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Summary

There is growing concern about the harmful effects of ionizing radiation on animal
populations, including potential effects on future generations. A number of life stages are
particularly sensitive to radiation exposure including embryogenesis (embryonic
development, earliest life stage) and gametogenesis (development of the germ cells).
Furthermore, there is a possibility that adverse effects produced during these critical stages
can be either inherited by progeny or carry consequences for the development and health
later in life. These latent effects are often considered to be more important than acute toxic
effects, since they can arise as a result of low dose chronic exposures, and thus are more
relevant for the types of exposures seen in the environment.

The natural aquatic environment can be the recipient of radionuclides from waste
discharges from nuclear power plants or other nuclear installations, as well as from nuclear
accidents. Consequently, radiation exposure in this environment generally occurs in a
chronic and continuous manner. Due to difficulties in mimicking environmental exposures
under laboratory settings, data on chronic doses and dose rates of ionizing radiation, and
their effects on sensitive life stages are still scarce. The present PhD project focused on
external gamma radiation exposure related effects (macroscopic and subcellular) in
zebrafish (Danio rerio) adults and embryos following exposure to a range of doses ranging
from environmentally relevant low doses to high doses.

The overarching hypothesis was that observed effects would depend on the life stage
at exposure, and that this would in turn influence the propagation of effects from irradiated
parents to offspring. Developmental and reproductive effects, as well as oxidative stress,
genotoxicity and gene expression were studied in controlled experiments where zebrafish
were exposed during sensitive life stages: embryogenesis and the early larval stage,
combined gametogenesis and embryogenesis in adults and their offspring, and
gametogenesis alone. The common laboratory wild-type (AB) strain zebrafish was used for
all studies.

First, the effects of low to moderate external dose rate (0.4 - 38 mGy/h) gamma
radiation on the development and gene expression were studied. RNA-sequencing was
performed to analyze early gene expression changes (2.5 to 5.5 hours post fertilization,
“hpf”, corresponding to blastulation), while embryo development was observed until the

early larval stage. The highest dose rate (38 mGy/h, total 3.6 Gy) caused increased



mortality, while exposure to the lower dose rate (0.4 mGy/h, total 19.2 mGy) resulted in the
occurrence of deformities and differences in hatching. Gene expression analysis indicated
that a 3-hour gamma radiation exposure to 0.54 mGy/h was able to cause gene expression
changes, which were in accordance with the phenotype level adverse outcomes observed in
48 and 96 hpf stage larvae. Exposure to the lower dose resulted in the enrichment of genes
and networks associated with antioxidant defense (including RAR activation, apoptosis and
glutathione mediated detoxification), suggesting that low dose exposure induced reparatory
mechanisms thereby preventing adverse effects at a later stage. In the higher radiation dose
rates, an enrichment of genes and networks related to the cell cycle control (zp53),
translation and cell survival (eif2, mTOR), and genes associated with disrupted development
and cancer development (myc, TGFb1, hnf4a, cebpa) were found, which might have caused
activation of pathways leading to observed adverse effects later in development.

One of the hypotheses of this study is that exposure of the parental gametes would
result in adverse effects in offspring development and gene expression, and that these
adverse effects could be connected to oxidative stress and genotoxicity. Therefore, the
effects of gamma exposure was studied both in adult fish during gametogenesis, G (F0: 53
and 8.7 mGy/h for 27 days, total doses 31 and 5.2 Gy) and their offspring (first filial
generation) during early embryonic development E (9.6 mGy/h for 65 hrs; total dose 0.62
Gy) consisting of G, GE, E and control F1 lines based on the stage of exposure. The results
showed that irradiation of parents can result in adverse effects in their offspring as a
consequence of damage caused to the parental germ cells (e.g. changes in hatching,
deformity frequencies, and 100% embryo mortality at 8 hpf in the 53 mGy/h embryos).
However, it was evident that in addition to the direct damage to the germline, latent and
persistent inherited effects such as an increase in oxidative stress parameters (ROS
formation and lipid peroxidation), increase in DNA damage and bystander effects are
present up to one year after parental exposure in the F1 (GE and G) embryos.

Further, the study attempted to link the molecular background of the inherited
effects with differences between gamma irradiation during embryogenesis and
gametogenesis. Here, RNA sequencing was used to assess the short (one month after
parental irradiation) and long-term effects (one year after parental irradiation) on the gene
expression in the F1 G embryos. Networks and genes involved in cancer development,
DNA damage responses and cell death, were similarly enriched at all time points and dose
rates. Common modulated genes seen in all exposure groups are involved in mechanisms

such as cell adhesion (fi/a), lipid peroxidation products metabolism (aldh3al) and DNA
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damage (rrm2), and ROS formation (#fa), which may explain the observed increase in
embryo mortality and oxidative stress parameters. Parental gamma exposure also affected
key upstream regulator genes (#p53 and hnf4a) having a functional role in chronic
inflammatory responses, which may be a mechanistic explanation for the persistently
increased ROS formation observed in the offspring of exposed parents one month after the
parental exposure. Gene expression analysis also revealed a differential expression of genes
known to regulate the reproductive hormones, supporting the hypothesis that radiation
exposure induced effects stem from the parental germ line.

In the adult zebrafish exposed continuously to gamma irradiation during
gametogenesis, we assessed reproductive capacity, gonad histology and genotoxicity in
erythrocytes. Increased DNA damage and micronuclei (MN) number were found in all the
adults. Reproductive capacity was seriously impaired in fish exposed to 53 mGy/h dose
rate, as shown by the lower rates of embryo production and the occurrence of sterility in
almost all adult fish one year after exposure. Further, histopathological evaluation of the
gonads in adults in this exposure group showed a regression of the reproductive organs,
while in ovaries of zebrafish exposed to 8.7 mGy/h, an increase in pre-vitellogenic stage
(non-mature) follicles was found. Previously, genes, which regulate reproductive hormones,
were found to be dysregulated in offspring of these fish and these findings point to a
parental exposure related effect. Together, these results suggest that chronic exposure of
fish during early developmental stages can cause severe defects to the reproductive organs,
resulting in impaired reproductive function, which potentially could have a deleterious
effect at the population level. Although the dose rates used for adults in this study exceeded
typical environmentally relevant dose rates, the total doses are relevant for short-term,
accidental exposures to ionizing radiation and provide important insights into heritable
effects. One of the main conclusions of this thesis is that any adverse effect as a
consequence of radiation exposure to adults, particularly during gametogenesis and
reproduction, could be inherited by their progeny.

This thesis work has increased our understanding of the mechanistic background of
multigenerational inheritance of ionizing radiation effects from exposure during sensitive
life stages. This new knowledge serves not only as an important indicator of possible
outcomes relevant for radiation risk assessment from different life stage and chronic
irradiation, but also as a foundation to further study mechanisms of inheritance, such as the

transgenerational inheritance.



Sammendrag

Skadelige helseeffekter av ioniserende striling, inkludert effekter i kommende
generasjoner, er av ekende interesse. En rekke livsstadier er spesielt folsomme for
stralingseksponering, serlig embryogenesen (embryonisk utvikling som tidligste livsstil) og
gametogenesen (utvikling av kimceller), og en negativ effekt som oppstar i disse kritiske
stadiene kan henholdsvis bli nedarvet i avkom eller forarsake negative konsekvenser for
utvikling og helse senere i livet. Slike latente effekter anses & vere viktigere enn akutte
toksiske effekter, da de kan oppstd fra lavere dose og kronisk eksponering som er
miljomessig mer relevant.

Det akvatiske miljoet kan vare mottaker av radionuklider fra atomulykker og utslipp
av kjernefysiske anleggsavfall. Folgelig forekommer stralingseksponering i dette miljoet
generelt pa en kronisk og kontinuerlig mate. P4 grunn av vanskeligheter med & etterligne
miljerelevante eksponeringer i eksperimenter, er data pad kroniske doser av ioniserende
straling i sensitive livsstadier og effekter fortsatt begrenset. Dette doktorgradsprosjektet
fokuserte pa effekter (makroskopiske og subcellulere) relaterte til lave -og miljerelevante
til heye doser med bruk av sebrafisk (Danio rerio) som modelldyr.

Den overordnede hypotesen var at effektene ville avhenge av livsstadie ved
eksponering, og at dette i sin tur ville pavirke utbredelsen av effekter fra bestralede foreldre
til avkom. Utviklings -og reproduksjonseffekter, i tillegg til oksidativt stress, genotoksisitet
og genekspresjon ble studert i ulike sensitive livsstadier: embryogenesen og tidlig
larvestadium, kombinert gametogenese og embryogenese eksponering hos voksne og deres
avkom, og gametogenese alene inkludert ikke-eksponerte kontroller i hvert eksperiment.

Initialt ble effekten av lavt til moderat ekstern doseringsgrad gammastraling pa
utvikling og genekspresjon studert. Den kjente sebrafiskmodellen wild-type (AB) ble
anvendt. RNA-sekvensering ble utfert for & analysere tidlige genekspresjonsendringer (2,5
til 5,5 timer etter befruktning, “teb”, tilsvarende blastuleringen) og utvikling i embryoer
frem til tidlig larvestadium. Den heyeste doseringshastigheten som ble brukt (38 mGy/h,
totalt 3.6 Gy) forarsaket ekt dedelighet, mens deformiteter og forskjeller i klekking ble
funnet i grupper utsatt for lav dose (0.4 mGy/h, totalt 19.2 mGy) ved 48 teb.
Genekspresjonsanalysen viste at en 3 timers gammastralingseksponering kan forérsake
genekspresjonsendringer. Dette er i samsvar med de uenskede fenotype effektene som ble
observert pa larvestadium 48 og 96 teb. Eksponering for lavere dose resulterte i anrikning

av gener og nettverk assosiert med antioksidant forsvar (inkludert R4 R-aktivering, apoptose
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og glutation-mediert avgiftning). Dette kan vare reparasjonsmekanismer som forarsaker
manglende effekter pa senere livsstadier. I de heyere striledosene okte ekspresjonen av
gener og nettverk relatert til kontroll av cellesyklus (¢p53), translasjon og celleoverlevelse
(eif2, mTOR). Forstyrret utvikling og kreft (myc, TGFb1, hnf4a, cebpa) ble ogsa funnet, noe
som kan ha forarsaket aktivering av baner som forklarer de observerte effektene pa senere
livsstadier.

Et av mélene med denne oppgaven var & finne ut om eksponering av
foreldregametene ville fordrsake en lignende effekt pad utvikling og genekspresjon i
avkommene, og om de nevnte effektene kunne veare forbundet med oksidativt stress og
genotoksisitet. Effektene av gammaeksponering pa voksen fisk under gametogenese, G,
(FO: 53 og 8.7 mGy/h i 27 dager, totale doser 31 og 5.2 Gy) og avkom embryogenese, E,
(9.6 mGy/h, total dose 0.62 Gy) ble studert i det forste generasjon som danner G, GE, E og
kontroll F1 linjer. Vare resultater viste at bestraling av foreldre kan gi utviklingseffekter fra
direkte skade pa foreldrekimceller (som endringer i klekking, deformitetsfrekvens og 100%
embryo-dedelighet ved 8 teb i 53 mGy/h embryoene). I tillegg til den direkte skaden pa
kimlinjen, okte latente og vedvarende arvelige effekter som oksidative stressparametere
(ROS-dannelse og lipidperoksidering), forsinket genomisk ustabilitet (skt DNA-skade) og
bystander-effekter i F1 (GE og G) embryoer ett ar etter foreldrenes eksponering.

Videre i denne oppgaven ble det ogsé forsekt a knytte den molekylere bakgrunnen
for arvelige effekter sammen og 4 sammenligne forskjellene mellom gammastréling under
embryogenese og gametogenese. Her ble RNA-sekvensering brukt til & vurdere kortsiktige
(en maned etter foreldrenes bestraling) og langsiktige effekter (ett ar etter foreldrenes
bestraling) pa genekspresjon i F1 G-embryoene. Nettverk og gener for molekylere
mekanismer relatert til kreft, DNA-skaderespons og celleded ble oppregulert pa alle
tidspunkter og doser. Felles gener i alle eksponeringsgrupper var relaterte til celleadhesjon
(fnla), metabolisme av lipidperoksidasjonsprodukter (aldh3al) og DNA-skade (rrm2),
jernmetabolisme og sensibiliserende respons péd striling ved & eoke ROS (#fa).
Genekspresjonen var sammenlignbar med de tidligere observerte effektene i embryo-
dodelighet og ekning av oksidativt stressparametere. For & forklare den vedvarende okte
ROS-dannelsen i embryoer en méned etter foreldrenes eksponering, har nettverkene av
gener knyttet til kronisk inflammatorisk respons blitt foreslatt. Tidligere har responsive
oppstremsregulatorer etter embryoeksponeringer, tp53 og hnf4a, ogsa blitt beriket som

folge av foreldrenes eksponering. Genekspresjonsanalysen viste ogsd en differensiell
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ekspresjon av gener kjent for & regulere reproduktive hormoner, hvilket indikerer at de
induserte stralingseffektene stammer fra foreldrenes kimlinje.

I arbeidet med & beskrive eksponeringsrelaterte effekter hos voksen sebrafisk etter
kontinuerlig gammabestrdling under gametogenesen, ble reproduksjon, gonade histologi og
genotoksisitet 1 erytrocytter vurdert. @kt DNA-skade og mikronuklei ble funnet hos alle
eksponerte voksne. Reproduksjonskapasiteten var alvorlig svekket i fisk utsatt for 53
mGy/h, som vist ved forekomsten av sterilitet i nesten alle voksne fisk ett &r etter
eksponering. Videre viste histopatologisk evaluering av gonadene hos voksne i denne
eksponeringsgruppen en regresjon av reproduktive organer, mens i eggstokkene i sebrafisk
eksponert for 8.7 mGy/h ble det funnet en gkning i umodne follikler. Tidligere er det vist at
gener for reproduktive hormoner dysreguleres i avkom fra denne fisken, og disse funnene
viser en mulig effekt som er forarsaket av eksponering av foreldregenerasjonen. Tilsammen
tyder disse resultatene pa at kronisk eksponering av fisk under gametogenese kan forérsake
alvorlige mangler i reproduktive organer, forringe overlevelsesevne og folgelig pavirke
populasjonsbaerekraftighet. Selv om doseringshastighetene som brukes for voksne i denne
studien noen ganger overskred miljerelevante doser, de totale dosene er relevante for
kortsiktige, utilsiktede eksponeringer for ioniserende straling og gir viktig innsikt i arvelige
effekter. En av hovedkonklusjonene i dette studiet er at eventuelle negative effekter av
stralingseksponering hos voksne, spesielt i kimceller, kan arves av deres avkom.

Denne oppgaven har okt véar forstdelse av den mekanistiske bakgrunnen for
arvbarhet av ioniserende stralingseffekter over generasjoner fra eksponering under sensitive
livsstadier. Denne nye kunnskapen er ikke bare en viktig indikator pa mulige utfall som er
relevante for risikovurderingen av straling fra forskjellige livsstadier og kronisk bestraling,

men er ogsa et grunnlag for videre studier pa mekanismer som nedarves over generasjoner.
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Sazetak

Postoji sve veca zabrinutost zbog Stetnog djelovanja jonizirajuéeg zraCenja na
zivotinjsku populaciju, ukljucujuéi i potencijalne efekte na buduce generacije. Brojni
zivotni stadiji posebno su osjetljivi na izlaganje zracenju, ukljucujuéi gametogenezu (razvoj
nastali tokom ovih stadija mogu biti naslijedeni od strane potomstva ili mogu imati
negativne posljedice po razvoj i zdravlje kasnije u zivotu. Takvi latentni efekti Cesto se
smatraju vaznijim od akutnih toksi¢nih efekata, buduci da se mogu pojaviti kao posljedica
niske doze, hroni¢ne izloZenosti, a time su i relevantniji za eksponiranje zracenju s kojim se
mogude susresti u okolini.

Vodeno okruzenje moze biti primatelj radionuklida uslijed ispustanja otpada iz
nuklearnih elektrana ili drugih nuklearnih postrojenja, kao i od nuklearnih incidenata.
Posljedicno tome, izloZenost zra¢enju u ovom okruzenju opcenito se dogada na hronican i
kontinuiran nacin. Zbog poteSkoca u imitiranju okolin§kog eksponiranja zracenju u
laboratorijskim uslovima, podaci o hronicnim dozama i brzinama jonizirajuceg zracenja te
njihovi uc¢inci na osjetljive zivotne stadije jo$ uvijek su nedostatni. Ovaj doktorski studij bio
je usmjeren je na efekte (makroskopske i subcelularne) povezane s eksternim izlaganjem
gama zracenju u rasponu od niskih i ekoloski znacajnih do visokih doza kod odraslih i
embriona zebrice (Danio rerio).

