samples and expressed acording to IUPAC terminology: mass fraction ® (ug g) and mass
concentration y (g L). Therefore, elemental contents in water samples were expressed as
mass concentration (ug L), and as mass fraction (ug g?) in fish hard structures (dry mass)
and in soft parts (wet mass, w.m.). In muscle and acanthocephalans, total metal contents were
measured, while the biologically available metal fraction was quantified in the cytosols of fish
hepatic tissues.

For the purpose of comparison of soft and hard tissues, metal contents in soft tissues
were expressed as pug gt of dry mass (d.m.) using the respective ratios between the wet and
dry tissue masses. For the muscle tissue we applied factor of 4.75 based on the mean value of
wet:dry ratios in muscles of 8 freshwater fish species from more than 20 locations in Croatia
(Mikac et al., 2018). Considering hepatic samples, the mean value of 5.4 was used as reported
for the brown trouts from Asturian rivers in Spain (5.14-6.83) (Linde et al., 1998), while for
acanthocephalans conversion factor of wet:dry mass of 4.3 was determined based on 4
independent measurements during this study.

Bioconcentration factors (BCFs) were determined according to Sures et al. (1999), as
the ratio of the element content in the parasites and the host tissue.

For the calculation of mean metal content in otoliths and scales, data were accumulated
through the whole lines of the structures. Starting and ending point of the lines were
determined by the inspection of Ca and Sr intensities to prevent the “edge effect” and to
assure that all analyzed points were within the scale/otolith area.

Statistics

SigmaPlot 11.0 (Systat Software, USA) for Windows was used for statistical analysis

and creation of graphs. Nonparametric statistical tests were used, because assumptions of
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normality and homogeneity of variance were not always met. Variability of metal levels
between two data sets was tested by Mann-Whitney U test and statistically significant
differences in metal concentrations between the two locations at p<0.05, p<0.01 or p<0.001

level were indicated.

3. RESULTS AND DISCUSSION

3.1. Biometric characteristics of S. trutta sampled in the Krka River

There were no significant differences between biometric data of fish from the two
sampling sites, although mean fish total length and body mass were higher at the
contaminated (24.4 cm, 339.4 g) than those at the reference location (20.4 cm, 114.4 g) (Table
1). Such trend might be related to the presence of more organic matter and food sources
downstream of the wastewater outlets (Couture and Rajotte, 2003). The opposite trend was
observed for gonadosomatic and Fulton condition indices, which were slightly higher at the
reference than contaminated site, but not significantly. Usually, decreased values of FCI can
indicate the need for inducing additional defense mechanisms in fish, which requires a lot of
energy and consequently lowers the fish condition. Trend of lower FCI values in fish from the
metal polluted locations was already observed, for example in wild yellow perch Perca
flavescens (Couture and Rajotte, 2003) and Prussian carp Carassius gibelio (Zhelev et al.,
2016, 2018). However, in our study the impact of present contamination on fish condition was
not significant.

Total number, prevalence and mean intensity of infection with acanthocephalans were
higher in fish from the reference than those from the contaminated site (Table 1). Altogether,
685 acanthocephalans were isolated from the intestines of 17 infected fish individuals from
the Krka River source, and 417 from 13 individuals from the Krka Knin. Accordingly,
prevalence of 94% and 76% and mean intensity of infection of 40.3 and 32.1 were recorded at
the Krka River source and at the Krka Knin, respectively (Table 1). Such trend was in
accordance with the sampling campaigns conducted in autumn 2015 and spring 2016 at the
same research sites of the Krka River, when prevalence of 83-100% was reported (Mijosek et
al., 2020). Vardi¢ Smrzli¢ et al. (2013) reported average prevalence of 73% for D. truttae in
brown trouts from the few sites along the Krka River during 11 sampling campaigns from
2005 to 2008. In lItaly, prevalence of D. truttae in S. trutta from the Tirino River was
comparable to our results (90.9-100%) (Paggi et al., 1978), as well as the prevalence (81.2%)
and the mean intensity of infection (46.2) in brown trouts from the Lake Piediluco (Dezfuli et
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al., 2008). Generally, it was reported that decrease in species richness, as well as the
abundance of endoparasites with indirect life cycles, including acanthocephalans, might
indicate pollution impact and stressful environmental conditions (Marcogliese, 2004). In our
research, the decrease of around 20% at the wastewater impacted site indicated moderate
pollution, as already reported regarding the physico-chemical water parameters and dissolved
metal levels (Filipovi¢ Mariji¢ et al., 2018; Serti¢ Peri¢ et al., 2018).

