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1. ®izionoro-6ioximMiuHi MexaHi3Mu afanTallii KopornoBux pub Ha npukiazi Danio rerio [0 BIJIUBY
opranodoc@aTHUX Ta TPUA3UHOBUX NIECTULUIIB

2. Physiological and biochemical adaptation mechanisms of cyprinids to the effects of organophosphate and
triazine pesticides on the example of Danio rerio.

Pedepar:

1. OpranodocdatHi Ta TpUa3MHOBI NECTULMY (BKIIOYAIOUN iHCEKTULIMAM, TaKi K xaopripudoc, i repbiuuau, Taki
SIK payHJaIll Ta TepOyTUJI3MH) € MINPOKO BUKOPUCTOBYBaHMMU arpoximikatamu (Yang et al., 2020a), MmeTa60J1iTi IKUX
BC€ YacTille BUSBJISIOTHCS Y 3pa3Kax MOBEPXHEBUX BOJ, SIK IOOKPEMO TaK i B CyMillli, [0 yCKIIAHIOE rependadeHHs
edeKTiB ix BIIMBY Ha XXUBi opraHiamu (Albuquerque et al., 2016; Alvarez et al., 2019; Barata et al., 2006). Matouu

3,I[aTHiCTb pate) aKYMy'JIHI_Lﬁ Y )KUBUX OpFaHiBMaX, necTuguruau, nepe6yBaloq1/1 HaBiTh Y HE3HAYHUX KOHHCHTpaHiﬂX Yy



TOBILi BOJY 260 NOHHUX BiKJIaeHHSX, MOKYTb HaKONU4YyBaTucs B TkKaHnHax pub (Olsvik et al., 2019), Buxknnkaodu
[IpY LIbOMY iCTOTHI [TOPYIIEHHS MOJIEKYJIIPHUX Ta 6i0XiMiYHMX IIPOLIECIB 3 IOJAJIBIIOI0 iX ITPOEKIIie0 Ha
OPraHi3MEHHUM Ta MOMNYJISALiHNNA PiBEHB, 110, Y BiJal€Hil IePCIEKTUBI, MOKE BUKJIMKATU 3MEHIIEHHS