Sveobuhvatna hipoteza bila je da Stetni efekti ovise o zivotnom stadiju u toku kojeg
je ozradivanje trajalo i da to zauzvrat utjeCe na prenosenje efekata od ozracenih roditelja na
potomstvo. Razvojni i reproduktivni efekti, kao i oksidativni stres, genotoksi¢nost i
ekspresija gena proucavani su u kontroliranim eksperimentima gdje su ribe bile izloZene
tokom osjetljivih razvojnih perioda: embriogeneze i ranog larvalnog stadija, kombinirano
gametogeneze i embriogeneze odraslih i njihovih potomaka, i same gametogeneze. U svim
ispitivanjima koristena je zebrica divljeg tipa (AB).

Najprije su proucavani efekti niskih do umjerenih brzina gama zracenja (0.4 - 38
mGy/h) na razvoj i gensku ekspresiju. Provedeno je RNA sekvenciranje kako bi se
analizirale pocetne promjene gena (od 2,5 do 5,5 sati nakon oplodnje, "sno", $to odgovara
blastulaciji) i razvoj embriona do ranog larvalnog stadija. Najveca primijenjena doza (38
mGy/h, ukupno 3.6 Gy) uzrokovala je povecanu smrtnost, dok su deformacije i razlike u
izlijeganju zabiljezene u skupinama izlozenim niskoj dozi (0.4 mGy/h, ukupno 19.2 mGy) u

48 sno. Analiza ekspresije gena pokazala je da je izlaganje gama zracenju od 0,54 mGy/h u
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trajanju od tri sata uzrokovalo promjene u ekspresiji gena, koje su bile u skladu s
ustanovljenim fenotipskim promjenama kod embriona i larvi u 48 i 96 sno. Izlaganje nizoj
dozi rezultiralo je ve¢om ekspresijom gena i mreza povezanih s antioksidativnom zastitom,
ukljucujuéi RAR aktivaciju, apoptozu i detoksikaciju posredovanu glutationom), §to ukazuje
na to da niske doze zraCenja induciraju reparatorne mehanizme koji spreavaju pojavu
Stetnih efekata u kasnijem razvoju. Pri viSim dozama zracenja, pronadena je veca ekspresija
gena 1 mreza povezanih sa kontrolom éelijskog ciklusa (#p53), translacijom i
prezivljavanjem celija (eif2, mTOR) 1 gena povezanih s razvojnim poremecajima i
nastankom raka (myc, TGFb1, hnf4a, cebpa), $to je moglo uzrokovati aktivaciju genskih
mreza koje su dovele do uocenih Stetnih efekata kasnije u razvoju. Jedna od hipoteza ove
studije bila je da ¢e izlaganje roditeljskih gameta rezultirati Stetnim djelovanjem na razvoj
potomaka i gensku ekspresiju, te da bi Stetni uéinci mogli biti povezani s oksidativnim
stresom i genotoksi¢nos¢u. Stoga su efekti izlaganja odraslih tokom gametogeneze, G (FO:
531 8.7 mGy/h za 27 dana, ukupne doze 31 i 5.2 Gy) i potomstva tokom embriogeneze, E
(9.6 mGy/h za 65 sati, ukupna doza 0.62 Gy), proucavani u prvoj filijalnoj generaciji, koja
se sastojala od G, GE, E i kontrolne F1 linije na temelju stadija izlaganja. Rezultati su
pokazali da ozracivanje roditelja moze prouzrokovati Stetne efekte kod potomstva od
neposrednih oste¢enja uzrokovanih roditeljskim zametnim celijama (npr. promjene u
izlijeganju, frekvenciji deformacija i 100%-tni mortalitet 8 sno kod embriona ozracenih s
53 mGy/h). Medutim, ocigledno je da osim neposrednog ostecenja zametnih ¢elija, latentni
i perzistentni nasljedni efekti kao S$to su poveCanje parametara oksidativnog stresa
(formacije reaktivnih vrsta kisika - ROS, i lipidne peroksidacije), oSte¢enja DNA i
“bystander” efekti prisutni su u F1 embrionima (GE i G) do jedne godine nakon ozra¢ivanja
roditelja.

Nadalje, ova studija pokusala je povezati molekularnu pozadinu nasljednih efekata s
razlikama izmedu gama zracenja tokom embriogeneze i gametogeneze. RNA sekvenciranje
koriSteno je za procjenu kratkoro¢nih (mjesec dana nakon zracenja roditelja) i dugoro¢nih
efekata (godina nakon zracenja roditelja) na ekspresiju gena u F1 G embrionima. Mreze i
geni ukljuceni u razvoj raka, oSteenja DNA i celijska smrt bili su na slican nacin
ekspresirani u svim vremenskim periodima i dozama. Zajedni¢ki modulirani geni koji se
vide u svim grupama izlozenim zraCenju uklju¢eni su u mehanizme kao S§to su celijska
adhezija (fnla), metabolizam lipidnih peroksidacijskih produkata (aldh3al) i oSteéenje
DNA (rrm2), te ROS formacija (#fa), sto moze objasniti opazeno povecanje embrionalne

smrtnosti i parametara oksidativnog stresa. Izlaganje roditelja gamma zracenju takoder je
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djelovalo i na kljucne regulatore (#p53 1 hnf4a) koji imaju funkcionalnu ulogu u hroni¢nim
upalnim odgovorima, §to moze biti mehanisticko objasnjenje za trajno povecanje stvaranja
ROS-a, uoceno kod potomstva ozracenih roditelja mjesec dana nakon zracenja roditelja.
Analiza genske ekspresije takoder je otkrila diferencijalnu ekspresiju gena koji reguliraju
reproduktivne hormone, potkrepljuju¢i hipotezu da efekti inducirani izlaganjem zracenju
proizlaze iz roditeljskih zametnih ¢elija.

Kod odraslih zebrica koje su kontinuirano izlagane gama zrafenju tokom
gametogeneze, takoder smo procijenili i reproduktivnu sposobnost, gonadnu histologiju i
genotoksi¢nost u eritrocitima. Povecanje osteenja DNA 1 mikronukleusi (MN) pronadeni
su kod svih odraslih riba. Reproduktivna sposobnost bila je ozbiljno narusena kod riba
izloZzenih brzini zracenja od 53 mGy/h, $to je pokazalo postojanu nizu proizvodnju
embriona i pojavu sterilnosti kod gotovo svih odraslih godinu dana nakon zracenja. Nadalje,
histopatoloska procjena u ovoj grupi pokazala je regresiju reproduktivnih organa, dok je u
jajnicima zebrica ozradenih sa 8.7 mGy/h pronadeno povecanje folikula u
predvitelogeni¢nim stadijima (nezreli folikuli). Prethodno je utvrdeno da su geni koji
reguliraju reproduktivne hormone disregulirani kod potomaka ovih riba, a ovi nalazi
zajedno upucuju na efekte uslijed ozracivanja roditelja. Ovi rezultati sugeriraju da hroni¢no
izlaganje riba tokom ranih razvojnih stadija moze uzrokovati ozbiljne nedostatke u
reproduktivnim organima, Sto moze rezultirati oStecenjem reproduktivne funkcije, koja
potencijalno moze imati negativan efekat na nivou populacije. Iako su koriStene brzine
zraCenja za odrasle ribe u ovoj studiji premasile tipi¢ne ekoloski znacajne brzine zraenja,
ukupne doze su relevantne za kratkotrajna, slucajna izlaganja jonizirajuéem zracenju i
pruzaju vazne uvide u nasljedne efekte. Jedan od glavnih zakljucaka ove teze je da bilo
kakvi Stetni efekti uslijed zraCenja odraslih, narocito u zametnim d¢elijama, mogu biti
nasljedno preneseni na njihove potomke.

Ovaj rad poboljSava razumijevanje mehanisticke pozadine multigeneracijskog
nasljedivanja efekata jonizirajuceg zraCenja uslijed izlaganja zraCenju tokom osjetljivih
zivotnih stadija. Data nova saznanja sluze ne samo kao vaZzan pokazatelj moguéih ishoda
relevantnih za procjenu rizika od zracenja u toku razli¢itih zivotnih razdoblja i hroni¢nog
ozracenja, ve¢ i kao temelj za dalje proucavanje mehanizama nasljedivanja, kao Sto je

transgeneracijsko nasljede.
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Abbreviations and acronyms

AAALAC
Co

DCF
DCRL
DEG
DSB

dpf

FC

FDR
FELASA
FOTS

Gy
H2DCFDA
HTso

hpf
IACUC
IPA

ICRP
LDsg
LDso/s50
LET

LNT

LPO

mpf
MBT

MN
PNED(R)
qPCR
RAP
RNA seq
RNS

ROS

SOP

SSB

SW
UNSCEAR
wpf

ypf

Association for Assessment and Accreditation of Laboratory Animal Care
Cobalt (chemical element)

2',7'-dichlorofluorescein

derived consideration reference levels

differentially expressed gene

double strand breaks

days post fertilization

fold change

false discovery rate

Federation of European Laboratory Animal Science Associations
“Laboratory animal oversight and application system”

Gray (SI unit)

2", 7'-dichlorodihydrofluorescein diacetate

median hatching time; time when 50% of the population is hatched
hours post fertilization

Institutional Animal Care and Use Committee

Ingenuity Pathway Analysis

International Commission on Radiological Protection

median lethal dose; radiation dose that is lethal for 50% of the population
radiation dose that is lethal for 50% of the population within 50 days
linear energy transfer

linear no threshold

lipid peroxidation

months post fertilization

Mid blastula transition

Micronuclei

predicted no observed effect dose (rate)

quantitative real-time reverse transcription polymerase chain reaction
reference animals and plants

ribonucleic acid sequencing

reactive nitrogen species

reactive oxygen species

standard operating procedures

single strand breaks

system water

United Nations Scientific Committee on Effects of Atomic Radiation
weeks post fertilization

years post fertilization

16



ZF Zebrafish
ZIRC Zebrafish International Resource Center
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List of genes and molecular pathways

aldh3al
apoA-1V
apoAla
apoAlb
apoBb
cebpa
crabp2b
cyp2x6
eefla
eef2b
eif2
ESRI
fnla
GnRH
FSH
hmbs
hnf4a
hprtl
IGF?
mTOR
myc
p/kfb3
RARa
rpsl8
RRM?2
shisa2
sox2
tfa
TGFb 1
TNFa.
53
usfll
vegfab

aldehyde dehydrogenase 3 family, member Al
apolipoprotein A — IV

apolipoprotein A la

apolipoprotein A 1b

apolipoprotein B b

CCAAT enhancer binding protein C/EBP alpha
cellular retinoic acid binding protein 2 b
cytochrome p450 2x6

eukaryotic translation elongation factor la
eukaryotic translation elongation factor 2b
eucariotic initiation factor 2

estrogen receptor 1 signaling

fibronectin la

gonadotropin-releasing hormone signaling
follicle-stimulating hormone signaling
hydroxymethylbilane synthase

hepatic nuclear factor 4 alpha

hypoxanthine phosphoribosyltransferase 1
Insulin-like growth factor

mammalian target of rapamycin signaling
avian myelocytomatosis viral oncogene homolog
6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3
retinoic acid receptor alpha signaling
ribosomal protein S18

ribonucleotide reductase subunit M2

shisa family member 2

sex determining region Y-box 2

transferrin a

transforming growth factor beta 1

tumor necrosis factor alpha

tumor protein 53 signaling

upstream transcription factor 1 like

vascular endothelial growth factor alpha, b
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1. Introduction - literature review

1.1 Background of the study

Living organisms are constantly exposed to low levels of radiation. The sources of
ionizing radiation in the environment can be of natural origin (i.e. terrestrial and cosmic
radiation) or the result of anthropogenic activities (e.g. nuclear waste disposal, weapon
testing and atomic bombings). There is a clear interest in understanding the health effects of
ionzing radiation, due to it being used for industrial purposes and medical interventions.
Major nuclear incidents such as Chernobyl in 1986 and Fukushima Daiichi in 2011 raised
concerns, not only on the harmful effects of direct exposure to both humans and wildlife,
but also, possibly more importantly, the occurrence of adverse health effects in subsequent
generations.

To date, information derived from animal and human studies states that
environmental exposures to stressors such as ionizing radiation during sensitive life stages
increase the possibility for developmental and reproductive abnormalities, the occurrence of
adverse effects later in life (e.g. mutations and cancers) (UNSCEAR, 2006a), or the risk of a
disease in the following generation (UNSCEAR, 2001). The harmful effects of radiation
exposure are clearly related to the level of exposure, with high doses of radiation capable of
causing direct damage to cellular components or to the DNA. The consequences of low
dose exposure are less clear, although evidence now indicates long-term (i.e. chronic)
exposure to ionizing radiation is able to induce adverse effects which can be transmitted
over generations due to damaged germ cells (Slovinska et al., 2004; Barber et al., 2006).

Although there are increasing concerns over the harmful effects of radiation
exposure, major knowledge gaps still remain in our understanding of the full consequences
of radiation exposure, especially low dose and generation effects. In particular,
experimental assessments of heritable biological effects of ionizing radiation are still scarce.
UNSCEAR reports note that the sensitivity of an organism depends on the life stage at the
time of radiation exposure, with earlier life stages generally being more sensitive than
adults. However, exposure of adults during gametogenesis is also of particular concern as
gamete quality (eggs and sperm) is essential for reproductive success. As such, a better
understanding of the consequences of radiation exposure during gametogenesis is needed to

determine possible future generation effects.
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Given the growing concerns of the harmful effects of ionizing radiation, to both
wildlife and humans, more information is needed to fully understand both the direct effects
and the potential of long-term generation effects. This research will entail further studies,
both involving high dose exposure and more importantly chronic low dose exposures,
which are of greater environmental relevance. Only by improving our knowledge base on
these exposure effects will we be able to formulate more accurate risk assessment

paradigms, both to the environment and its biota.

1.2 Aim of the study

The aim of this study was to test the hypothesis that heritable effects, which can
affect the development, oxidative stress response, DNA damage response or the gene
expression are present in the first generation progeny (F1) from parents (F0O) subjected to
increasing external gamma radiation doses during gametogenesis. To do this, we compared
the effects of gamma irradiation (“*Co source) in offspring exposed during embryogenesis
with effects seen in the progeny of parents exposed during gametogenesis, whereby
radiation induced effects were also determined in the parents. Accordingly, the following
objectives were set:

I. To establish dose-response relationships, effects of gamma radiation on the
development of embryos and larva including 5.5 hpf stage gene expression after exposure to
increasing dose rates of gamma radiation (from low to high) starting from 2.5 hpf (Paper I).

II. To detect the potential transmissible effects of ionizing radiation on the germ
cells; oxidative stress, genotoxicity and bystander effects were studied in directly exposed
embryos, embryos of exposed parents during gametogenesis and directly exposed offspring
of irradiated parents starting from 2.5 hpf (Paper II).

III. To compare differences between parental (indirect exposure) and offspring
(direct exposure) effects, 5.5 hpf stage gene expression was tested in offspring of parents
irradiated during gametogenesis (Paper III).

IV. To determine the potential adverse effects on the parental generation and their

reproductive capacity, the reproduction and genotoxicity were tested in exposed adult fish

(Paper IV).
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1.3 Ionizing radiation

Ionizing radiation occurs as electromagnetic waves or atomic particles, which are
potent enough to remove an electron from an atom with sufficient force, thereby creating an
ion (unlike non-ionizing radiation). Gamma radiation originates from the decay of an
atomic nucleus from a high-energy state to a lower energy state (gamma decay) (Harley et
al. 2010). The radioactive decay of an unstable (radioactive) atom is expressed by the
number of disintegrations per second as 1 Becquerel (1s-1, 1 Bq). lonzing radiation is
biologically hazardous, due to its interaction with molecules (excitation and ionization) and
free radical generation, which can cause macromolecular damage.

The harmful effects of ionizing radiation on tissues depend on the energy transferred (i.e.
absorbed dose). The rate of this energy transfer per unit distance is called “linear energy
transfer” or LET, quantified as keV/mm. Alpha particles and neutrons are high-LET types
of ionizing radiation. This means that they deposit greater amounts of energy in an
absorbing medium, causing a relatively high proportion of DNA double strand breaks
(DSBs) and misrepairs of DSBs can in turn cause mutagenicity (Rothkamm and Lobrich,
2002; Shibata, 2017).

Gamma radiation, along with X-rays and electrons (beta particles), is a low-LET ionizing
radiation type, meaning that it produces ionizations diffusely and that they are
homogeneously present in the entire cell. Low-LET gamma radiation at sufficiently high
doses can cause DSBs, however, low doses tend to produce small amounts of ionizations in
the DNA region, usually inducing single strand breaks (SSBs) (Harley, 2010), which are
repaired quickly.