Table 1. Biometric characteristics (meant S.D.) of S. trutta caught in the Krka River at two
sampling sites (reference site: Krka River source; contaminated site: Krka Knin) and
epidemiological characteristics of acanthocephalans D. truttae hosted in S. trutta: prevalence
(number and percentage of infected fish), mean intensity of infection (average +S.E.) and total

number of parasite individuals.

Krka River source Krka Knin
n=18 n=17
Point sources of pollution Reference site- unknown Contaminated site- screw
pollution sources factory, industrial and

municipal wastewaters,
agricultural runoff

Total length (cm) 20.4+4.2 24.4+13.5
Body mass (g) 114.4+81.2 339.4+601.4
HSI (%) 1.3+0.5 1.3+0.6
GSI (%) 0.37+0.24 0.25+0.16
FCI (g cm™*100) 1.2+0.4 1.1£0.3
Sex (M/F/IND¥*) 9/9/0 5/10/2
Prevalence (number and % of 17; 94% 13; 76%
trouts infected with parasites)
Mean intensity of infection 40.3+8.9 32.1+11.3
(mean = S.E.)
Total number of parasite 685 417

individuals in sampled fish

* ND - gender not determined

3.2. Metal content in the river water

Spatial variability of dissolved metal levels in the river water indicated higher metal
levels at the Krka Knin than at the river source for the most of the measured metals, being
significant for Ba, Fe, Mn, Rb, Sr and Zn (Table 2). Exceptions were Mg and TI, which levels
were higher at the reference location. Dissolved metal levels in the Krka River water followed

the order at the reference site: Sr>Mg>Ba>Zn>Fe>Rb>Mn>TI and at the anthropogenically
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impacted location Krka Knin: Sr>Zn>Fe>Mg>Mn>Ba>Rb>T], indicating higher presence of
metals often used in industrial manufacturing (Zn, Fe, Mn) downstream of the screw factory.
Iron, Mn and Zn were among elements with the most pronounced difference between the two
investigated sites, with Mn being 673, Fe 34 and Zn 9 times higher at the contaminated than
the reference site (Table 2). Such high metal increase could be related to metal production
facility, as Fe and Mn are often used in the manufacture of iron and steel alloys, and
manganese compounds, respectively (WHO, 2011; Serti¢ Peric¢ et al., 2018). Zinc is one of the
most commonly used metals in the world due to its reducing and anti-corrosive properties, so
it has a high importance in the industrial production. Therefore, we have included the same
elements in the analysis of biological samples, either due to their toxicity, essentiality or
interesting patterns in water samples. Despite recorded spatial differences, metal contents of
the Krka River water were still comparable with the other karst ecosystems (Dossi et al.,
2007; Cukrov et al., 2008) and, accordining to Filipovi¢ Mariji¢ et al. (2018) and Serti¢ Peri¢
et al. (2018), mostly below environmental quality standards and metal concentrations in the
other rivers of technological or rural catchments. However, disturbances of environmental
conditions were obvious at the contaminated site Krka Knin regarding conductivity, chemical
oxygen demand, levels of ammonium, total nitrogen, total phosphorus, nitrate and bacteria
counts, which have not satisfied the requirements for the good water quality status (Filipovi¢
Mariji¢ et al., 2018). As already described, such karst ecosystems are characterized by the
effective self-purification process, which reduce the effect of pollution impact in the Krka
River (Cukrov et al., 2008). Therefore, metal levels at the location impacted by the
wastewater outlets indicated obvious metal input but could be considered as indication of

moderate pollution impact.