YK CEeJIbHOCTI NOMYJISLil, i BiATak, i 6i0pi3HOMaHHITTS B Lilomy. Pu6a nanio Danio rerio (Hamilton, 1822) mupoko
BHUKOPHCTOBYETHCS SIK MOJZIENIb y 6iOMeIMIHMX Ta €KOTOKCUKOJIOTiYHUX pgocaimkeHHsx (Hollert and Keiter, 2015), y
3B'SI3Ky 3 YuM ii reHeTHKa, ¢iziosioris Ta po3BUTOK 0Ope BuBYeHi. CaMe 1€ CIIOHYKaJIo Hac BUKOpUCTaTH D. rerio sik
MOJ€JIbHUM BU], 171 OLiHKY 6i0JIOriYHMX €(EKTIB i MOJIEKYJIIPHUX MEXaHi3MiB TOKCUYHOCTI IIUPOKO
BUKOPHMCTOBYBAHUX Ta JE€TEKTOBAHUX Y CEPEAOBUIILI NECTULIUIIB (payHaaly, xJopiipudocy, ManaTioHy Ta
TepOyTUIa3nHy) Ta ix cymimeil. He3Baskaiouu Ha Te, 1II0 BUKOPUCTaHiI HaMU KOHLeHTpalii pocdopopraHiyHux
(paynpar: 15 Mxr /i Ta 500 Mxr/a; xnopnipudoc: 0,1 mxr/a ta 3,0 MKr/71; MasaTioH: 5 MKr /i1 Ta 50 MKr /1) Ta
TPUA3UHOBOTO (TepOyTUIa3uH: 2 MKT /1 Ta 30 MKT/J1) rep6ilyiB Ta iHCEKTULMAIB Oy/IM 3HAYHO HIDKY, HK
3a3BMYall BUKOPUCTOBYBaHi B €KOTOKCUKOJIOTIYHUX €KCIIEPMMEHTAX, Ta BillOBifganu ix GOHOBOMY BMICTY y
BOJOMMAX, MU BUSIBWIM NAJITPY NECTPYKTUBHUX 3MiH HA MOJIEKYJISIPHOMY Ta KJIITMHHOMY PIiBHSX y JIaHIO, SKi 3a
YMOB XPOHIYHOI'O BILJIMBY, O4EBUIHO, MOXKYTh MaTH HE3BOPOTHI HACJIIKX HA CTAaH OpPraHi3aMy Ta NPU3BOAUTU JI0
3aru6esti 0co6rH. BCTaHOBIEHO POJIb OKCUIATUBHOIO CTPECY SIK BAXKJIMBOTO TOKCUYHOI'O MEXaHi3My Ta KJIITUHHO]
BiAmoBifni 3a BIUBY payHpany (riaidocat), xaopmnipudocy Ta ix cymimeil B €KOJIOTiYHO peasbHUX KOHIEHTpaLisiX.
JocmigKyBaHi MeCTULXAIN Ta iX CyMillli BUKJIMKAJIM Y JaHIO NPUTHIYEHHS aHTUOKCUIAHTIB, HAJIUIIKOBE
BHPOOJIEHHS aKTUBHUX (POPM OKCUTE€HY, HAKOIIMYEHHS IPOAYKTIiB IEPEKUCHOTO OKMCHEHHS JIiMifiB i MiABULEHNI
piBenb pparmenTauii JHK. Xnopnipudoc 6yB 3HaUHO TOKCUMYHIIINM, HIX payHJaM, i 0JaTKOBO BUKJIMKaB
HITpPO3aTUBHUI i KAPOOHINBHUIL cTpec. Y rpynax TepOoyTUIa3rHy i MasaTioHy 03HaKU OKUCHOTO CTpecy
[IO€HYBAJIMCS i3 MOPIBHSIHO Oi/blI iHTECUBHUMMU NIPOLieCaMU anloNTo3y Ta ayrodarii, o 3abe3neydye B
€KCIIOHOBAHUX TBApYH 0i/blll €(pEKTUBHE BUBEJIEHHS IPOYKTIB OKMCHOIO YIIKOI)KEHHS], 30KpeMa (pparmMmeHTOBaHUX
mouiekys JHK. JlocimKyBaHi HaMy eCTULIUAY POSIBIISIN [TIOMiPHI 03HAaKX €HOOKPUH-IU3PYIITUBHOI [ii.
Haii6inpi icTOTHUMU J,0Ka3U €HIOKPUHHUX [IOPYIIEeHb, CIPUYMHEHUX NTeCTULIUAAMU, OyJIY 32 CyMiCHOTO BILJIUBY
TepOyTUIA3MHYy i MajlaTiOHy, OGHAK OOMEXYBaJIACS BiT€JIOr€HE30M Ta TiloTasaMo-Trino@isapHO-HaIHUPKOBOIO
BiCCl0. 3BaKalouM Ha IPUHAJIEKHICTb TEPOYTUIA3UHY [10 KJIACy XJIOPOTPUA3UHIB, 10 SKUX HAJIEXKUTb aTPAa3UH
(Bimommit eHIOKPUH-AU3PAIITOP) BiZICYTHICTh iCTOTHMX PO3J1a/liB TOPMOHAJIBHOTO Ji3epKaJjla BKazye Ha lepeBaru
110ro BUKOPUCTAHHS, SIK 3aMiCHMKA aTpa3uHy. [T1oMKOI)KeHHSI MiTOXOHZPiN Ta J1i30COM MOXKHA BiIHECTH [10
HecrnenudiyHUX 03HaK BIUIMBY JOCTiIKyBaHUX (ochHOpOpraHiyHUX NeCUTULMIB Ta TEPOYTUNIA3UHY, SKi, B CBOIO
4epry, CTBOPIOIOTh IepeIyMOBH 10 MeTaboJIiYHUX po3nafiB Ta eHeprogedinnty. Komb6iHoBaHi edexTn
IOCIIiIKyBaHUX NIECTULMIIB IJIs1 CMyTacTOro JaHio Majld XapaKTep aHTaroHi3my. JIOriYHO IPUITYCTUTH, IO B TAKUX
BUIAJKax €(PeKTU IOOKPEMUX NTECTULMIB, SIKi BXOAATH 10 CKIaAy CyMilllei, MOJKHA CITIPOTHO3YBAaTH HA OCHOBI
okpeMux edeKTiB 6iJIbIl TOKCUYHOrO nectuuuny. s xjaopnipudocy 1e BiloBifae NiiCHOCTI, OAHAK Y BUMIAIKY
TepOyTUIa3KHY Ta MOro MOENHAHHS 3 MaJIaTiOHOM IIPU3BOAUTD JO BUHUKHEHHS 03HaK, Ki He Oy XapaKTepHi 1J1st
iHguBigyanbHOIi ix fii. ToMy HaBiTh SIKIO MOHITOPUHT 6i/bIlI TOKCUYHUX NECTULINIB (TaKUX SIK XJIOPNipUQoC) MoxKe
OyTU BUIIPaBIAHUM, KOJIM PECYPCH OOMEXEHI, MallOYTHI OLIiHKM TOKCUYHOCTI NECTULIUIHUX CyMillleil Ha OCHOBI
6iosI0riyHOTO aHai3y HEOOXiAHI 1J1s1 MOKpalLleHHS OL[iHKY PU3UKY [1JIs1 HABKOJIMIIIHBOTO CEPEIOBUINA Ta 300POB’s,
30CEePeIHKYIOUNCh Ha HANOibII peleBaHTHUX OioMapKepax, Taki SIK OKUC/II0BaJIbHUI CTPeC, rernaro- Ta
HeMpOTOKCHUYHiCTb. Ha mifcTasi 3acTOCyBaHHS METO/IiB MAIIMHHOIO HaBYaHHS HaMU BIIEpIlIe BU3HAYEHO
MiHiMasIbHM Habip TTOKA3HUKIB 17151 OLIiHKY PU3MKIB IIECTULIMIHOTO 3a0pyIHEHHS [J1s1 HelliIbOBUX OPTaHi3MiB, IKU
BKJIIOYA€ Ha [IepUIOMY eTarli IOKa3HUKHU iMyHHOi cuctemu (IgM), eHIOKpUHHUX PO371akiB (BiTesoreHiH Vtg),
penapauii JHK (RAD51) ta uutoTokcnyHocti (LDH), 3 mofasbioo geTaisallielo OLiHKY CTaHy OpraHi3my Ha
nifcTaBi BU3HAYEHHs TOKa3HUKIB OKUCHOTO cTtpecy (TBK-ATI, Nrf2, 3aranpHoi anTHOKCHAAHTHOI 31aTHOCTI, GSSG),