The radiation dose to tissue is expressed in Gray (Gy), quantified as absorbed energy
per unit tissue mass (1 Joule per kg, J/kg = 100 rad). An absorbed dose of 1 Gy can generate
about 2 x 10° ionizations in the DNA (Adams and Cox, 1997). As a measure of the health
effect of low levels of ionizing radiation on the human body the weighted quantity (Sv) is
used. Here, the radiation type and energy are taken in account by using the ratio of
biological relative effectiveness (RBE) of one type of ionizing radiation to another, for the
same amount of absorbed energy. The RBE is represented in regulations by the radiation
weighting factor, (WR), which adjusts the dose average for the type of radiation and energy

of radiation incident on the body.
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For the purpose of gamma radiation exposures described in this PhD thesis, a “’Co
gamma radiation source was used. Different gamma radiation doses and dose rates were
employed, ranging from low to high dose rates (0.4 - 53 mGy/h) and total doses from 1.6
mQGy to 31 Gy. The range included doses known to cause DNA damage in order to test the
effects on embryonic development and the health status of adult fish, as well as to assess

transmission of potential adverse effects from parents to offspring.

1.4 Effects of ionizing radiation on biota

Generally, the adverse health effects of radiation are grouped into two categories:
deterministic effects (tissue reactions), which are based on cell death and have a threshold
dose, and stochastic effects (cancer and hereditary effects), where the probability of effect,
not the severity increases with dose. Stochastic effects are most important for low level
(mGy) and long-term (chronic) exposures, while deterministic effects dominate at high
doses (in the order of Gy). The data on deterministic effects of radiation in humans is
obtained from studies of radiotherapy patients, persons exposed in nuclear accidents, or
atomic bomb survivors. They are characterized by a threshold dose that must be exceeded
before the health effect occurs and are caused by extensive cell death or malfunction and
examples are acute radiation syndrome, skin burns and sterility.

From experimental studies in the 1930s, H.J.Muller et al. and N.V. Timofeeff-
Ressovsky et al. concluded that radiation induced mutation rates are directly proportional to
the dose, which defines the linear no-threshold (LNT) model. In the LNT model, any dose
of radiation can dose-proportionally cause detrimental effects such as cancer and heritable
genetic mutations without a threshold dose. The LNT model does not distinguish between a
total dose given in an acutely or chronically. This model is accepted to adopt policy for
radiation protection in the world and recommendations for radiation protection are based on
the theory. However, the LNT model for cancer occurrence is a matter of debate among
scientists, particularly at low doses (e.g. below 0.1 Gy) (Zyuzikov et al. 2011; Selzer and
Hebar 2012), as the direct relationship between DNA DSBs and radiation dose has been
shown not to hold for low doses (Sorokina et al. 2011; Mothersill and Seymour 2012a). In
addition, the threshold model states that no significant biological response is observed until
exposure level reaches a threshold dose. Another possible dose-response, in the low dose

area, represents the concept of radiation hormesis. This concept proposes that biological
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systems can respond in a positive way, or be stimulated by exposure to low doses of
radiation that would be detrimental at higher doses (Baldwin and Grantham, 2015).

Ionizing radiation damage to the cell can be caused both directly and indirectly. The
indirect effects of exposure to ionizing radiation occur through the reaction with water, a
process called radiolysis that results in the generation of free radicals, which induce reactive
oxygen species (ROS) and reactive nitrogen species (RNS) that can attack cellular
components (Fig 1) thereby causing oxidative stress in the cell/ tissue (Azzam et al., 2014)

and in turn damaging the DNA.

lonizing radiation

\ Indirect effect

Direct effect

Membrane

-Lipid peroxidation

-Protein oxidation

-Oxidative alterations to mtDNA and nDNA
-Inactivation of enzymes

Fig 1. Direct and indirect cellular effects of ionizing radiation on macromolecules. lonizing
radiation can directly disrupt atomic structures, producing chemical and biological changes and
indirectly, through radiolysis of cellular water and generation of ROS/RNS by stimulation of
oxidases and nitric oxide synthases. lonizing radiation may also disrupt mitochondrial functions,

contributing to alterations in lipids, proteins, nuclear DNA and mitochondrial DNA.

The concentration of ROS is normally kept at a physiologically tolerable level by
several interconnected enzymes: superoxide dismutase, catalase, glutathione peroxidase and

peroxyredoxin (Reisz et al., 2014). Alternatively, direct damage from ionizing radiation
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occurs following damage to the DNA molecule, resulting in disruption of the molecular
structure and resulting in single strand breaks (SSB), double strand breaks (DSB) and DNA
clusters (Desouky et al., 2015). lonizing radiation induced DNA damage activates a number
of response signaling cascades that control cell cycle arrest, DNA repair, and the cell's fate.
At the cytological level, an extension of radiation induced DNA damage are chromosome
breakages. If unrepaired, DNA damage has the potential to generate mutations in somatic or
germline cells, which can alter phenotype and cause diseases.

As previously mentioned, the range of exposure in this study included doses that
were able to cause genotoxicity in zebrafish. A multitude of assays exist for the testing of
genotoxicity, such as the alkaline Comet assay (DNA SSBs, oxidized DNA as well as
DNA-protein cross-links) used here; the gamma-H2AX assay (DNA DSBs; from nuclear
foci formed by phosphorylation of the variant histone H2AX); and the micronucleus (MN)
assay (chromosomal damage). It is essential to note that DNA damage in the low dose range
can be quickly repaired (often before it can be detected), and different techniques can be
used to detect the changes caused by such exposures. The major DNA repair mechanisms
are Base excision repair (BER), which removes small, non-DNA-double helix-distorting
base lesions from the genome; recombinational DNA repair (for repair of DNA DSBs)
including homologous recombination (HR) and non-homologous end joining (NHEJ) and
mismatch repair (MMR), which repairs replication errors during DNA replication and
recombination (Alberts et al., 2002).

The radiation effects have been explained using target theory, according to which
deleterious effects of ionizing radiation, such as mutation and carcinogenesis, are attributed
to damage to a cellular target. This theory was challenged, and it is suggested that ionizing
radiation can induce mutational events not only within targeted cells or nuclei but also
within non-targeted intact nuclei and these responses at the cellular level are called non-
targeted effects. They can result in the same type of damage as the targeted effects, but
arise from different mechanisms of action and are divided in mainly two types. The first are
radiation-induced bystander effects (RIBE), which arise in cells that receive no radiation
exposure as a consequence of damage signals transmitted from neighboring irradiated cells
or after they were immersed in the medium that was previously conditioned by the
irradiated cells or organisms (Waldren, 2004; Bowler et al., 2006; Pereira et al., 2014). The
second type of non-targeted effect is the radiation induced genomic instability (RIGI), when
effects occur in the progeny of irradiated cells after many cell divisions (Ilnytskyy and

Kovalchuk, 2011). Genomic instability can manifest as a persistently elevated frequency of
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spontaneous mutations (Chang and Little, 1992) and was linked to many other mechanisms,
including chromosomal aberrations (Plamadeala et al., 2015), micronuclei (Qian et al.,
2016), gene expression changes (Snyder and Morgan, 2003), and epigenetic mechanisms
(Aypar et al., 2011; Mothersill and Seymour, 2012b). Furthermore, genomic instability was
also linked to differences in apoptosis, thereby allowing divisions of cells with unrepaired
DNA DSBs (Lyng et al., 1996; Zhivotovsky and Kroemer, 2004).

Thus, depending on the energy and the cell type, radiation exposure can cause
increased genomic instability and severe damage to tissues, whereby cells with a high
proliferation and growth rate are considered more radiosensitive than others. For example,

in the case of damage to embryonic cells, the development can be affected (Fig 2).

lonizing radiation

|

|

/ Cell senescence
DNA repair #ww= DNA damage

Cell death (apoptosis,
l necrosis, mitosis-linked)

Site and gene-specific variation of mutations and/or
chromosome rearrangements

1 | |

Germ cells Somatic cells Embryonic cells
| | 1
Heritable effects  Carcinogenesi Dexstopmental
eritable effects arcinogenesis effaots

Fig 2. Biological effects of cellular response to ionizing radiation. Ionizing radiation deposits
energy in the nucleus of the cell and induces DNA damage. The DNA damage can either be repaired
or activate cell cycle checkpoint control and cause the damaged cell to go into a protracted senescent
state. If the damage is substantial, cell death may occur via cellular pathways. If a damaged cell is
not killed or inactivated, DNA mutations may be transmitted to the cell’s progeny and result in gene

mutations and/or chromosomal rearrangements. Depending upon the cell type, the insult may result
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in carcinogenesis in somatic cells, heritable genetic effects in germ line cells and developmental

defects in embryos (teratogenicity). Adopted from (UNSCEAR, 2006c).

In somatic cells, radiation induced mutations may lead to cancers, whereby cells that have a
high mitotic future (such as erythroblasts and lymphocytes) are found to be more sensitive.
And finally, damage to the reproductive tissue (i.e. germ cells) can result in infertility or
mutations that can be passed on to the next generation, causing “heritable effects” (Fig 2).
Often several mutated genes are the precursors of cancer, however, the disease in laboratory
studies is rarely manifested, due to the time it takes to develop cancer and the relatively
short life span of laboratory animals.

Radiation exposure can also result in distinct gene expression patterns, at a certain
critical developmental stage (such as the gastrulation, Section 1.7), which represents the
transcriptional response. Transcriptional responses to any given stressor will have sets of
genes that show a dose dependent increase or decrease, and conversely gene sets that have
sigmoidal dose responses and can further be detected by transcriptomics and other available
methods (RNA sequencing, microarray, qPCR). In addition to inducing (DNA) damage,
ionizing radiation may also lead to epigenetic changes, which do not alter the DNA
sequence (described further in Section 1.7). Discovering such changes following irradiation,
especially in earlier life stages can indicate the mechanisms causing the transcriptional
changes (oxidative stress, bystander effects, epigenetic mechanisms), or indicate the adverse

outcomes observed later in life, or potentially, in following generations.

1.5 Risk assessment and radiation protection

The aquatic environment can be a primary recipient of radioactive discharge.
According to the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) report, the main exposure pathways to ionizing radiation in the marine aquatic
environment are either external exposure from radionuclides in sediments (predominantly
gamma emitters) or internal exposure from ingestion of radionuclides incorporated into the
food chain (beta and alpha emitters) (UNSCEAR, 2008). Long-lived radioisotopes such as
Caesium-137 (**’Cs) Strontium-90 (*°Sr) Tritium (*H), Carbon-14 (**C), and Iodine-129
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(**1), are of particular interest, although short-lived isotopes such as '*'I can be a significant

dose contributor after nuclear accidents.

The environmental consequences of ionizing radiation from radioactive
contaminations are still under debate with different conclusions from various studies
(Beresford and Copplestone 2011). Some studies report harmful ecological effects (Garnier-
Laplace et al. 2011; Galvan et al. 2014; Mousseau et al. 2013), while others report no
environmental effects (Murphy et al. 2011; Smith and Beresford 2005; Strand et al. 2014).
Radiation risk represents the chance or probability that a living organism will be harmed, or
experience an adverse health effect if exposed to radiation.

The International Atomic Energy Agency (IAEA), an organization that promotes
peaceful use of nuclear energy, defines radiological protection as “the protection of people
and the environment from harmful effects of ionizing radiation and for the safety of
radiation sources” (IAEA, 2016). The recommendations and guidelines for radiological
protection based on data on the biological effects are issued by the International
Commission on Radiological Protection (ICRP). Although the main aim of radiation
protection, according to the principles of the ICRP, was originally the protection of human
health, there has been an increasing consensus that protection should also consider the
impacts on ecosystems and their wildlife (ICRP, 2003b; ICRP, 2008). In line with the
methodology currently used to protect human life, ICRP proposed a framework for
protection based on a series of reference animals and plants (RAPs) (ICRP, 2012). A
Reference Animal and Plant is defined as a hypothetical entity with assumed basic
biological characteristics of a particular type of animal or plant, with defined anatomical,
physiological and life stage properties, that can be used for the purposes of relating
exposure to dose, and dose to effects, for that type of organism.

For all RAPs, the potential effects of radiation exposure have been consolidated
from available literature data, and used to produce so-called derived consideration reference
levels (DCRLs), which are a range of dose rates that are likely to produce adverse effects. In
the reference animals and plants, fish are represented by trout (Oncorhynchus mykiss) and

flatfish (Pleuronectiformes) (Table 1).

Table 1. Derived Consideration Reference Levels for fish represented in “reference animals
and plants” (RAPs) of the International Commission on Radiological Protection (ICRP
2012).
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Dose rate

(mGy/d) Reference Trout Reference Flatfish
Mortality in embryos (0.3 to 19 Gy LDsy)  Mortality in adults (LDsys0 30 Gy);
>1000 depending on embryonic stage mortality in eggs (LDso 1 Gy)
Some mortality expected in larvae.
100 - 1000 Potential for increased morbidity. and hatchlings.
Some deleterious effects expected on
young fish, e.g. reduction in resistance to
10 - 100 infections. Reduced reproductive success. ~ Reduced reproductive success.
Possible reduced reproductive
success due to reduced fertility in
1-10 Possible reduced reproductive success. males.
0.1-1 No information. No information.
0.01-0.1 No information. No information.
<0.01 Natural background. Natural background.

Although the derived consideration levels stem from experimental studies, some
studies have reported a discrepancy in radiosensitivity between wildlife populations and
animals in controlled laboratory studies, with field effects postulated at lower dose rates
than those needed to produce effects in the laboratory (Garnier-Laplace et al, 2010).
Differences have been linked to confounding factors influencing wild populations, such as
changes in food availability, predation, etc. (Garnier-Laplace et al., 2010). When it comes to
acute radiation effects, fish and fish embryos are reported to be one of the most
radiosensitive organisms to acute ionizing radiation (LDso in the range of 10-25 Gy for
assessment periods of up to 60 days following exposure) (UNSCEAR 2008), however
chronic exposure is regarded as of higher importance for determining the environmental
impact at the population level. Given that reproduction is one of the most relevant
ecological endpoints for fish, information is needed on the effects of chronic radiation
exposure over relevant life stages. Reproductive effects may be related not only to the
sensitivity to radiation during gametogenesis and early development but also to the
reproductive strategy, whereby in highly fecund species, the survival of early life stages
may be very low, and the loss of abnormal embryos induced from radiation exposure may
be masked by those lost from other confounding factors. The available data derived from

previous reviews on chronic effects of ionizing radiation (where data from the Chernobyl
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accident was also included), report 0.2 — 0.5 mGy/h (4.8 — 12 mGy/d) to be the first
(known) dose rate to cause adverse effects in the germ line (Table 2).

In order to explore cumulative effects at the population level and in order to test the
possible transmission of effects to the progeny and account for the germ line mediated
transmission of factors that lead to mutations (i.e. DNA damage), studies in successive
generations are warranted. To date, the predicted no-effect doses (PNED) for acute
exposures are 900 mGy for marine ecosystems and 300 mGy for terrestrial and freshwater
ecosystems, while 10 pGy/h (0.01 mGy/h) is the predicted no effect dose rate (PNEDR)
used for screening purposes for chronic exposures — below which one could be confident

that no adverse effects on populations would arise (UNSCEAR, 2008).

Table 2. Chronic effects of exposure to ionizing radiation on reproduction in fish table from
the Framework for Assessment of Environmental Impact (FASSET) Radiation Effects
Database — FRED (UNSCEAR, 2008) inherited by Environmental Risks from lonizing

Contaminants: Assessment and Management (ERICA).

Dose rate Dose rate Reproductive effects
(nGy/h) (mGy/d)
0-99 0-24 The majority of of values obtained reflect control or background

dose group, normal cell types, normal damage and normal

mortality observed

100 - 199 2.4-48 No data available

200 — 499 4.8-12 Reduced spermatogonia and sperm in tissues

500 -999 12-24 Delayed spawning, reduction in testis mass

1000 — 1999 24 — 48 Mean lifetime fecundity decreased, early onset of infertility
2000 — 4999 48 — 120 Reduced number of viable offspring;

Increased number of embryos with abnormalities;
Increased number of smolts in which sex was undifferentiated;
Increased brood size;

Increased embryo mortality.