Table 2. Elemental content (mean + S.D.) in the water (ug L) of the Krka River at two

sampling sites (reference site: Krka River source; contaminated site: Krka Knin).

Krka River source Krka Knin
Ba (ng L) 4.38+0.11* 5.69+0.10%
Fe (ng L?) 0.340+0.060* 11.62+1.89%
Mg (ng L) 11630+130* 11100+£180*
Mn (ug L1) 0.010+0.004* 6.73+0.10*
Rb (ng L) 0.280+0.005* 0.460+0.001*
Sr (ng L) 88.42+1.72%* 186.2+1.0*
Tl (ug LY) 0.006+0.000 0.005+0.000
Zn (ng L) 3.57+0.62* 30.03+4.53*

Statistically significant differences (Mann-Whitney U test, p<0.05) between the two sites are assigned with
asterisk (*).
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3.3. Metal content in fish soft tissues and acanthocephalans

Due to the dynamic nature of aquatic environments, metal concentrations in water may
significantly vary over time, so extent of metal exposure was further evaluated on aquatic
organisms, applying commonly used fish liver and muscles and rarely used intestinal
parasites, acanthocephalans as bioindicators. Liver was selected as the main metabolic and
detoxification site in the organism, which might reflect chronic exposure to metals (Linde et
al., 1998; Krasni¢i et al., 2013), whereas muscle, due to its importance in human
consumption, might represent a health risk for humans in case of the elevated metal content
(Carvalho et al., 2005; Jari¢ et al., 2011). Spiny-headed worms, acanthocephalans, are already
described as organisms of rapid and high metal accumulation capacity, which is an order of
magnitude higher than in the other aquatic organisms (Sures et al., 1999; Nachev and Sures,
2016; Sures et al., 2017). Due to high variability of metal levels among parasite individuals,
their application as bioindicators in metal exposure assessment is still under question (Sures,
2004; Sures et al., 2017).

In our study, the pattern of higher metal levels at the contaminated than the reference
site was observed for Sr, Fe, Zn, Mn and Ba in liver, Mg, Mn, Ba, Rb, Sr and Zn in muscle
and Zn, Fe, Sr, Mg, Mn and Ba in acanthocephalans (Table 3). The exceptions were Fe, Rb
and TI, showing around 1.6 higher Fe values in muscle of fish from the reference than
contaminated site, 1.2-1.8 times higher Tl in soft tissues and acanthocephalans and 1.3 times
higher Rb in liver and acanthocephalans (Table 3). Other studies also conducted in the Krka
River confirmed elevated Rb and TI contents, as well as Cs and Cd, in liver (Dragun et al.,
2018) and the intestine of brown trouts and gammarids from the river source than downstream
locations (Mijosek et al., 2019a, 2019b). Although higher metal accumulation in organisms
could be an indication of higher exposure level in the water, in our research, levels of Tl were
comparable, and of Rb and Fe even significantly higher in the water at the contaminated than
the reference site (Table 2). Therefore, the cause of the significantly higher content of these
few elements in fish from the reference site could not simply be explained by waterborne
uptake and requires further research considering river sediment and food as possible metal
sources, i.e. dietborne metal uptake, which can even be a major route of exposure to some
metals, including TI (Clearwater, 2000; Lapointe and Couture, 2009).