CTPEC-TOPMOHY KOPTU30J1y Ta KJIIOYOBOTO €H3UMY anonTtosy Cas3.

2. Organophosphate and triazine pesticides (including insecticides such as chlorpyrifos and herbicides such as
roundup and terbuthylazine) are widely used agrochemicals (Yang et al., 2020). Their metabolites are being
increasingly detected in surface water samples, both separately and in mixtures, making it difficult to predict the
exposure effect for living organisms (Albuquerque et al., 2016; Alvarez et al., 2019; Barata et al., 2006). Pesticides,



given their ability to stockpile in living organisms, can accumulate in fish tissues even when being in low
concentrations in the water column or sediments (Olsvik et al., 2019), which causes significant disruption of
molecular and biochemical processes in fish. Subsequently, this projects on the organism and population levels,
which in the long term can cause a decrease in population size and, consequently, shrink biodiversity in general.
Danio rerio fish (Hamilton, 1822) is widely used as a model organism in biomedical and ecotoxicological research
(Hollert and Keiter, 2015), hence its genetics, physiology and development are well understood. Therefore, we use
D. rerio as a model organism to assess the biological effects and molecular mechanisms of toxicity of commonly
used and detected pesticides (roundup, chlorpyrifos, malathion and terbuthylazine) and their mixtures. Despite the
fact that the chosen concentrations (Roundup: 15 and 500 pg/1; chlorpyrifos: 0.1 and 3.0 pg/I; malathion: 5 and 50
ug/1) and triazine (terbutylazine: 2 and 30 pg /1) of organophosphate herbicides and insecticides were significantly
lower than those commonly used in ecotoxicological experiments and corresponded to their background levels in
water bodies, we found a palette of destructive changes at the molecular and cellular levels in the carp fish Danio,
related to oxidative stress, endocrine disorders, immuno- and cytotoxicity, which, under conditions of chronic
exposure, can obviously have irreversible effects on the body systems and lead even to death. We established the
role of oxidative stress as an important toxic mechanism and cellular response under the influence of Roundup
(glyphosate), chlorpyrifos and their mixtures in ecologically real concentrations. The researched pesticides and
their mixtures caused inhibition of antioxidants, excessive production of reactive oxygen species, accumulation of
lipid peroxidation products and increased DNA fragmentation. Chlorpyrifos was significantly more toxic than
Roundup and additionally caused nitrosative and carbonyl stress. In groups of terbutylazine and malathion, the
signs of oxidative stress were combined with relatively more intensive processes of apoptosis and autophagy,
which ensured more efficient removal of oxidative damage products, particularly of fragmented DNA molecules, in
the animals exposed thereto. The pesticides we studied demonstrated moderate signs of endocrine disrupting
effects. The most significant evidence of pesticide-induced endocrine disruption was observed in the case of
combined exposure to terbutylazine and malathion, but was limited to vitellogenesis and the HPA axis. Given
terbutylazine’s belonging to the chlorotriazine class, which includes atrazine, a known endocrine disruptor, the
absence of significant hormone mirror disorders indicates the advantages of using terbutylazine as an atrazine
substitute. The damage to mitochondria and lysosomes can be attributed to nonspecific signs of exposure to
organophosphate pesticides and terbutylazine, which, in turn, create prerequisites for metabolic partitioning and
energy deficit. The combined effects of the studied pesticides on D. rerio were antagonistic. In such cases, the
effects of individual pesticides in mixtures can be predicted on the basis of the individual effects of the more toxic
pesticide. This is true for chlorpyrifos, but in the case of terbuthylazine and its combination with malathion, the
resulting symptoms are not characteristic of the individual effects of the chemicals. Even though monitoring of
more toxic pesticides (such as chlorpyrifos) might be justified in limitation of resources, future bioassays of toxicity
of pesticide mixtures will improve environmental and health risk assessment by focusing on the most relevant
biomarkers, such as oxidative stress, hepatotoxicity and neurotoxicity. By using machine learning methods, we
identified an optimal set of biomarkers, that includes immune indicators (IgM), indicators of endocrine disorders
(vitellogenin Vtg), indicators of DNA repair (RAD51) and cytotoxicity indicators (LDH), to evaluate the risks of
pesticide exposure of non-target organisms and to assess the organism through determination of oxidative stress
indicators (TBA-AP, Nrf2, total antioxidant capacity, GSSG), stress hormone cortisol and the key apoptosis enzyme
Cas3.
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