5000 — 9999 120 — 240 Reduction in number of young fish surviving to 1 month of age;

Increased vertebral abnormalities

>10.000 > 240 Inter-brood time tends to decrease with increasing dose rate;
Significant reduction in neonatal survival;
Sterility in adult fish;

Destruction of germ cells within 50 days in medaka (Oryzias
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latipes) fish;

High mortality of fry, germ cells not evident;

Significant decrease in number of male salmon (Sa/mo salar)
returning to spawn; after 4 years, female salmon had significantly

reduced fecundity

On more generic terms, UNSCEAR has defined a low dose rate of 6 mGy/h for a
maximum of 1 hour of exposure (UNSCEAR, 2012).

To date, the studies performed in animal models and cells suggested that irradiation
of parents to high doses (above 1 Gy) can lead to observable (genetic and epigenetic) effects
in offspring. The studies of cancer incidence in children of survivors of the atomic
bombings in Japan and of the children of patients treated with radiotherapy did not report
convincing data on heritable (resulting from irradiation of germ cells) effects of radiation in

humans (Little et al., 2013).

1.6 Sensitive life stages

Radiosensitivity is the probability of a cell, tissue, or organ suffering an effect per
unit dose of radiation. The sensitivity of the organism to toxicants largely depends on the
life stage at exposure. In order to address the objectives of this study mentioned in Section
1.2, exposure to gamma radiation has taken place during gametogenesis and embryogenesis

and the early larval development.

1.6.1 Zebrafish gametogenesis

Gametogenesis (oogenesis and spermatogenesis) is a highly organized process that
includes mitotic, meiotic and post-meiotic cells that ultimately lead to sperm and oocyte
formation. Up to the period of 5 wpf (25 — 35 dpf), zebrafish gonads are not sex-specifically
differentiated and gonad development for both females and males starts as juvenile ovary
stage, which is known as juvenile hermaphroditism (Uchida et al, 2002). It is presumed that
after this period, depending on fish size, and environmental factors, the morphological
differentiation of the gonads in the zebrafish follows by apoptotic mechanisms (Uchida et
al, 2002).

Oogenesis. In two weeks post fertilization (wpf) zebrafish, primordial germ cells

can be seen in a dorsocaudal position. At 4 wpf, the majority of the fish possesses paired
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gonads with primordial germ cells; these gonads represented presumptive ovaries (Maack
and Segner, 2003). The primordial germ cells (primary oogonia, diploid, 2n), divide
mitotically to produce secondary oogonia (2n). Secondary oogonia transform into primary
oocytes. During maturation, primary oocytes undergo seven maturation stages, of which the
first three stages are previtellogenic, i.e. no yolk formation, while the four last stages
represent the vitellogenic stages, during which the oocytes increase in size as a consequence
of the sequestration of the liver-derived yolk precursor vitellogenin (Lambert et al, 1970;
Selman et al, 1993). At around 5 wpf, the ovaries have perinucleolar oocytes. Primary
oocyes undergo meiosis I and unequal cytokinesis resulting in the first polar and the larger
secondary oocyte (haploid, n). Secondary oocyte undergoes meiosis II to produce a second
polar body and a larger cell which matures into an oocyte (Schulz et al., 2010). Finally, at
about 7 wpf (~50 dpf), the ovaries increase in size.

In zebrafish (as well as other fish and in amphibians), germ cells in all stages of oogenesis
are present in adult ovaries, while in mammals the mitotic divisions of oogonia finish before
birth and only the meiotic germ cells are present in postnatal and adult ovaries (Nakamura
et al., 2011).

Spermatogenesis. In zebrafish, the transition of hermaphroditic ovaries into early
testes starts from 5 wpf and is presumed to be completed when primary spermatocytes are
detected in addition to the gonial cells at ~7 wpf (~50 dpf) (Maack and Segner, 2003). At
this time, cyst-like groups of gonial cells start appearing, which represent the primitive
testis. From here, spermatogonia type A (diploid, 2n) start to appear and divide by mitosis
to produce spermatogonia type B (2n), which transform into primary spermatocytes (2n).
These further undergo meiosis I to produce secondary spermatocytes, which finally undergo
meiosis II to produce spermatids (haploid, n) that differentiate into sperm. In more than half
of 11 wpf zebrafish, spermatogonia, spermatocytes and spermatids can be found. In adult
zebrafish testis, nine generations of spermatogonia (of type A and B) were found. In culture,
the time of differentiation from spermatogonial stem cells to sperm lasted 17 days
(Kawasaki et al., 2016). The meiotic and spermiogenic phases in adult zebrafish were found

to last approximately 6 days (Leal et al., 2009).

1.6.2 Zebrafish embryogenesis and early development
Embryogenesis (embryo development) is the process of cell division and
differentiation, which occurs in earliest stages of the development. Generally,

embryogenesis starts with fertilization, and following the completion of meiosis, the
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embryo undergoes rapid, synchronous cell divisions (Kane and Kimmel, 1993) and ends at
hatching, which occurs from 48 — 72 hpf. The ZF embryogenesis is defined as “eleuthero”,
meaning it happens outside the womb, and is divided into seven developmental stages
(Kimmel et al., 1995).

The first stage is zygote formation (1-2 cell) followed by the cleavage period (4 to
64-cell stage), during which the single cell formed after fertilization subsequently undergoes
cell division of cells in the early embryo. These are followed by the blastulation (128-cell to
50% epiboly, < 5.25 hpf), which involves the formation of hollow sphere referred to as
blastomere, surrounding an inner fluid-filled cavity. The next stage is the gastrulation, the
developmental period during which the morphogenetic cell movements (e.g. epiboly) and
the production of the three primary germ layers (ectoderm, mesoderm and endoderm) and
the embryonic axis (> 5.25 hpf) occur. This stage is followed by segmentation (10 - 24 hpf).
This stage encompasses the tailbud, which is considered a phylotypic period, when a high
morphological resemblance of anatomical features in vertebrates occurs (Richardson et al.,
1998). Segmentation is followed by the pharyngula stage (24 to 48 hpf) during which the
development of the spinal cord is first visible. The pharyngula is followed by hatching,
which occurs between 48 and 72 hpf, followed by the early larval stage (Fig 3).

Sacculi/

otoliths Muscls

Cloaca Tail fin

Intestine

Fig 3. Zebrafish larva at 72 hpf with prominent anatomical features. (A) Lateral view. (B) Dorsal

view. The scale bar indicates 500 um.

The use of early life stage zebrafish embryos is considered to be the most sensitive
to toxicants in the animal’s life cycle (Scholz et al., 2008) and has been proposed as a
relevant experimental bioassay to assess toxic effects of contaminants (OECD, 2004a;
OECD, 2004b). Embryos are considered more sensitive to radiation than adults in terms of
the probability for an adverse effects later in life (cancer) as these adverse effects reflect

changes occurring at the cellular and molecular levels.
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1.7 The genome, transcription and heritable effecs

The genome is the genetic material of an organism, while a gene is a region of the
genome, which encodes a functional protein or RNA molecule (Gerstein et al., 2007). In
both cases the DNA sequence information is first converted into RNA in a process known
as transcription (White et al., 2009). If the gene in question is a protein coding gene, the
transcribed RNA is called messenger RNA (mRNA) (Brenner et al., 1961), and is further
converted into a sequence of amino acids, which folds into a functional protein (translation).
Non-protein-coding genes give rise to non-coding RNAs (ncRNA), which carry out other
functions in the cell such as ribosomal RNAs (rRNA) and various classes of ncRNAs: micro
RNAs, short interfering RNAs and long non-coding RNAs (IncRNA) (Cech and Steitz,
2014; Bizuayehu and Babiak, 2014).

The zebrafish genome is fully sequenced and can present a great deal of information
in terms of the development and heritable effects and their relation to the same effects seen
in other animal models (Felsenfeld, 1996; Haffter et al., 1996; Haberle and Lenhard, 2012).
Despite the evolutionary distance, the human and zebrafish genome exhibit considerable
homology with the conservation of key genes involved in development, signal transduction,
cell cycle progression and proliferation, and cell differentiation (about ~70 % of human
gene orthologues and ~82 % of human cancer gene orthologues) (Amatruda and Zon, 1999;
Trede et al., 2004; Otis et al., 2015; White et al., 2013; Howe et al., 2017).

The entire process of converting sequence information encoded within a gene into a
precise amount of functional product is referred to as gene expression (Fig 4). This process
is influenced by both internal and external stimuli and is tightly regulated by various
mechanisms to ensure a correct amount of gene product is present in a particular cell at a
particular point in time. Transcription is the initial critical step in gene expression (Fig 4),
which copies the information from a particular portion of DNA nucleotide sequence (i.e.
gene) into RNA.

A transcriptome contains all gene transcripts at a certain time point and may provide
substantial information on global gene expression profile and biological pathways in
response to an environmental stressor such as gamma radiation. Whereas the genome
remains the same in all cells in an organism, with the exception of erythrocytes, which
contain no DNA in mature state and immune cells, which rearrange their DNA sequences in

response to antigens (Nossal, 2003), the transcriptome is a dynamic entity changing
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between both different cell types and developmental stages, as well as in response to the

environment.
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Fig 4. Simplified representation of gene expression, transcription and translation.

ﬂ Post-translational

Transcriptome analysis allows for the registration of changes in gene expression and
identification of differentially expressed genes (DEGs). The increased or decreased
expression of one or more genes and consequently the protein(s) they encode, follows from
up- and down-regulation, processes that occur within a cell triggered by an internal or
external signal, respectively (Sherwood et al, 2012). This is related to biological or
developmental processes and external stimuli and can be used to reveal potential
mechanisms of toxicity, which may contribute to a better understanding of the biological
effects of ionizing radiation.

At the 10™ cell cycle (512-cell stage, 2.75 hpf) in zebrafish maternal mRNAs begin
to degrade and the zygotic transcription commences, known as the mid-blastula transition
(MBT) (Aanes et al., 2011) (Fig 5). The degradation continues until 50% epiboly and this

period marks the onset of cell differentiation and specification (Haberle et al., 2014).



Expression level

Maternal Zygétic
Egg 1-cell 16-cell 128-cell 3.5 hpf 5.3 hpf
Zygote Cleavage Blastula Gastrula

Fig 5. Mid blastula transition (MBT). Maternal transcripts degrade, while the zygotic genome
transcription commences. Early gastrula (5.3 — 5.5 hpf) marks the timepoint when the zygotic

genome is activated and most maternal transcripts are degraded. Modified after Aanes et al. (2014).

A basic assumption in biology until recently was that mutations in the DNA
sequence were the only source of heritable phenotypic variability. Now it is known that
effects which might lead to disease in following generations can also be transmitted via the
parental germ line via heritable alterations in gene expression and without changes in
underlying DNA sequence (epigenetic) (Koturbash et al., 2006; Merrifield and Kovalchuk,
2013; Vaiserman et al., 2017). These epigenetic mechanisms are DNA methylation, histone
modifications and small RNA- mediated gene silencing. DNA methylation is the process by
which methyl groups are added to a gene and can change its activity, without changing the
sequence. Histone modifications impact gene expression by altering the chromatin structure
and small RNA-mediated gene silencing by blocking the translation of mRNA (Ilnytskyy
and Kovalchuk, 2011). These phenomena contribute to the theory of transgenerational
inheritance. A transgenerational effect is by definition “an effect which is transmitted to the
following generations by means of epigenetically mediated mechanisms, and not via the
genetic sequence” (Koturbash et al., 2006; Shimada et al., 2005; Skinner, 2011), and such
effects can cause genomic instability in prenatally exposed organisms, or in multiple

generations (Fig 6).
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Fig 6. Schematic overview of multigenerational exposure and potential transgenerational effects.

Adapted from (Skinner, 2011).
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2. Methodology

2.1 Study design

The study design for the exposure of adult zebrafish used three different gamma
radiation dose rates and total doses subchronically during gametogenesis (control, 8.7 and
53 mGy/h, total 4 uGy, 5.2 Gy and 31 Gy). According to the United States Environmental
Protection Agency (US EPA 2003), subchronic exposure can be defined as a continuous
exposure, which lasts for approximately ten percent of an experimental species lifetime.
Furthermore, a range of dose rates (0.4 mGy/h to 38 mGy/h, lowest total 1.5 mGy and
highest total 3.6 Gy) was used for the early embryogenesis and, the early larval exposure,
respectively.

Four lines of offspring were created from the irradiated and control adult fish,
named according to the periods of exposure in the parental (FO) or offspring (F1) generation
as: F1 control, gametogenesis line (G), gametogenesis and embryogenesis exposed line
(GE) and embryogenesis exposed line (E).

In Paper I, effects in embryos and early larva were observed after exposure to
increasing doses of gamma radiation, which served as basis for the determination of the
doses to be used in further experiments. The gene expression was tested in embryos
exposed to 0.54, 5.4 and 10.9 mGy/h for 3 hours from 2.5 to 5.5 hpf. The survival and
development, such as the deformity frequency and hatchability were assessed in embryos
and larvae exposed to 0.4, 3.9, 15 and 38 mGy/h for 43.8 and 92 hours (until the 48 hpf and
96 hpf stage) and starting from 2.5 hpf to the 48 and 96 hpf stages. In Paper II,
development, oxidative stress, genotoxicity and bystander effects were studied in directly
exposed embryos, embryos of exposed parents during gametogenesis and directly exposed
offspring starting from 2.5 hpf and lasting throughout the embryogenesis., while the 5.5 hpf
gene expression described in Paper III was tested in offspring of exposed adult fish starting
from 2.5 hpf. And finally, in Paper IV, reproduction and genotoxicity were tested in
exposed adult fish during gametogenesis, but this study was completed last, due to sampling
procedures and requirement of fish sacrifice. The time line of experiments of the present
PhD project was planned in accordance with the life-timeline of the fish and is presented in

Fig 7.
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Fig 7. Two-generational study design. The timeline for assessment of relevant endpoints in adult
zebrafish and offspring is separate. The dotted line represents production of new progeny at parental
age. E -embryogenesis line of exposure; G - gametogenesis line of exposure; GE — exposed in both

periods. For further information about total doses used in (*) exposures, see Section 4, Table 3.

2.2 Gamma irradiation

All studies involving gamma radiation were performed at the Figaro (NMBU)
Experimental Radiation Facility (“°Co source, activity ~ 420 GBq) (Fig 8). At maximum
activity, the source can provide a continuous dose rate field from approximately 3 Gy/h (at
source) down to 0.4 mGy/h and allows simultaneous exposure over the dose-rate field. The
irradiation room was thermostatically heated during all exposures and had the appropriate
light cycle (explained in Section 2.3). For the embryo exposures, external gamma irradiation

of zebrafish embryos commenced at 2.5 hpf with durations of 3 hours to 4 days (Paper I, 11
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and III), while for the adult fish, exposures commenced at 6 months of age, and lasted

throughout gametogenesis (Paper II and IV).

Co-60
source
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A A. Biofilter
C B. UV-light
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A : E. Pump
Control

Fig 8. Gamma radiation exposure of adult zebrafish at the Figaro (NMBU) Experimental
Radiation Facility.
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Field dosimetry in Paper I and II (air kerma rates measured with an ionization
chamber) was traceable to the Norwegian Secondary Standard Dosimetry Laboratory
(Norwegian Radiation Protection Authority, NRPA, Oslo, Norway) (Carlsson et al., 2014).
For the embryo exposures in Paper I, average dose rates to water in the first and second
rows of microplate wells were estimated according to technical document (Bjerke and
Hetland, 2014) and used as a proxy for dose rates to the fish embryos. The estimated
background (control) dose rate was < 0.35 uGy/h (Thermo Eberline FHT6020).

The dosimetric measurements in Paper II for the adult fish were performed during
exposures with optically stimulated luminescence dosimeters, called nanoDots (Landauer,
Inc., Greenwood, IL) (see e.g. Hansen and Hetland, 2017). Average absorbed dose rates and
doses to water in the aquaria were obtained based on their geometry, composition, locations
in the field and weighted for modified swimming configurations. For well plates,
conversion of air kerma rates to absorbed doses in air, ratio of mass enery absorption
coeffiecients of water to air and tabulated peak scatter factors and depth dose curves were
use to estimate the absorbed dose rates to water. The estimated background dose rate for

exposures described in Papers II, IIT and IV was 4 pGy/h.

2.3 Model species

The laboratory Zebrafish (Danio rerio) of the wild-type (AB) strain was chosen as
the test model. Among fish species, the most complete database on genomics, molecular
genetics and embryology is available for the zebrafish, accessible through the Zebrafish
Information Network (http://zfin.org/ZFIN).

Zebrafish have a relatively short generation interval and reach sexual maturity in at
about 3-6 mpf depending on the laboratory conditions. Therefore, they are a good model for
multigenerational studies. One of the main advantages of using zebrafish is that they are
asynchronous spawners, meaning that they can ovulate on a regular basis, over a prolonged
period, while their fecundity is typically high. Around 200-300 eggs can be produced per
female in every alternating week for studies involving reproduction (Hoo et al., 2016). They
are ovuliparous, meaning that eggs are externally fertilized (Lodé, 2012).