In general, contents of analyzed metals mostly followed the comparable order in both
soft tissues and parasites, with the highest levels of Mg, Fe, Zn and Rb and the lowest of Ba
and TI. The exceptions were the lowest Sr contents in hepatic samples and lower RDb
accumulation in acanthocephalans (Table 3). Regarding metal levels in fish parasites, their
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values were much more variable compared to fish soft tissues (Table 3), confirming previous
findings that metal contents among acanthocephalan individuals show high variability,
possibly as a result of host mobility, different age and consequently different exposure times
(Sures et al., 1999; Filipovi¢ Mariji¢ et al., 2014). In addition, our results confirmed that metal
levels in acanthocephalans were mostly higher than those in the fish soft tissues, as already
reported in many studies involving parasites and fish liver, intestine, kidney or muscle (Sures
et al., 1999; Filipovi¢ Mariji¢ et al., 2013; Nachev and Sures, 2016; Sures et al., 2017). That
was confirmed by bioconcentration factors (BCFs), which were calculated to express the
relation of metal concentrations in acanthocephalans and two host tissues (Fig. 1). High ratio
between metal levels in acanthocephalans and fish tissues indicates more recent increase in
metal exposure, whereas low ratio (comparable metal levels in both organisms) points to
longer and continuous exposure (Sures et al., 1999; Filipovi¢ Mariji¢ et al., 2013). That is
based on the fact that metal accumulation is faster in parasites due to their shorter life span of
50-140 days (Kennedy, 1985), compared to the average life span of fish which usually ranges
from 10-15 years (Kottelat and Freyhof, 2007). Following lower contents of most elements in
muscle than liver of brown trout, BCFs were higher for all metals with respect to muscle,
except for Mg and Sr (Fig. 2). Overall, the highest values of BCFs were observed for Sr (88-
96) and TI (7-8) regarding liver (Fig. 2a) and for Tl (93-119) and Zn (19-58) regarding muscle
(Fig. 2b). It means that in our research BCFs pointed to possible recent increase in Mn, Sr, Tl
and Zn exposure, opposite to more continuous exposure of Rb, Ba, Fe and Mg (Fig. 2).
Further, BCF values were higher at the contaminated than reference site for most elements in
both liver and muscle (Fig. 2), suggesting even faster and recent accumulation in
acanthocephalans exposed to anthropogenical impact which confirmed their potential as
sensitive bioindicators of bioavailable metal levels and rapid response to metal changes in the
environment. Sampling campaigns during autumn 2015 and spring 2016 also indicated high
BCFs of Tl with respect to the muscle in fish from the same area as in our study, ranging 49-
112 depending on the site and season (MijoSek et al., 2020). To our knowledge, there is no
other literature data available regarding BCFs on this acanthocephalan (D. truttae) and fish (S.
trutta) species, but studies using other freshwater species reported comparable BCFs ranges
for many elements (reviewed in Sures, 2004 and Sures et al., 2017).

Estimation of spatial variability of metals in fish soft tissues and in intestinal parasites
revealed similar trends and indicated that not only total metal burden but also cytosolic metal

levels might be useful indicators of metal exposure in the aquatic environment, while
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acanthocephalans were shown as effective metal accumulators which reflect biologically

available metal fraction absorbed from fish intestine over their whole lifespan.

Table 3. Elemental content (mean = S.D., pg g w.m.) in soft tissues (liver, muscle) and
intestinal parasites (acanthocephalans) of brown trout from the Krka River at two sampling

sites (reference site: Krka River source; contaminated site: Krka Knin).

Liver Muscle Acanthocephalans
KrkaRiver Krka Knin Krka River Krka Knin Krka River source Krka Knin
source source
Ba 0.311£0.088 0.365£0.109 0.013+0.001*  0.021£0.08* 0.325+0.160* 0.592+0.255*
Fe . 27.79+9.25 33.60£13.71 4.74£1 42% 2.98+0.62* 13.04£3.75%%F  50.70£26.05++*
Mg i 93.0245.36 91.56£8.15 300.3+14.2* 328.8+17.8* 197.9+21.9 235.2+614
Mn &: 0.716£0.115 0.785+0.124 0.111+0.024 0.170£0.090 3.254£0.30 4.56£2.02
Rb = 4.93£2.02 3.73£1.79 4.12+0.40 4.13+£1.32 2.2740.37* 1.74£0.59*
Sr 0.013+£0.010*  0.037+0.048*  0.07940.089 0.189+0.204 1.1540.92%* 3.504£2.07%*
Tl 0.19240.099 0.164£0.096 0.016£0.005*%  0.009+0.005* 1.49+1.22 1.07£0.83
Zn 19.44+92 20.72+5.18 2.11£0.60 2.23+0.84 39.95+14.38* 128.6£151.9*
a) Liver b) Muscle
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Figure 2. Bioconcentration factors for Dentitruncus truttae calculated with respect to the soft