The development is very well studied and characterized (Kane and Kimmel, 1993;
Kimmel et al., 1995). Zebrafish up to the 120 hpf earliest life-stages of zebrafish according

to the EU Directive 2010/63/EU on the protection of animals used for scientific research are
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considered an animal replacement strategy (Stréhle et al., 2012). Standardized tests facilitate
analysis of relevant endpoints related to radiation exposure, such as the zebrafish embryo
toxicity test, ZFET (OECD/OCDE, 2013), while the small size of the animals allows
employment of high throughput screening (HTS) methods, which can be used for

environmental risk assessment (Scholz et al., 2008; Williams et al., 2014).

2.4 Fish husbandry

Adult fish used in the studies described in Paper II, IIT and IV were kept at 28 + 2°C
on a 14:10 hour light-dark cycle (250 — 320 1x) at a density of 5 - 10 fish/L, and a record of
laboratory conditions was held during and between experimental periods. The system water
(SW) was routinely prepared from particle and active charcoal filtered reverse osmosis
(RO) deionized UV sterilized tap water with standard values for conductivity, general
hardness and pH, which were measured daily and described in each paper. Adult fish were
fed with Gemma Micro 300 (Skretting, Stavanger, Norway) dry feed twice a day and live
artemia (Scanbur, Copenhagen, Denmark) once a day.

Embryos and early larvae (Paper I, I and I1I) were kept in autoclaved, temperate (28
+ 2°C) SW with daily water change. Health monitoring was performed by daily inspection.
Adult fish were anesthetized using tricaine methanesulfonate (MS-222) (Sigma Aldrich,
Oslo, Norway) in ddH,O adjusted to pH 7.0 with 1.0M Tris (pH 9.5) combined with iced
SW. Euthanasia of both larvae and adult fish was performed according to standard operating
procedures and using an overdose of MS-222 in iced SW, whereby the fish were observed

until no visible movement.

2.5 Ethics statement and animal welfare considerations

The research in the present PhD project was conducted in line with the Norwegian
Animal Protection Act (implemented EU Directive 2010/63/EU) and approved on
December 12, 2013 by TACUC at Norwegian University of Life Sciences, Faculty of
Veterinary Medicine (VetBio), Oslo, Norway (Approval number (FOTS) ID 5793).
Handling of fish was performed according to the SOP of the Zebrafish Facility at NMBU,
which is accredited according to AAALAC standards (www.aaalac.org). The number of fish
used depended on the endpoints of the study and in each case the number of experimental

animals was kept to a minimum allowing statistically relevant data. Sentinel fish were sent
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to ZIRC for pathology every six months and the microbiological analysis of water was

undertaken at NMBU, VetBio, Oslo.
2.6 Methods

2.6.1 Gene expression analysis

The gene expression analysis is the determination of the pattern of genes expressed
at the level of genetic transcription, in a specific cell or under a specific circumstance and is
considered a highly sensitive study endpoint, which can report early modulatory effects of
toxicants on a molecular level. In order to obtain homogeneous cell populations for the
analysis of gene expression in zebrafish, embryos were exposed to gamma radiation from
2.5 to 5.5 hpf (corresponding to MBT mentioned in Section 1.7).
RNA sequencing

RNA sequencing is a revolutionary tool and high throughput method to measure the
amount of RNA in a biological sample (Wang et al., 2010). The biological sample was a
pooled batch of embryos at 5.5 hpf of development. Pooled embryos are often used in
genomic studies, since they provide sufficient RNA for further analysis and (Fang et al.,
2013, Aanes et al., 2014). Total mRNA was isolated from embryos (50 per sample in Paper
I and 50 per sample in Paper III) according to methods in Paper I and Paper I1I. RNA purity
and yield (A260/A280 > 1.8, A260/A230 > 2, yield > 200 ng/ul) was determined using
NanoDrop-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and
quality (RIN > 8.5 in Paper I, and RIN > 9 in Paper II, respectively) using RNA Nano
LabChip Kit (Agilent Technologies) with Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA). The mRNA sequencing for Paper I and Paper III was outsourced to BGI
Tech Solutions Co., Ltd. (HiSeq 2000, Illumina, San Diego, CA) and to Novogene, (HiSeq
4000, Ilumina), Hong Kong, China, respectively. Libraries were analyzed using 150 bp
paired-end reads, with a depth of 20 million reads per sample.The DEGs were identified
using tools and packages that count sequencing reads per gene and compare them between
samples such as DESeq (Anders and Huber, 2010) and edgeR (Robinson et al., 2010),
packages from Bioconductor (www.bioconductor.org), which use a model based on the
negative binomial distribution.
Quantitative real-time PCR (qPCR) analysis

The quantitative real-time PCR (qPCR) is a low throughput method for the analysis

of gene expression, meaning that a smaller number of genes were chosen for testing and in
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this manner a verification of the RNA-sequencing results in Paper I and I1I was obtained.
Eight (Paper I) and twenty (Paper III) differentially expressed genes (DEGs) from the
respective RNA sequencing analyses were chosen for the qPCR. The genes which showed
no differences following sequencing analysis (rpsl8, hmbs, eefla and hprtl in Paper III)
(Kamstra et al., 2017) were used as reference genes.

All qPCR experiments were conducted in accordance with the “Minimum
information for publication of quantitative real-time PCR experiments” (MIQE) guidelines
(Bustin et al., 2009). The methods between Paper I and Paper III differed slightly, for
instance, the gene expression in Paper I was normalized to Ambs, while in Paper III, gene
expression was normalized using the geometric average of 3 reference genes (rpsl18, hmbs,

and hprtl).

2.6.2 ROS assay

The ROS assay used in this study is an in vivo technique for measuring intracellular
ROS production in viable, hatched zebrafish embryos and larvae until 120 hpf. The method
used for analysis is modified after Mugoni et al. (2014) and employs a fluorescent probe for
detecting ROS. H2DCFDA (2’,7’-dichlorodihydrofluorescein diacetate, Invitrogen,
Molecular Probes Inc., Eugene, OR, USA) is a non-polar and non-fluorescent probe that
enters the cells freely and is hydrolysed by cellular esterases to non-fluorescent 2,7-
dichlorodihydrofluorescein (H2DCF), which is retained in the cell. In the presence of of
ROS, H2DCF is converted by oxidation to fluorescent 2,7-dichlorofluorescein (DCF),
which is localized in the cytosol (Winterbourn, 2014). H2DCFDA is a marker of the general
oxidative stress instead of indicator of specific ROS formation.

In Paper II, this assay was performed in embryos with no optically observable
developmental defects one month and one year after irradiation of the parents and
immediately after irradiation of progeny (F1). The outline of the method is presented in Fig

9.
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20 zebrafish embryos/ exposure group

\Z

Add stock H2DCFDA in egg water to get 500 pg/mL conc.

N7

Incubation for 1.5 hours

< 7

A V.4

Measure fluorescence at 60, 72, 96 and 120 hpf (495/529 nm)

Take pictures at 72 hpf (Cytation 3 Imaging)

\Z

Analysis of fluorescence compared to control
using Gen 5 software

Fig 9. ROS assay outline used for detecting ROS formation in zebrafish embryos and

larvae.

Natural fluorescence of irradiated egg water in combination with the probes (without
presence of embryos) for each dose rate was analyzed and the resulting fluorescence was
subtracted. The relative fluorescence obtained for each exposure group was expressed as

fold induction from control. Further details can be found in Paper II.

2.6.3 Lipid peroxidation assay

The lipid peroxidation (LPO) assessed in Paper II using an in vitro colorimetric
method and 72 hpf zebrafish larvae produced one year after irradiation of the parents and
immediately after irradiation of embryos. The method was previously described by
Erdelmeier et al. (1998) and is performed by determining by-products of malondialdehyde
(MDA) and 4-hydroxyalkenals (4-HNE) concentrations upon decomposition by
polyunsaturated fatty acid peroxides, following the, schematically depicted in Fig 10.
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Freeze 4 replicates of 40 zebrafish embryos/ exposure group

L 4

Keep in -80°C until further analysis

LW

Homogenize in 20 mM Tris-HCI 0.5 M butylated hydroxytoluene (BHT) at 4°C (pH 7.4)

7

Centrifuge homogenate at 3000 g for 10 minutes at 4°C

BT

Use supernatant for protein determination and LPO analsys

NZ

2 mole N-methyl-2-phenylindole react with one mole MDA or 4-HNE under acidic
conditions (methanesulfonic acid)

\Z

Incubate at 45°C for 60 min to yield a stable chromophore

\Z

Measure adsorbance (568 nm)

Fig 10. Lipid peroxidation (LPO) protocol outline used for analysis in zebrafish embryos at
72 hpf.

The protein content was determined using the method with Immunoglobulin G (IgG) as a
standard (Bradford, 1976) and LPO was expressed as nmols of MDA and 4-HNE per gram

of total protein concentration.

2.6.4 DNA damage

The alkaline high throughput screening (HTS) Comet assay developed by Gutzkow et al.
(2013) was performed according to a slightly modified method previously described (Jarvis
and Knowles, 2003) was used in Paper II and IV. The method detects single strand breaks
and alkali-labile DNA lesions using GelBond®films (Hansen et al., 2010) for a HTS cell
gel electrophoresis. The principle for detection of DNA damage is that as the frequency of
DNA damage increases, the fraction of the DNA extending towards the anode increases,
forming the Comet tail. For the Comet assay in Paper II, 10 ZF larvae which have
previously not shown morphological defects were collected at 72 hpf as one biological

replicate per exposure group and further processed according to Fig 11.
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10 zebrafish larvae

| |
T

| Cell extraction in PBS buffer without Ca**/Mg>* |
N

| Homogenization in glass grinder |
\Z

| Filtering (55 uM @ nylon mesh) I
\Z

| Centrifugation (300g, 5 min), supernatant discarded, pellet ressuspended in 50 pl PBS |
\Z

| Single cells suspension (10 cells/mL) |
S\Z

| Film preparation in agarose 0.75 LMP (10 ul sample + 90 ul agarose) I
XZ

| Moulding samples on a 96 Gelbond film, Lysis overnight at 4°C |
\Z

| Electrophoresis 20 min at 8°C and 25 V and 0.8 V/cm over platform I
\Z

| Neutralization with buffer (0.4 M Tris-HCI, pH 7.5) 2 x 5Smin |
N7

| Fixation in ethanol, air dry over night |
\Z

| |

Staining with SYBR Gold in TE-buffer and examination

Fig 11. Comet assay protocol used for zebrafish at 72 hpf, after exposure to gamma

radiation.

Three biological replicates were used and each subdivided in three technical
replicates. Per each technical replicate, 50 “comets” were scored for tail intensity (% Tail

DNA). Further details of the analysis are available in Section 2.5.3 of Paper 1I.

In adult zebrafish, the Comet assay was performed 1.5 years after the gamma
radiation exposure and post euthanasia in whole blood according to Fig 12. The analysis

method was comparable to the method used for early larvae (Section 2.7.1 of Paper IV).
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16 zebrafish per group: 8 males + 8 females

\Z
Blood extraction in PBS buffer without Ca?*/Mg?*

\Z
Single cells suspension (106 cells/mL)

NZ
Film preparation in agarose 0.75 LMP (10 pul sample + 90 pl agarose)

N7
Lysis overnight at 4°C

Fig 12. Comet assay protocol used for whole blood of ZF irradiated to specified gamma

radiation doses.

2.6.5 Micronuclei analysis
Micronuclei were assessed in erythrocytes of adult fish in Paper IV. Blood samples
were obtained from 8 to 11 males and females from each exposed and control group 1.5

years after irradiation. The blood smears were created in accordance with Fig 13.

Euthanize fish, remove tail by scalpel
\Z
Collect apx. 5 pl of blood from tail by pipette

Xz

Transfer blood to glass slide, spread in thin film

\Z
Fixation in ethanol (15 min)
\Z
Alr dry slides
\Z
Stain using Quick dip (H&E)

Fig 13. Outline for creation of whole blood smears for the analysis of MN in adult zebrafish

exposed to gamma radiation.

The stained slides were viewed under a Zeiss Axioskop microscope with a digital camera
(Leica SFC 420) and magnification 1000x, and between 1000-2000 erythrocytes scored per
slide. The cells with one, two or three micronuclei (MN) were noted separately. The criteria
for the scoring of micronuclei was previously described by Oliveira et al. (2009) and Song

et al. (2012), whereby the MN should be a size from 1/10 to 1/30 of the main nucleus;
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circular or ovoid chromatin body with the same staining pattern as the nucleus and MN

must not touch the main nucleus.

2.6.6 Bystander effect analysis

The bystander effects in Paper II were measured by media transfer from irradiated to
non-irradiated cells followed by a Ca-flux assay (Mothersill et al. 2014). The embryos used
for the bystander effects were sampled one year after irradiation of the parents and
immediately after irradiation of the F1 progeny at 72 hpf. The method used is briefly
described in Fig 14.

Suspend 25 embryos/ exposure group in culture medium

\Z

Decant off filter, store medium at 4°C until calcium analysis

\Z

Seed cells onto growth medium

¥

Wash cells with supplemented HBSS

\Z

Load cells with Fura-2/AM for 45 min at room temperature

\Z

Wash cells and observe in 40x (take pictures)

\Z

Measure ratio free/bond Ca Fura-2/AM fluorescence (340/380 nm)

Fig 14. Outline for analysis of bystander effects in ZF embryos at 72 hpf after exposure to

gamma radiation during embryogenesis and/or parental gametogenesis.

2.6.7 Developmental and histological examinations

The developmental effects (Paper I and II) of gamma irradiation in zebrafish
(survival, hatching and deformities) from 48 hpf until end of the larval period (120 hpf)
were manually or microscopically observed and analyzed according to the guidelines
defined by the OECD =zebrafish embryo toxicity test (OECD/OCDE, 2013). Minor
modifications were made regarding the stage of development at time of assessment and
exposure setups.

The histological examinations were performed post-euthanasia in embryos (Paper 1)

and adults (Paper IV), whereby groups were separately fixed in paraformaldehyde and
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stored in 70 % ethanol until use. The samples were embedded in 1 % agarose mold for
adequate positioning of the embryos (Tsao-Wu et al., 1998), transferred to paraffin, and
there after 5 um sections were processed according to standard procedures employed for

staining with hematoxylin and eosin (H&E).

2.6.8 Reproduction

The reproduction was assessed in paper IV in adult fish, since it was proven to be a
sensitive endpoint to ionizing radiation exposure (UNSCEAR, 1996) and it can be used as
an indicator of population dynamics. The fish breeding was perfored using the
“conservative” method and standard 1 L aquaria (Aquatic Habitats, Apopka, FL) breeding
for 30 minutes. The same mating procedure was used to produce embryos for all endpoints.
The mating experiments took place in six and five consecutive breeding weeks one month
and one year after gamma irradiation, respectively. In each breeding trial, six 1L breeding
tanks (n = 6 breeding pairs per group) were used. The breeding setup and male/female
separation took place in the late afternoon and collection of embryos followed in the early

morning.

2.7 Data processing

2.7.1 Bioinformatics tools

In Paper I, three single-end libraries (biological replicates), in the 5.4 and 10.9
mGy/h and a duplicate per 0.54 mGy/h exposure group were sequenced. Quality assessment
of raw reads (49 nt long) and adapter trimming was performed using Trim Galore! v0.3.7, a
wrapper tool around Cutadapt and FastQC to consistently apply quality and adapter
trimming to FastQ files (Martin, 2011; Andrews). Only reads with Phred score > 20 were
kept. Afterwards, using TopHat v2.0.9 (Trapnell et al.,, 2009) with bowtiel, reads were
mapped to the ZF genome (version Zv9, release 76) downloaded from Ensembl
(http://www.ensembl.org/Danio_rerio/Info/Index). Options -g (maximum multihits number)
was modified from its default value to 1, --no-coverage-search was allowed, --library type
was set to “fr-unstranded” and -p (number of threads) was restricted to 4. As for bowtiel
options, -q (fastq files), -v (report end to end), -k 20 (report up to 20 good alignments), -m
20 (suppress all alignments if > 20), -S (to use SAM format) were used. BAM files were
uploaded into Seqmonk (Andrews, 2012) for visualization of aligned and mapped reads and

read counting. Reads were counted as reads exactly overlapping with exons and the
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resulting count table was analyzed for gene expression under edgeR v3.4.2 Bioconductor
(Robinson et al, 2010). The RNA-seq experiment was deposited in SRA database
(https://www.ncbi.nlm.nih.gov/) and is publically available under accession SRP096352
(presented in Paper I Supplementary material; S1 Fig.).

In Paper III, raw fastq files were adapter trimmed using trim galore (v0.4.2,
Babraham institute, UK) under standard parameters, with extra base clipping of 1 base at
the 3’ side of both reads and 12 bases at the 5 side of both reads. This was done since
initial FastQC (v0.11.5, Babraham institute, UK) analysis revealed high K-mer content at
the 5° side of the sequencing due to adapter contamination. To assess global insertions and
deletions, the STAR aligner (v2.5.2b) (Dobin et al., 2013) was used to align and map
sequences to the zebrafish genome (GRCz10, www.ensembl.org) with a recent release of
the zebrafish transcriptome GTF (v85, www.ensembl.org). Since progeny of fish exposed to
gamma radiation were assessed, the chimeric reads option in STAR was included, in order
to assess the amount of chimeric genes possibly generated by DNA damage. After
alignment, the generated SAM files were loaded into the SeqMonk sequence analysis tool
(v1.35, Babraham institute, UK) and mRNAs were quantified using the built-in mRNA seq
pipeline. Library quality was assessed by the RNA-seq QC plot and cumulative distribution
plots within SeqMonk. A filter was used to only analyze mRNAs that had at least 30 reads
in either of the replicate samples, in order to assure that for statistical analysis only mRNAs

were included with enough reads.

2.7.2 Molecular pathway analysis (IPA)

The IPA® (Ingenuity® Pathway analysis Systems Inc., version 430520M, Qiagen,
http://www.ingenuity.com, Redwood City, CA, U.S.) analysis and search tool was used to
identify networks/pathways, and uncover the significance of transcriptomics data within the
context of biological systems. Differentially expressed gene lists were imported into
Ingenuity Pathway Analysis (IPA) and used with the ingenuity knowledge base as
background since around 60% of the ZF genes were annotated as having a human
orthologue by IPA. The differences between analyses in IPA for Paper I and III were
minimal, although present. IPA calculates enrichment of genes, gene pathways, upstream
regulators and diseases using Fisher’s exact tests. In Paper I, the cut-ff p-value used was
0.001, while in Paper III the cut off p-value was set to 0.01. The nomenclature used for

genes in paper one corresponds the nomenclature for zebrafish human orthologs where
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applicable, while the original IPA nomenclature was kept in Paper III. For further detailed

descriptions of the analyses, the reader is refered to Paper I and III.

2.7.3 Choice of statistical tests

In Paper I, statistical analyses were performed in Stata (MP/14 for Windows,
StatCorp, College Station, TX). Confidence intervals were calculated using the proportion
command for each of the outcomes survival, hatching and deformities at dose levels and the
two exposure durations. Logistic regression reported as odds ratios (OR) was used to
estimate the effect of the treatments on hatching, survival and deformities and standard
methods were used to check model fit, whereby multiple comparisons were conducted using
Tukey’s or Dunnett’s tests (Graphpad Prism 6, La Jolla, USA). Statistical significance was
set to p < 0.05.

For analysis of gene expression, the dataset was TMM normalized (trimmed mean
of M-values, edgeR v3.4.2 Bioconductor, Robinson, McCarthy, and Smyth 2010), followed
by data exploration using the statistical package R v3.0.2 (R foundation for Statistical
Computing, 2013). Data was explored for descriptive statistics such as: minimum,
maximum, 1% quantile, 31 quantile, median, mean, standard deviation, also the similarity
among samples was determined by correlation analysis and hclust (ward method) analysis
to determine the distance between samples. The statistical analysis of differentially
expressed genes (DEGs) was based on pairwise comparison between treatment and control
RNA-seq samples (biological replicates) with a cut off set to + 0.40 log2 fold change (1.3
FC). The FDR (false discovery rate) was set up to a significance of p < 0.05. Venn diagram
(Venny v2.1, Oliveros, (2007-2015) was used to explore overlapping differential expressed
genes among radiation treatments. For qPCR, obtained mean relative gene expression
values (exposed vs. control) were compared to mean relative gene expression values for the
same genes from RNA-seq and a Pearson’s correlation coefficient was calculated (p < 0.05)

for all three exposure groups (Graphpad Prism 6, La Jolla, USA).

The statistical analyses in Paper II were performed using XLStat2016® (Addinsoft,
Paris, France) and GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA). Results
for all endpoints are presented as mean + standard error (SEM) and compared between
progeny lines. Significant differences between dose rates for all parameters were calculated
using one-way analysis of variance (ANOVA) or Kruskal-Wallis One Way Analysis of

Variance on Ranks. If significant, pairwise multiple comparison procedures were
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conducted, using the Tukey test or the Dunnett’s method. Statistical significance was set at
p <0.05.

In Paper 111, differential gene expression was analyzed with the built-in Deseq?2 filter
in Seqmonk, using R (v3.3.1), on raw read counts. With this analysis mRNA isoforms were
merged, since Deseq2 cannot assess differential expressed transcript isoforms. Deseq2 uses
the negative binomial distribution to assess differential gene expression, with Benjamini
Hochberg false discovery rate multiple comparisons adjustments (FDR) (Love et al., 2014).
Following Deseq2 analysis, data was normalized by reads per million (RPM) in order to
calculate fold change (FC) per gene averaging all replicates. Significant genes were reported
as < 0.05 FDR with an absolute FC > 1.5, which was different from Paper I. The correlation
of the expression between RNA-sequencing and qPCR results was calculated with non-
parametric Spearman correlation in Graphpad (v. 7.1, La Jolla, CA) based on the fold-
change of the differentially expressed genes.

In Paper IV, statistical analyses were performed using GraphPad Prism 7.02
(GraphPad Software Inc., La Jolla, CA, USA) and XLStat2016® (Addinsoft, Paris, France).
Results are presented as mean =+ standard error (SEM) for the reproduction, while analysis
of biometric parameters and DNA damage were calculated using Kruskal-Wallis One Way
Analysis of Variance on Ranks, whereby multiple comparisons were conducted using the
Dunn’s test. The cumulative embryo production and embryo production per breeding pair
and MN were analyzed using a Two Way Analysis of Variance (with the dose rate and
either time after irradiation or sex as independent variables). Multiple comparison
procedures were conducted according to the Fisher’s LSD, Dunnett’s or the Tukey’s test.

Statistical significance was set at p < 0.05.
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3. Results - summary of papers

3.1 Paperl

Dose-dependent effects of gamma radiation on the early zebrafish development
and gene expression

Embryonic development and gene expression were assessed after continuous gamma
radiation exposure starting at the blastula stage. The development was assessed after
exposure of embryos to 0.4, 3.9, 15 and 38 mGy/h, from 2.5 hours post fertilization (hpf),
and lasting through embryogenesis (until 48 or 96 hpf), while the gene expression was
assessed in embryos exposed to 0.54, 5.4 and 10.9 mGy/h (from 2.5 — 5.5 hpf) (Fig 15).
Mortality was higher at 96 hpf only in the 38 mGy/h group. The total hatching was
significantly lower from controls in the 15 mGy/h group and a delay in hatching onset in the
0.4 mGy/h group was observed. The deformity frequency was significantly increased by
prolonged exposure duration at dose rates > 0.4 mGy/h.

The mRNA sequencing at onset of gastrulation (5.5 hpf transcriptome) revealed a
dose-response in the numbers of differentially regulated genes (lowest total dose 1.6 mGy).
The number of differentially expressed genes showed a dose-response, with 18 (2 down-
regulated), 156 (27 down-regulated) and 556 (102 down-regulated) DEGs found in the 0.54,
5.4 and 10.9 mGy/h exposure groups, respectively.

2.5 hpf ~5.5 hpf CEE T Bl Highest dose: mortality (48 and 96 hpf)
1 t > Lower doses: differences in hatching
Dose dependent increase in deformities

RNA sequencing: Dose dependent increase in

differentially expressed genes . o
Low dose: retinoic acid receptor activation,

556 P antioxidant repair; apoptosis activated
454
=Down-reg DEGs I .
m Up-reg DEGs I I .
156 = Total DEGs 3 P —
129 102 Woses: eif2, nTOR, apoptosis inactivated
j Active cell proliferation and cancers
16 18
2

0.54mGy/h  54mGy/h  10.9 mGy/h

—

Fig 15. Graphical summary of main study endpoints and results in Paper I.
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The most up-regulated gene in the higher doses was found to be transferrin a (#fa) and a
number of apolipoprotein genes, while 6-Phosphofructo-2-Kinase/Fructose-2,6-
Biphosphatase 3 (pfkfb3) and crabp2b were differentially expressed in all groups. These
genes were associated with various developmental processes (Paper I, Fig 6. for details).

The most significant upstream regulators were avian myelocytomatosis viral
oncogene homolog (myc), tumor protein 53 (zp53), tumor necrosis factor alpha (TNFa),
hepatic nuclear factor 4 alpha (hnf4a), transforming growth factor beta 1 (TGFbI) and
CCAAT enhancer binding protein C/EBP alpha (cebpa), while cellular retinoic acid binding
protein 2 b (crabp2b) and vascular endothelial growth factor alpha, b (vegfab) were
identified as the most frequent downstream target genes.

In the lower dose, pathway analyses (IPA) identified retinoic acid receptor activation
(RARa), apoptosis, and glutathione mediated detoxification signaling as the most affected
pathways in the lower dose rate (0.54 mGy/h), while in the higher doses, eucariotic
initiation factor 2 (eif2) and mammalian target of rapamycin (m7TOR), i.e., genes involved in
the modulation of angiogenesis, were most affected (Fig 5 of Paper I for details).

The study linked gene expression changes in the earliest life stage zebrafish embryos
to developmental defects of exposure ranging from low to high dose rates of gamma
radiation later in life, concluding differences in gene expression after exposure to low and

higher doses of ionizing radiation.
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3.2 PaperIl

Parental gamma irradiation induces reprotoxic effects accompanied by genomic
instability in zebrafish (Danio rerio) embryos

This study investigated the developmental effects, oxidative stress parameters,
bystander effects and eye development in the first generation progeny of parents exposed to
gamma radiation. These effects were assessed in F1 of irradiated FO (creating the G and GE
line irradiated embryos) and non-irradiated parental zebrafish during gametogenesis
(creating the E line irradiated embryos and controls).

After administration of dose rates of 8.7 mGy/h and 53 mGy/h (27 days; total 5.2
and 31 Gy) to adults, and 9.6 mGy/h to offspring embryos (F1, total 0.62 Gy), 100%
mortality occurred in all offspring of parents exposed to 31 Gy. The 8.7 mGy/h and control
fish were used for production of embryos in order to create three progeny lines: G line,
exposed only during parantel gametogenesis; GE line, exposed during gametogenesis and
subsequent embryogenesis to 9.6 mGy/h (3 days) and E-line, exposed only during
embryogenesis.

In all parentally exposed groups, levels of mortality and deformities, as well as
hatching abnormalities were higher compared to controls, albeit not statistically significant
in the G line.

The ROS formation was increased one month after parental irradiation in the G line
(Fig 16), but not one year after irradiation, while the opposite was true for the E and GE
lines. On the other hand, in both the G and GE lines, there was an increase in DNA damage
one year after parental irradiation, while lipid peroxidation was increased only in the G line.
Radiation-induced bystander effects and observed influx of Ca*" ions through the cellular
membrane of the reporter cells were increased in the G line (Fig 16) one month after
irradiation of the parents. One year after parental irradiation, the bystander effects were
increased in the E line compared to controls, but not in the progeny of irradiated parents (G
and GE lines). Histopathological evaluation showed that irradiation during gametogenesis

as well as during embryogenesis caused severe damage to eye development in embryos.
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Fig 16. Graphical summary of main study endpoints and results (related to the G line) in

Paper II.

The study demonstrated that subchronic exposure of parents ranging from a

moderate to high gamma radiation dose rate results in transgenerational oxidative stress,

genomic instability and disrupted development in irradiated (GE) and non-irradiated (G)

progeny of irradiated parents, including increases in ROS formation, LPO, DNA damage

and bystander effects.
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3.3 Paper 111

Parental exposure to gamma radiation causes progressively altered
transcriptomes linked to adverse effects in zebrafish offspring

In this study mRNA sequencing was used to assess short and long-term gene
expression changes (5.5 hpf) in offspring of exposed parents to doses mentioned in Section
2.2 (Gamma irradiation) both one month after parental irradiation, and one year after
exposure (exclusively 8.7 mGy/h), respectively in order to investigate progressive effects of
ionizing radiation (Fig 17).

One month after exposure, a global change in gene expression was observed in the
53 mGy/h group (5079 DEGs), which was manifested as embryonic death around 8 hpf,
whereas the 8.7 mGy/h group was relatively unaffected (39 DEGs). The 8.7 mGy/h group
one year after parental exposure exhibited a number of 2455 DEGs, and had a large overlap
of genes and enriched pathways with the 53 mGy/h group one month after parental
exposure (Fig 17). The pathways in the 8.7 mGy/h group one year after parental exposure
were, however, oppositely regulated compared to the 53 mGy/h group (immediately after
parental exposure). A number of differentially expressed histone methylases and
demethylases in the 1 year 8.7 mGy/h group suggested a protective response against
ionizing radiation via chromatin compactness. The difference in gene expression 1 month
and 1 year in the 8.7 mGy/h group indicated a progressive change in gene expression and
points to genomic instability in the parental germ line.

Gene pathways could be directly linked to the genotoxic and reproductive effects
observed in adults and their offspring and therefore this paper concludes that latent effects
following gamma radiation exposure of the parents can be transmitted to offspring. The by
IPA predicted as most affected networks, were neurological disorders, malformation of the
brain and degeneration of neurons (Paper III, Supplementary material), including pathways
related to sex hormone homeostasis. Modulation of genes related to estrogen receptor 1
(ESRI), follicle-stimulating hormone (FSH), insulin-like growth factor 2 (/GF2) and
gonadotropin-releasing hormone (GnRH) implied a disturbance in early stage embryos,
which could be related to gonadal effects in exposed adult fish reported in Paper IV.
Finally, five genes were mutually differentially expressed in all exposures, upstream
transcription factor 1 like (usf1/), fibronectin la (fnla), aldehyde dehydrogenase 3 family,
member Al (aldh3al), ribonucleotide reductase subunit M2 (RRM?2) and cytochrome p450
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2x6 (cyp2x6) and these genes were connected to effects observed in Paper II (LPO, DNA
damage).

Upstream regulators, previously shown to be responsive the direct embryonic
exposures in Paper I, such as 53 and /inf4 exhibited a clear correlation between the two
exposure groups. Following validation, transferrin a (¢#fa) was found to be up-regulated in all
exposures, a gene which was also consistently one of the most up-regulated genes in
zebrafish embryos directly exposed to higher doses of gamma radiation (Paper I).

This study concluded that effects of parental exposure to sub-lethal gamma radiation
dose rates can be passed on to offspring via aberrant gene expression and are related to
pathways linked to observed developmental and reproductive effects. The progressive effect
during one year in the lower dose rate in progeny could indicate a latent effect on the

population.

FO: 8.7 and 53 mGy/h for 27 days S Gk
2.5 hpf @ Many DEGs in 53 mGy/h, but not 8.7 mGy/h
="
g % — 5079
@ d
8Co ~5.5 hpf =

— Differentially expressed genes

-
One year after irradiation 8.7 mGy/h F1 m
0 Many affected genes at 8.7 mGy/h after one year

c = ﬁ

Differentially expressed genes

Fig 17. Graphical summary of main study endpoints and results in Paper III.
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3.4 Paper 1V

Gamma irradiation during gametogenesis causes adverse reproductive effects
and sterility in zebrafish

In this study, the reproductive and genotoxic effects following subchronic exposure
during the gametogenesis cycle (27 days to previously mentioned doses) were studied in
adult zebrafish (Fig 18). Reduced embryo production was observed both one month and one
year after exposure and sterility was observed one year post irradiation in the highest dose.
A regression of reproductive organs was found in 20 % of the fish in the same group. A
significantly lower condition factor, indicating poorer fitness what found in the 8.7 mGy/h
group males compared to controls and 53 mGy/h. The ovaries of the fish exposed to 8.7
mGy/h demonstrated a higher number of previtellogenic follicles compared to controls.