tissues of the brown trout from the Krka River: a) liver and b) muscle.

3.4. Metal content in fish scales and otoliths

To get an insight into the long-term metal exposure, metal levels were measured in fish
scales and otoliths using LA-ICP-MS, recognized as the most representative technique for
precise analysis of several trace elements in solid samples at the same time, while
measurements across laser lines give information on pollution exposure over the whole life
history of a fish (Zitek et al., 2010; Prohaska et al., 2016). In the present pilot-study, for the

first time conducted in freshwater fish from the Croatian rivers, the focus is put on the
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estimation of soft and hard tissue responses to the actual industrial and municipal
contamination in the Krka River.

Fewer elements were reported for fish scales (Mg, Sr, Zn, Fe, Mn) than otoliths (Sr, Zn,
Mg, Mn, Rb, Ba, TI) due to the lack of suitable reference material. Those reported in both
scales and otoliths had mostly higher levels in fish scales (Table 4), in accordance to few
other studies (Wells et al., 2000; Ramsay et al., 2011; Kalantzi et al., 2019). The largest
difference between the two hard tissues was observed for Mg with around 53 times higher
values in scales than in otoliths at both locations, followed by 10-13 times higher Mn and
around 4 times higher Zn levels in scales (Table 4). Similar or even higher differences in Mg
and Mn levels between scales and otoliths were reported by Wells et al. (2003) for westslope
cutthroat trout from the Coeur d’Alene River. Given the integral role of Mg in apatite
formation and its significant amount in biologic hydroxyapatite, high values are expected to
appear in scales (Bigi et al., 1992; Kalvoda et al., 2009). Mean Mg values of around 4000 pug
g! found in the scales of the brown trout in our research are comparable with the values
reported for the scales of grass carp, common carp, and tench from the Czech Republic, and
about two times higher than those reported in European perch (Hola et al., 2009, 2011;
Kalvoda et al., 2009). Higher contents of Mn in fish scales than in otoliths were also
consistent with the high affinity of both synthetic and biogenic apatites for Mn (Bosticket al.,
2003; Wells et al., 2000). Higher Mn values than in brown trout from our research (9.26-
20.81 ug g*) were reported in the scales of other freshwater fish species (80-450 ug g) (Hola
et al., 2009, 2011). Further, higher metal burden in the scales in general could be due to their
direct contact with water, possibly increasing the direct metal uptake, as well as due to known
high ion-exchange properties of hydroxyapatite structures for metals and radionuclides and
different metal uptake (Goto and Sasaki, 2014). Opposite trend between the calcified
structures of brown trout from the Krka River was visible for Sr content with 4 times higher
values obtained in otoliths than scales (Table 4), as already observed in different studies
(Ramsay et al., 2011; Kalantzi et al.,, 2019), probably due to the significant chemical
association of Sr with Ca, which is the main component of otoliths (Campana, 1999).