Whole blood was used to determine the genotoxic effects of the exposure using the
Comet assay, while blood smears were used to assess micronuclei (MN) in erythrocytes.
Some differences between the sexes were observed in terms of DNA damage (which was
higher in the 8.7 mGy/h males than in males exposed to 53 mGy/h), while the opposite was
true for females and in terms of the histopathological examination in the gonads. Significant
increase in MN frequency was found in both males and females of the 8.7 and 53 mGy/h

groups compared to controls.
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Fig. 18. Graphical summary of main study endpoints and results in Paper I'V.
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The study showed that subchronic exposure and sub-lethal gamma radiation doses
caused adverse reproductive and genotoxic effects in adult zebrafish. Gametogenesis is
concluded to be a very sensitive life stage to ionizing radiation exposure, as the adverse
effects in the parental germ line were linked to effects observed in the first generation of

offspring (Papers II and III).
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4. Discussion

This project studied the developmental, reproductive, oxidative stress-related,
genotoxic and gene expression related ionizing radiation exposure effects after irradiation of
two subsequent generations during gametogenesis and embryogenesis.

Various methods for analyzing biological effects of radiation using zebrafish as
model have already been validated, such as ROS or DNA damage analysis in both embryos
and adults (Jarvis and Knowles, 2003; Lemos et al., 2017, Gagnaire et al., 2015; McAleer et
al., 2005), bystander effects (Mothersill et al., 2007; Ryan et al., 2008, Choi et al., 2013,
Pereira et al.,, 2014), but also genetic (Jaafar et al., 2013; Freeman et al, 2014) and
epigenetic effects (Andersen et al., 2012; Andersen et al, 2013). With only a few
exceptions, most of the mentioned studies used acute ionzing radiation doses and only one
life stage of fish, therefore warranting studies with chronic low dose exposures and in
successive generations.

The lack of data on the heritable radiation effects and delayed effects following
parental exposure highlights the importance of this study. By using both adults and embryos
after a continuous subchronic exposure, this thesis aims to give further insights into the
population dynamics after radiation exposure during sensitive life stages. Thus, in order to
find the missing links in the transmission of effects from parents to offspring, gamma
radiation effects were assessed in: a) embryos after embryo exposure alone starting from 2.5
hpf; b) embryos after parental exposure during gametogenesis including or excluding
offspring (embryogenesis) exposure starting from 2.5 hpf; and finally ¢) adult (parental) fish
after gametogenesis exposure. The exposure regimes and main observations in from the

three mentioned timepoints of assessment are summarized in Table 3.
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4.1 The project in an environmental perspective

The gamma radiation doses used in this project for adult fish exposures exceed
ionizing radiation levels recently observed in the environment around nuclear incident sites.
As example, the highest reported radiological dose rate following the Fukushima accident to
fish was 3.1 mGy/d in the greenling (Hexagrammos Otakii) from accumulation of **"*’Cs
(Johansen et al., 2015). The maximal dose rate for fish within the first month of the accident
was estimated to 140 uGy/h, while terrestrial doses ranged from 10 — 300 uGy/h (Strand et
al., 2014). The dose rates to adult fish in our study were also higher than the defined low
dose rate of 6 mGy/h for a maximum of 1 hour (UNSCEAR, 2012).

Generally, the observed effects from adult fish exposures in offspring have shown
that the used radiation doses are reprotoxic and genotoxic to zebrafish and are relevant for
short-term exposure to high doses in accidents. This data, however, enables studies of the
mechanistic background of heritable effects of radiation and shows how this type of
exposure could affect future generations and the population.

In ecotoxicological research and risk assessment, molecular interactions and
biomarker responses are often used as an early signal of environmental stress. In order to
identify hazards, molecular data needs to reflect endpoints meaningful to ecological risk-
effects, such as survival, development, and reproduction in individual organisms and
populations. Therefore, the concept of adverse outcome pathways (AOPs) was developed
and is a framework for organizing knowledge about the progression of toxicity events
across scales of biological organization that lead to adverse outcomes relevant for risk
assessment (OECD, 2016) (Ankley et al., 2010, Lee et al., 2015). The data obtained in this
PhD project can be used for such a framework.

In Paper I, the lowest dose rate (0.4 mGy/h, Table 3) corresponded to recommended
benchmarks (0.42 mGy/h, 2-10 mGy/day) at which adverse effects are not expected to
occur in aquatic ecosystems (UNSCEAR 1996) and the derived consideration reference
levels (DCRL) for fish (~0.42 mGy/h — 40 mGy/h), at which there are “likely to be some
observable adverse effects occurring to individuals” (ICRP, 2012). In this group, some
deleterious effects were found (premature hatching), supporting the DCRL in this dose rate
range.

For exposures reported in Papers II, III and IV, the parental doses (8.7 mGy/h, total
5.2 Gy) and offspring doses (9.6 mGy/h, 0.62 Gy total) span the upper range of the DCRLs
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for fish. Particularly interesting are the reproductive effects mentioned in Section 7.5 Risk
assessment and radiation protection (Table 2) where the dose rate reported to reduce the
number of spermatogonia in male fish encompasses the doses that were used in this study.
However, no exposure related effects were observed in male gonads of the 8.7 mGy/h
exposure group in Paper IV, while effects were observed in female gonads in terms of
increased previtellogenic oocytes, and correspondingly a reduction in the number of
vitellogenic follicles. On the other hand, the higher dose rate used for adult fish (53 mGy/h,
31 Gy total) supports the mentioned dose effects in Table 2. Furthermore, all exposure dose
rates for evaluating the phenotypically observable effects as well as subcellular effects were
higher than the ERICA screening value of 10 pGy/h (0.24 mGy/d) (Garnier-Laplace et al.,
2010). The doses and dose rates used for adult fish exposures are an order of magnitude
higher than the levels (10 mGy/day; 0.24 mGy/h) described as not likely to have any
detrimental effect to aquatic populations (UNSCEAR, 1996), and also three orders of
magnitude higher than the suggested ERICA screening value of 10 pGy/h (predicted no
effect dose rate, PNEDR for ecological effects) (Garnier-Laplace et al., 2010). The total
dose from the adult fish exposure, 31 Gy (Paper II and III and 1V) is close to the acute
gamma radiation exposure dose of 40 Gy, which is reported to being the minimum lethal
dose (MLD) for zebrafish resulting in death after 14 days, while 20 Gy was reported to be
the sub-lethal dose (Traver et al., 2004).

Considering that no mortality was observed in the adult fish 1.5 year after
irradiation, even at a dose of 53 mGy/h, the applied dose rates in these exposures are not
likely to be life threatening for adult individuals, although the reduction in viable offspring

could be detrimental to sustainability at the population levels.

4.2 The 5.5 hpf stage gene expression after embryogenesis and

gametogenesis exposure

To determine the (whole transcriptome) difference in gene expression between the
controls and exposed embryos or offspring of exposed parents, RNA-seq was conducted.
The transcriptome analysis allowed registration of changes in gene expression related to
various biological processes and revealed the regulation of radiotoxicity in the earliest
stages of development from low dose gamma radiation exposure of 3 hours. Gene

expression analysis was performed in both directly (Paper I) and parentally (Paper III)
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exposed embryos, at the late blastula / early gastrula stage (~ 5.5 hpf). This is, as previously
mentioned in Section 1.7, a critical stage of embryogenesis, characterized by intensive cell
proliferation and specification and changes in transcriptome profile can be attributed to
radiation effects on the transcriptional program of the embryo’s own genome (Fig 5), while
the inherited maternal transcript (synthesized during oogenesis and stored in the egg) is

degraded.

4.2.1 Differentially expressed genes

During embryogenesis (Paper I), the embryos were irradiated at doses of 0.54, 5.4
and 10.9 mGy/h (approximate total 1.6, 16 and 33 mGy), while during gametogenesis
(Paper III) parents were irradiated to 8.7 ad 53 mGy/h (total 5.2 and 31 Gy), which is three
orders of magnitude higher. From here, it may be indicated that some hereditary effects
might have played a large role in the number of expressed genes, which showed an overlap
of 27.8 % (74 out of 268 DEGs, FC > 1.5, FDR < 0.05) between both studies. Considering
that in zebrafish exposed during embryogenesis or at 16 weeks post fertilization (wpf) to
short term radiation (0.1 and 1 Gy total dose) only a minimal overlap (<5%) was discovered
in liver cells (Jaafar et al.,, 2013), this confirms that transcriptome analysis at the same
developmental stage is essential for detecting similarities or differences between
embryogenesis and gametogenesis exposure.

In Paper I, 18 (2 down-regulated), 156 (27 down-regulated) and 556 (102 down-
regulated) DEGs were reported, respectively, in embryos exposed to increasing doses of
gamma radiation (0.54, 5.4 and 10.9 mGy/h) from 2.5 to 5.5 hpf. On the other hand, 39 (19
down-regulated, 49.0%) and 5079 (2207 down-regulated, 43.5%) genes, for 8.7 and 53
mQGy/h offspring of parents irradiated during gametogenesis were found immediately after
irradiation of parents, while 2390 (1617 down-regulated, 67.7%) genes were found in the
8.7 mGy/h offspring 1 year after parental exposure.

Two genes (Paper 1), pfkfb3, involved in promoting proliferation and survival in
tumor cells and counteracting ionizing radiation generated ROS (Yalcin et al., 2009) and
crabp2b, known to encode retinoic acid (a form of Vitamin A) binding protein 2b (Sharma
et al., 2005) were found to be differentially expressed in all exposures in Paper I. This
showed that exposure during embryogenesis might have triggered antioxidant mediated
defense in response to radiation induced ROS formation, which resulted in no
phenotypically observable adverse effects in the lowest dose. Further substantiating this

could be the increased ROS formation observed in the embryogenesis group in Paper I1.
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In Paper III, 5 genes were mutually differentially expressed in all exposures: thy-1
cell surface antigen (thy!), fibronectin la (fnla), Cbp/p300-interacting transactivator, with
Glu/Asp-rich carboxy-terminal domain 2 (cifed?), ribonucleotide reductase subunit M2
(RRM?2) and cytochrome p450 2x6 (cyp2x6). Fnla and RRM?2 are genes involved in
disintegration of cell structure (Pankov and Yamada, 2002) and DNA DSB repair in
mammals (Niida et al., 2010), respectively. Modulation in these genes was connected to the
effects observed in the offspring of parents irradiated during gametogenesis, as a mortality
of 100% and increased DNA damage was also found in the 53 mGy/h offspring (Paper II).

Among the common genes modulated by 5.4 and 10.9 mGy/h exposures, the most
significantly up-regulated gene is #fa (Paper I), and interestingly, the same gene was up-
regulated in all gametogenesis exposure offspring groups (Paper III). This gene is critical
for iron transport and iron regulated hormone expression (Fraenkel et al., 2009), and was
altered in blood plasma of locally irradiated patients (Nylund et al.,, 2014). Additionally,
highly up-regulated apolipoprotein genes in the two higher dose rate (5.4 and 10.9 mGy/h)
embryogenesis exposure groups (apoBb, apoAla, apoAlb and apoA-IV) were found and
point to radiation affecting mechanisms related to lipid metabolism (Otis et al., 2015). Since
we observed earlier hatching in the lower doses in Paper I and in the embryogenesis group
in Paper II, and that hatching is attributed to higher metabolism (Gagnaire et al. 2015), it
could be speculated that these genes might be a regulatory component of hatching in
zebrafish.

Because the analysis of gene expression in embryos from parents exposed to 8.7
mGy’h was performed both one month and one year after exposure, we were able to show a
temporal gene expression change in this group following the second principle component
analysis (PCA), corresponding to aging of the parents. The temporal change in gene
expression could be attributed to genomic instability in the parental germ line, and
transmitted to progeny as has been previously suggested (Merrifield & Kovalchuk 2013),
which was supported by results reported in Paper II.

A large overlap in DEGs between the 8.7 mGy/h group one year after parental
exposure compared to the 53 mGy/h group one month after parental exposure was found
(1514 genes, 63.3 % of all genes from the first group), however, the genes were found to be
oppositely regulated and predominantly down-regulated in the 8.7 mGy/h group. This could
potentially be caused by epigenetic changes and the hypothesis of a general induction in

chromatin compactness supported by the histone methyltransferase DEGs discussed in
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Paper 111, and in turn could be hypothesized to be a protective function against ionizing
radiation.

The results of the differential gene expression analyses (Paper I and III) provide
valuable information regarding sensitive genetic biomarker endpoints for low to medium

radiation dose exposures and AOPs for risk assessment.

4.2.2 Upstream regulators and molecular pathways

Two similar significant upstream regulators in both embryogenesis and
gametogenesis exposed groups were found: 53 and hnf4a, which were previously
associated with radiation exposure. 7p53 is known to regulate apoptosis in response to DNA
damage, (Meek et al., 2009) and is a critical factor for normal development and survival in
zebrafish embryos after exposure to ionizing radiation (Duffy et al., 2007; Guo et al., 2012).
Hnf4a is known to be a nuclear receptor involved in a variety of processes, and although it
was not associated with radiation in zebrafish previously, it was found to be up-regulated in
the blood of patients exposed to ionizing radiation (Savli et al,, 2012) and was most
prominent in a response to low dose in a human tissue model (Mezentsev and Amudsen,
2011).

The signaling pathways affected most significantly by exposure to 0.54 mGy/h
during embryogenesis was RARa activation, which is involved in antioxidant mediated
detoxification of ROS, DNA repair, apoptosis and immune functions (Feinendegen et al,
2004; Feinendegen, 2007). Interestingly, the same pathway was observed in response to
gametogenesis exposure. This could mean that, considering that DNA damage was
observed in the parents exposed during gametogenesis (Paper IV) and their offspring (Paper
II), some reparatory mechanisms might have been transmitted from the parents to the
offspring.

Additionally, in offspring of parents exposed during gametogenesis, modulation of
pathways related to reproduction hormones were found, such as estrogen receptor 1 (ESR/),
follicle-stimulating hormone (FSH) signaling, insulin-like growth factor 2 (/GF2) and
gonadotropin-releasing hormone (GnRH) signaling, which suggests a disturbance in
offspring that could subsequently adversely affect the formation of the gonads later in life.
Considering that differences in maturation of oocytes were observed in offspring of exposed
parents, it could be speculated, whether the modulation of these genes might be a maternally

transmitted effect.
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4.3 Development after gamma irradiation in embryogenesis and
gametogenesis

To determine adverse effects of gamma radiation and potential differences in
sensitivity between various life stages, we exposed zebrafish during gametogenesis,
embryogenesis, and during both stages. The developmental traits such as survival,
deformities and hatching in the offspring of parents exposed during gametogenesis (27 days
parental exposure) or in offspring exposed during embryogenesis (3 hpf to 4 dpf) without
parental exposure were assessed in Paper I and II. The adverse effects on embryonic
development after the continuous exposure during either gametogenesis or embryogenesis
showed significant differences in responses, which are in line with the hypothesis that
exposures to stressors such as ionizing radiation affect the physiological responses
differentially depending on the life stage in which exposure occurs.

Following embryogenesis exposure, using low to high doses and dose rates (0.4 — 38
mGy/h, total 17.5 - 3496 mGy) in Paper I, embryo mortality was observed at 48 hpf, in the
group exposed to the highest dose rate (38 mGy/h), with no significant further increase from
48 — 96 hpf. The lowest dose in the embryo exposures (0.4 mGy/h) corresponds doses (1-10
mGy/day) observed in the Chernobyl cooling pond from 1-60 days after the accident
(UNSCEAR, 2008). This was also in line with the dose response study by Geiger et al.
(2006), who determined the sensitivity of zebrafish to gamma radiation, albeit to higher
doses (5-20 Gy), whereby exposure of the earlier life stages showed a larger effect size.

The exposure of parental fish during gametogenesis resulted in increased mortality
for offspring of both the 8.7 mGy/h and 53 mGy/h (5.2 and 31 Gy) fish groups, as compared
to control offspring. The offspring of parents exposed to 53 mGy/h showed 100% mortality
at the gastrulation stage, between the onset and 75 % of epiboly (8 hpf), which is
hypothesized to be a maternally encoded mechanism (Strihle and Jesuthasan, 1993). The
stage at which mortality occurred corresponds to the movement and spreading of the
blastoderm cells in order to cover the yolk and form a closure known as the blastopore and
requires a coordination of microtubules, which contract with the cell movements (Kimmel
et al, 1995; Warga and Kimmel, 1990). This suggests that parental irradiation caused
damage to the microtubule system. In the offspring of the 8.7 mGy/h exposure group,
mortality was increased only in the GE group, i.e. embryos that were also directly irradiated
(9.6 mGy/h) following parental exposure, and amounted to 9.3%. Increased and dose-

dependent embryonic mortality and deformities after parental exposure was previously
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reported in other vertebrates (Nefyodova and Nefyodov, 2000), but not in fish. Mortality in
directly irradiated zebrafish embryos was reported only for acute exposures from 1 to 24 hpf
(1-10 Gy, X-rays) (McAleer et al., 2005) and 5 Gy (Geiger et al., 2006). However, no
significant differences in embryo viability were found after receiving acute ionizing
radiation doses ranging from 1 - 10 Gy (Freeman et al, 2014; Bladen et al, 2007), nor
following continuous exposures up to 24 mGy/h (2280 mGy) (Gagnaire et al., 2015).