In both scales and otoliths, mean levels of Sr, Mn and Zn tended to be higher at the
contaminated than the reference site, Sr and Mn around 2-2.5 and Zn around 1.5 times,
whereas in otoliths Rb and TI were around 1.5 times higher at the reference site (Table 4), but
lack of significant differences is probably a consequence of only 3 samples per site. Hard
tissues mostly confirmed patterns recorded in fish soft tissues and acanthocephalans (Table 3).
As in the case of soft tissues, resulting trends might be connected with significantly elevated
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Fe, Mn, Zn and Sr contents in the water samples from the contaminated site, whereas some
other metal sources, and not the water, should be considered at the river source as a cause of
the increased Tl and Rb levels in the otoliths. However, due to the limited number of samples
in our study, significant spatial or tissues-specific differences were hard to detect, especially
due to the variability of metal levels observed in both hard tissues. Differences in metal
accumulation in fish calcified structures was explained by the differences in ion precipitation,
which are in scales incorporated into the crystal lattice from the blood (Veinott et al., 1999),
while ions precipitate in otoliths directly from the endolymph fluid (Campana, 1999), which
shows less variations in ion levels than the blood (Campana et al., 2000). Considering metal
variability in our study, both calcified structures showed relatively high variability between
fish individuals, as already stated in some other studies (Wells et al., 2003; Ramsay et al.,
2011).Variability was especially emphasized for Mn and Sr contents (Table 4), although in
our research such finding should be considered with caution due to the small number of

samples and further investigation is required.

Table 4. Elemental content (mean = S.D.) in hard tissues (scales, otoliths; pg g*) of brown
trout from the Krka River at two sampling sites (reference site: Krka River source;

contaminated site: Krka Knin).

Scales Otoliths
Krka River Krka Knin Krka River Krka Knin
source source

Ba n.d. n.d. 0.910+£0.220  0.980+0.100
Fe 69.14+£27.94  76.60+£38.12 n.d. n.d.
Mg o 4300+469 40944317 80.75+£2.29 77.51+£6.17
Mn 9.26+3.14 20.81+10.16  0.860+0.210 1.57+0.81
Rb n.d. n.d. 1.64+0.68 1.23+0.46
Sr 87.84+£22.76  205.7+74.4 335.0£56.6  789.24+563.3
TI n.d. n.d. 0.400+£0.060  0.230+0.020
Zn 72.15+25.36  113.8+29.8 20.97+7.83 26.43+6.85

n.d. — not determined

In connection to our specific goals on the hard tissues application, we confirmed mostly
higher metal accumulation capacity of scales compared to otoliths as in the few other studies
(Wells et al., 2000; Ramsay et al., 2011; Kalantzi et al., 2019). Using scales rather than
otoliths for the analysis could be advantageous for several reasons: elemental levels are
generally higher which reduces errors and increases the precision of measurements, especially

for the elements present in very low contents; they are easy to collect and present a nonlethal

234



7. Prilozi

alternative which is especially beneficial if investigating some rare and endangered species;
their preparation for the measurement on LA ICP-MS is easier and quicker and due to the
scale growth, does not require grinding procedure, which reduces the possibility of
contamination and false element presence from the grinding material. However, there is one
analytical and one biological disadvantage that need to be overcome to completely and
successfully apply scales in metal exposure assessments. The analytical problem refers to the
lack of completely suitable reference material which would enable precise calculations of
contents of more metals in scales, although in the literature different approaches with NIST
1400, NIST 1486, NIST 610, NIST 612 or NIST 613 reference materials were used (Clarke et
al., 2007; Hola et al.,, 2008; Ramsay et al., 2011). From the biological point of view,
regeneration and resorption of scales in case of injuries or scale removal, represent the
possible problem as such scales are distinguishable only under the microscope which is not
always available and practical at the field sampling. These new, regenerated scales then do
not show concentric pattern in the middle, and consequently cannot be used in time resolved
manner because they do not represent the information on the whole life history. Nevertheless,
even regenerated scales may be useful in interpreting environmental changes over a recent,

short time span if the age of regenerated scale is known (Hammond and Savage, 2009).

3.5. Comparison of metal accumulation in soft and hard fish tissues and acanthocephalans
Our final approach was to compare metal accumulation capacities among all used
tissues of brown trout, liver, muscle, otoliths and scales, and their intestinal parasites,
acanthocephalans. For that purposes, the results of metal contents in soft tissues and
acanthocephalans were expressed as pg g d.m. to be comparable with hard tissue metal
levels, using the conversion factors on wet:dry ratios from our previous research and the
literature data as already explained in Materials and Methods section. Based on this approach,
it was obvious that metals showed the most efficient accumulation in acanthocephalans and
liver (Fe, Zn, RDb, Tl, Ba), followed by fish scales (Zn, Mg, Mn), whereas in muscle and
otoliths the accumulation was lower, except of Sr in hard tissues and Mg and Rb in muscle.
As already stated, acanthocephalans are known as organisms of high accumulation
capacity, while liver plays a main role in metal metabolism, uptake, storage and
detoxification/elimination processes (Linde et al., 1998; Kalantzi et al., 2019). In contrast, fish
muscle represents tissue with the low metabolic rate (Jari¢ et al., 2011; Nachev and Sures,
2016), resulting in the lowest metal levels. Further, large mass of muscle in comparison with
the total fish mass contributes to the dilution of metals when compared to the other organs
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such as liver (Kalantzi et al., 2019). Scales showed the highest accumulation of Mg and Mn,
in accordance to the study of Kalantzi et al. (2019) who investigated elemental distribution in
the different tissues of brood stock from Greek hatcheries. Magnesium is a major constituent
of hard structures, whereas Mn is known to be mainly accumulated in bone tissues (Wells et
al., 2000). The research of Kalantzi et al. (2019) is, to our knowledge, the only similar
research on the distribution of metals and elements in the different soft and hard tissues of
freshwater fish species and comparable to our research, results indicated higher metal contents
in the liver, kidney, bone and scales compared to the other body tissues and organs (gills,
gonads, otoliths, stomach and muscle) of brood stocks. Rubidium, which was relatively high
in muscle in our research, was also elevated in the muscles of brood stocks compared to other
tissues (Kalantzi et al., 2019). Otoliths were also found to contain the lowest levels of most
elements, except highly dominant Sr. Although otoliths are calcified tissues as well, they are
mostly composed of aragonite which has a lower metal affinity than apatite structures (Adey
et al., 2009; Goto and Sasaki, 2014; Kalantzi et al., 2019).

4. CONCLUSIONS

Despite observed variability in metal levels and their accumulation patterns, which is
dependent on tissue function, the uptake route and metabolism, ecological needs and
physiology of fish, as well as chemistry of each element comparison of spatial metal
differences in all tissues revealed similar trends. Mostly higher Mn, Fe and Zn contents
confirmed the impact of the screw factory near the contaminated site, since these elements are
often used in that type of industry, while Mg, Rb and Tl were mostly higher at the reference
site, pointing to the importance of considering not only the waterborne but also dietborne
uptake routes. Therefore, hard tissues reflected the influence of metal contamination from
different environmental sources such as water, food or sediments in correspondence to the
fish soft tissues and fish intestinal parasites, and might be considered as valuable traces of
environmental pollution exposure.

However, there were differences in accumulation efficiency, acanthocephalans
accumulated Ba, Tl and Zn most effectively compared to the fish tissues representing the
combination of short- and long- term metal exposure, which confirmed their great potential
and value as bioindicators in metal exposure assessment. Liver as the main metabolically
active and detoxifying fish organ, showed the highest accumulation of Fe and Rb, whereas

Mg and Mn accumulated mostly in scales. On the other hand, metal accumulation, except for
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Sr, was the lowest in muscle or otoliths, both considered as more metabolically inert tissues.
Hence, acanthocephalans accumulated most metals more effectively than the fish soft tissues
and therefore were shown as rapid and sensitive indicators of bioavailable metal levels and
their changes in the environment. Possible application of scales as nonlethal tool in
monitoring programmes showed strengths, as high accumulation rate and easy handling, but
also a high variability in metal levels between the scales and the lack of reliable reference
materials to calibrate concentrations of more elements.

Altogether, moderately elevated metal accumulation was obvious in hard (scales,
otoliths), but also soft tissues (liver, muscle) of brown trouts, especially from the
contaminated site Krka Knin. It indicated recent and still present, but also longer and
continuous metal contamination of the Krka River, which was also supported by BCFs values
of Rb, Ba, Fe and Mg. Altogether, metal contents in biota and water of the Krka River still
showed moderate contamination, but differences between the sites pointed to existing
disturbances at location near the Town of Knin and showed the need of strict monitoring of

this sensitive area.
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Prilog 7. Koncentracije ukupnih proteina (TP) u probavnom tkivu babuski iz rijeke Ilove s
dviju lokacija (referentna: selo Ilova, onecis¢ena: selo Trebez) i iz dviju sezona (jesen i
proljece). Statisticki znacajne razlike (Mann-Whitney U test, p <0,05) izmedu dviju sezona su
oznacCene zvijezdicom (*), a razlike izmedu dviju lokacija u istoj sezoni velikim tiskanim

slovima (A i B).
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Prilog 8. Aktivnost acetilkolinesteraze (AChE) u probavnom tkivu babuski iz rijeke Ilove s

dviju lokacija (referentna: selo Ilova, onecis¢ena: selo Trebez) i iz dviju sezona (jesen i

proljece).
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8. ZIVOTOPIS

Tatjana Mijosek je rodena 22.1.1992. u Zagrebu, a osnovnu i srednju $kolu je zavrsila u
Vrbovcu. Preddiplomski i diplomski studij biologije je =zavrSila na Prirodoslovno-
matematickom fakultetu SveuciliSta u Zagrebu 2013., odnosno 2015. godine ¢ime je stekla
akademski naziv magistre eksperimentalne biologije (mag. biol. exp.). Na mjestu doktoranda
u Laboratoriju za bioloske u¢inke metala na Institutu Ruder Boskovi¢ (IRB) zaposljava se u
prosincu 2016. godine te u akademskoj godini 2016./2017. upisuje Poslijediplomski
sveucilisni doktorski studij biologije na Prirodoslovno-matematickom fakultetu SveuciliSta u
Zagrebu.

Njezin znanstveni interes se temelji na proucavanju bioloskih u¢inaka metala na vodene
organizme, okolisnom monitoringu i procjeni ekoloskog rizika te ekotoksikologiji. Dobitnica
je CEEPUS stipendija za dva jednomjese¢na usavrSavanja na BOKU SveuciliStu u Austriji U
podru¢ju laserske ablacije i mjerenja koncentracija metala u tvrdim strukturama riba,
stipendije Francuske ambasade i Instituta Ruder Boskovi¢ te EMBO stipendije za kratkoro¢ne
boravke na IPREM Institutu u Francuskoj s ciljem ucenja metode NanoSIMS te obrade
uzoraka i rezultata, kao i stipendije COST akcije TD1407 za sudjelovanje na treningu i
radionici u Estoniji. Za znanstvene aktivnosti i dostignuca dodijeljene su joj godi$nja nagrada
IRB-a i Zavoda za istrazivanje mora i okolisa IRB-a za dva znanstvena rada objavljena u
Casopisima visokog ¢imbenika odjeka za 2019. godinu. Predstavnik je znanstvenih novaka
svojeg zavoda u Vijecu asistenata IRB-a te u Vije¢u Zavoda za istrazivanje mora i okolisa te
je ukljucena u organizacijski odbor Otvorenog dana IRB-a od 2017. godine.

Do sada je autorica/suautorica na 11 znanstvenih radova u ¢asopisima citiranim u Web
of Science (WoS) bazi podataka, od kojih je 8 prvoautorskih. Suradnica je na vise znanstvenih
i gospodarskih projekata svojeg laboratorija. Aktivno je sudjelovala na nizu domacih i
medunarodnih kongresa, kao i radionica te je suautorica 14 sazetaka u zbornicima znanstvenih

skupova.
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