The lowest dose rate at which deformities were observed following direct

embryogenesis exposure in the present study was 0.4 mGy/h during 96 hours (total dose
36.8 mQGy), and we observed a dose dependent increase in deformities as reported in Paper
I, with the highest deformities (11.6 %) in the group exposed to the 38 mGy/h dose rate.
Nonetheless, our results from the two generational study reported in Paper II showed a
significant increase in the parentally exposed offspring, i.e. G line, and the group exposed
parentally including during embrygenesis, i.e. GE line (of 5.9 and 5.2%, respectively),
while the embryogenesis exposed group showed no significant deformities (9.6 mGy/h, 620
mGQGy total). The reason for this difference between experiments is unknown. Yet, in line
with the results presented in Paper I, multiple deformities were also found in a previous
study after embryonic exposures to 24 mGy/h (2280 mGy) (Gagnaire et al., 2015).
Effects on eye development were found in both the embryogenesis and gametogenesis
groups reported in Paper II. Eyes in zebrafish normally develop at 48 hpf (Geiger et al.,
2006) and are functional within 3 days post fertilization (73-80 hpf) (Dahm et al., 2007;
Jonasova and Kozmik, 2008). The difference in severity of the histological changes in the
development of the eyes in directly and indirectly exposed embryos suggests direct damage
to the exposed cells and a dependence on the exposure dose. It was previously reported that
the eye diameter and head length decreased in embryos exposed to acute gamma radiation
(10 Gy) (Freeman et al., 2014), which is two times higher than the parental dose for the fish
lines (5.2 Gy).

The effects of embryogenesis and gametogenesis exposure on the total hatching at
96 hpf and the median hatching time varied dose-dependently (including the parental dose).
As reported in Paper I and II, the onset of hatching in the groups irradiated during
embryogenesis was premature in the 0.4 mGy/h group (17.5 mGy), accelerated during the
entire hatching interval in the 9.6 mGy/h group (total 620 mGy/h), while it was significantly
delayed in the 38 mGy/h group (1664 mGy total). Additionally, the total hatching in all
embryogenesis groups, except for 15 mGy/h (657 mGy total), was unaffected. Similar

results were reported following X-ray exposure during the blastula stage, earlier hatching

71



was associated with low dose (25 mGy at 0.43 Gy/min), while higher doses (250-500 mGy)
delayed the onset of hatching, while exposure to 500 mGy reduced the total hatching
(Miyachi et al., 2003).

In progeny of parents irradiated during gametogenesis (G-line), the hatching rate
decreased after approaching 72 hpf, and subsequently, the total hatching was significantly
decreased in these groups compared to controls (about 15 %). However, the calculated
median hatching time (HTso) has shown a decrease, and hatching was accelerated in all
exposed groups compared to controls (Paper II). In addition, other studies suggest that both
low and high doses had an accelerating effect on the hatching interval (Gagnaire et al.,
2015; Pereira et al., 2014), partially supporting the results obtained in this study, since this
was hypothesized to be a consequence of increase in global metabolism rates of the larva

and earlier energy reserve consumption.

4.4 Genomic instability after embryogenesis and gametogenesis exposure

The developmental defects in offspring from parental irradiation and embryogenesis
irradiation could have further implications at the cellular and metabolic level, particularly
by ROS production and consequent oxidative stress effects. In order to determine the
potential differences in oxidative stress parameters in directly and indirectly (parentally)
exposed embryos, ROS formation, LPO and DNA damage were assessed one month and
one year after irradiation of parents and immediately after irradiation of embryos in E, G,
GE lines and controls as reported in Paper II. In addition, bystander effects were assessed in

offspring one month and one year after irradiation of parents (Paper II).

4.4.1 ROS formation and LPO

The results obtained showed an increase in ROS formation, which depended on the
dose (including parental exposure) and time of assessment after parental irradiation. In
general, parental irradiation caused elevated ROS in G line one month post-parental
irradiation. The mechanism behind this result cannot be attributed to radiolysis, but could be
attributed to disrupted ROS metabolism in the embryos, caused by the parental exposure,
which has been documented for cancer cells following radiation exposure (Kargalioglu et
al., 2002). Consistently, the groups exposed during gametogenesis plus embryogenesis (GE)

and embryogenesis (E) demonstrated an increase in ROS in embryos one year after
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exposure of parents and immediately after exposure of embryos, suggesting that direct
exposure during early life stages (embryo, early larval stage) induce irreversible changes in
the ROS metabolism. However, the exact mechanism behind the disruption of ROS
metabolism in embryos after parental exposure is still unknown. We speculate that elevated
ROS might affect embryonic development at multiple levels, such as energy metabolism
(mitochondria respiration), signaling (e.g. cell cycle, DNA repair, cell death) and ultimately
cause oxidative damage. The ROS levels in the G group subsided one year after irradiation,
suggesting that compensatory mechanisms might have been induced in the exposed parents.

This notion was substantiated by LPO measurements, known to be a sensitive
marker of oxidative damage (Ayala et al., 2014), that showed a significant increase even
one year after irradiation in the G group, while a decrease was observed in the GE and E
groups, possibly attributing this to an adaptive response via antioxidant enzymatic system.
This was previously shown in response to gamma radiation in zebrafish embryos exposed to

a dose range from 0.1 to 1 Gy (Hu et al., 2016).

4.4.2. DNA damage and bystander effects

Gamma radiation exposure to high doses is known to result in cellular DNA
damage, which, if unrepaired, can cause genetic alterations and lead to the development of
cancer, whereby chronic versus acute oxidative stress may contribute to the development
and/or maintenance of genomic instability (Limoli and Giedzinski, 2003). Studies with
acute exposures report increased DNA damage in 5-6 dpf zebrafish larva, directly exposed
to low dose gamma radiation (30 mGy) (Jarvis and Knowles, 2003) and in 24 and 48 hpf
embryos after irradiation to 1-1000 mGy/d (Simon et al., 2011). The lowest dose rate in a
chronic exposure of 20 days for a significant increase in DNA damage was 1 mGy/d for
zebrafish embryos at 24 or 48 hpf (Simon et al., 2011). However, some studies using
chronic exposures report DNA damage in directly irradiated embryos (570 mGy/d)
compared to controls at 96 hpf (Gagnaire et al., 2015). As reported in Paper II, increased
DNA damage levels were elevated in the G and GE line embryos one year after parental
gamma irradiation (8.7 mGy/h) with 12.1 and 8.8 % tail DNA, respectively and could
represent significant genomic instability in viable progeny, which showed no visible
developmental defects. This is substantiated by the detected changes in gene expression
associated with genomic instability as reported in Paper 111, previously discussed in Section

4.2.
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Bystander effects reflect the ability of irradiated cells to transmit stress signals,
causing measurable radiation response signals (Ca flux) and effects, such as chromosomal
breakage, sister chromatid exchange, gene mutations, apoptosis, and malignant
transformations in unexposed neighboring cells (Streffer et al., 2004). The bystander effects
reported in Paper II showed an increase in bystander effects in the G line one month after
parental exposure, while one year after parental exposure, these were increased only in the
directly exposed embryogenesis line. It appears that parental irradiation during
gametogenesis can reduce the level of the calcium flux from progeny irradiated one year
after parental exposure, compared to embryos which are exposed during embryogenesis
only. This result also supports the notion that effects in cells of irradiated embryos and
parents persist after irradiation, and that mechanisms behind the observed delayed effects
seen in ROS, LPO and DNA damage could be different to those arising following direct
irradiation. Epigenetic and non-targeted mechanisms (genomic instability, bystander effects,
adaptive response) were found to predominate after low and chronic exposures and the
results support other studies showing impacts of parental irradiation on non- and irradiated
offspring (Parisot et al., 2015).

It has previously been shown that radiation causes inflammatory effects (Candéias et
al., 2004; UNSCEAR, 2006b; Kusunoki and Hayashi, 2008) and modulates immune
response, which is associated with increased ROS formation (Hekim et al., 2015), which in
turn induces bystander effects and genomic instability (Georgakilas et al., 2015). The results
presented in Paper II agree with these reported effects and show that parental radiological
stress during gametogenesis leads to genomic instability as demonstrated by the
compromised DNA integrity as well as increased LPO and bystander effects in irradiated
and non-irradiated progeny. Elevated DNA damage was previously reported in non-
irradiated progeny assessed immediately after parental exposure in ZF embryos, as
comparable with the radiation dose (X-rays) of the parents (Lemos et al., 2017). The
persistence of DNA damage in embryos of parents irradiated during gametogenesis point to
the involvement of non-targeted mechanisms such as inflammation and bystander effects in
addition to the established direct DNA damage following irradiation. Assuming that adverse
effects in embryos are caused by the dose rate as well as the accumulated dose, it is
necessary to mention that the dose rate administered to the fish embryos during
embryogenesis is about one order of magnitude lower than the cumulative dose of the
parents exposed during gametogenesis. Consequently, in the embryogenesis exposure

groups (Papers I and II), only an immediate increase in ROS formation was observed, while
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no DNA damage and bystander effects were detected, suggesting that the total dose in these
exposures was too low. Another explanation may be that the sensitivity to radiation is
higher during gametogenesis compared to embryogenesis thereby causing more severe
effects (DNA damage).

We mention in Paper I that the relationship between the dose and survival of single
cells constituting the embryo is generally expected to be proportional to the dose.
Consequently, we speculate that oxidative stress and genomic instability are dependent on
the type of DNA damage occurring, and are not expected to occur at low dose rates, because
e.g. DNA SSBs can be repaired rapidly before another break has time to occur in order for
the DNA structure to collapse (Chadwick and Leenhouts, 2005). Consistently, no significant
increase was detected in the E line compared to controls (Paper II) and the lack of
detectable increase of DNA damage in this group may be due to the lower total exposure

dose of the embryos (0.62 Gy).

4.5 Effects in adult zebrafish after gametogenesis exposure

Separately from embryonic exposures and effects, the radiation exposure effects
were also assessed in young adult zebrafish in order to elucidate the missing links involved
in the transmission of effects from the parents to offspring. Thus, reproduction including
overall fish health and genotoxicity (DNA damage and MN) were assessed after exposure
during gametogenesis to doses mentioned in Table 3 and Section 2.2.

According to international reviews, the reproductive capacity in fish can be reduced
at 1-10 mGy/d, which corresponds to 0.04 - 0.4 mGy/h (ICRP 2012), while X-ray doses as
low as 0.3 Gy can impair gametogenesis in fish, with a 50 % reduction in germ cell
(spermatogonia) production (UNSCEAR 2008). It has previously been discovered that
differentiating spermatogonia are very sensitive to radiation and that, after exposure to a
dose of 1 Gy, both their numbers and those of their daughter cells (spermatocytes) are
severely reduced (Ash, 1980; Clifton and Brenner, 1983). High doses of radiation can result
in permanent azoospermia, possibly due to the death of all the spermatogonial stem cells
(Brauner et al, 1983; Leiper et al. 1983). In an acute exposure experiment with zebrafish,
doses of 10, 20 and 40 Gy caused a decrease of spermatogonia in the testis, but the
precursor cells regenerated to control levels in 20 days in the lower doses (Traver et al.,

2004). However, there is still a paucity of information in chronic exposure scenarios and,
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especially, lower dose rates of ionizing radiation that encompass the entire gametogenesis
cycle.

Although reproduction studies in zebrafish following low or high doses ionizing
radiation are scarce, studies in other fish species have indicated possible adverse outcomes
of exposure to either lower doses or chronic exposures. For example, in medaka (Oryzias
latipes), a reduction in egg number, egg viability, and hatchability was observed at a dose
rate of 350 mGy/day (14.5 mGy/h), following 28 days exposure (Hinton et al. 2004).
Effects on the maturation of oocytes were previously reported in adult loach (Misgurnus
anguillicaudatus) (at 10 Gy, X-rays), which is approximately two times higher than the
dose used by us (Egami and Aoki, 1966). Furthermore, lifetime fecundity was decreased in
guppies (Poecilia reticulata) exposed to dose rates of 40, 96 and 305 mGy/d (1.6, 4 and
12.7 mGy/h) for 920 days (Woodhead 1977). Reduced fecundity and fertility were also
reported after gamma irradiation of medaka eggs with an even higher dose rate of 8.7
Gy/day (362.5 mGy/h) (Hyodo-Taguchi and Etoh, 1986), while only temporary sterility was
previously reported to be induced in medaka after 5 and 10 Gy gamma irradiation
(Michibata et al, 1976). In addition, a dose of 4.7 Gy gamma radiation, which is close to the
total dose used here, has been reported to cause accelerated spermatogenesis in fish
(Kuwabhara et al., 2003), however we have no data to support these findings.

In this study, reproduction was severely impaired in adult zebrafish of the 53 mGy/h
(total 31 Gy) exposure group, and embryos of this group showed a 100 % mortality at the
gastrulation stage (8 hpf) as reported in Paper II. Even though the fish produced non-viable
embryos for several weeks, we found a complete regression of the gonads one year after
exposure (Paper IV). These results indicate that exposed individuals should be followed up
for extended periods of time in order to address potential latent or adaptive effects of
episodes of radiation exposure.

The DNA damage in erythrocytes of adult zebrafish has previously only been
reported after acute exposures to ionizing radiation (0.1-1 Gy, X-rays) (Lemos et al., 2017)
and after exposure to 20 and 250 pg U/L for 20 days (Bourrachot et al., 2014). There are no
previous data on MN formation in adult zebrafish following ionizing radiation, but the
method has been used in other fish studies to assess DNA damage in blood cells after
ionizing radiation (Russo et al., 2003, Pavlica et al., 2011; Song et al., 2012; Luzhna et al.,
2013). As reported in Paper IV, gamma radiation caused a significant increase in DNA
damage and micronuclei for both female and male zebrafish. Considering that these effects

persisted up to one year after irradiation, the approach was validated.
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4.6 Limitations and strengths of the study

The study was performed using approved test guidelines, and represents a controlled
laboratory study. However, a number of limiting factors and methodological restrictions
remained, and should be mentioned:

(a) It is challenging to extrapolate the data from this kind of controlled laboratory
exposure to gamma radiation in the fish populations in the wild, because of different doses,
but also due to keeping confounding factors under laboratory conditions at the minimum
level.

(b) The total doses used in the study for observations of the developmental effects in
embryos and reproduction in adults exceed the environmentally relevant levels, with
exception of the lowest doses used for embryonic exposures. Limited time and other
resources, as well as the laboratory settings, did not allow for testing a broader span of
higher and lower dose rates in adult fish and embryos.

(c) There was a low level of replication for the adult fish exposures. Initial exposures
used only one 9 L aquarium per treatment group (0, 5.2, and 31 Gy) and each contained 60
adult fish (30 males and 30 females). This raises the inquiry for occurrence of a potential
aquarium to aquarium based variation in adult fish and subsequently the offspring. The
width and height of the gamma radiation beam disabled the use of another setup. Efforts
were however made to minimize a potential tank to tank effect, by keeping the fish in the
same water system. Secondly, fish were randomly selected for each treatment and a setup
that satisfies the NMBU Zebrafish facility SOP (approved by AAALAC) concerning fish
density for the water volume used. Continuously throughout experiments, water quality
parameters such as pH, temperature and conductivity were recorded daily, while nitrogen
compounds (NHsz, NH4", NO,™ and NOs’) were recorded daily during the first 10 days, and
twice a week for the remainder of the experiment in each aquarium. The measurements
revealed no difference between aquaria, thus the variation was assumed to be negligible.
Detailed dosimetry ensured the least varying conditions to fish in each treatment in terms of
the radiation dose rate.

(d)  The detailed consequences of exposure on embryogenesis could have been revealed
by recording the early development in a 24-hour kinetic constant-record experiment in the

imaging multi-mode reader (Cytation 3, Biotek, U.S.), nonetheless, this was not feasible
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simultaneously with irradiation of embryos without greatly interrupting the exposure in the
dose-response study (Paper I) or for F1 embryos (Paper II).

(e) It should be mentioned that analysis of the gene expression somewhat differed
between studies. As reported in Paper I, the sequences were mapped to ZF genome (version
ZVv9, release 76), while in Paper III, the sequences were mapped to the ZF genome
(GRCz10, www.ensembl.org). Other minor differences in gene expression analysis between
studies are described in Sections 2.6.1, 2.7.1 and 2.7.2. However, it is accepted that both
analyses are mutually comparable for describing differences in effect.

6} The gene network and pathway analyses were compared to human orthologs and
literature. While this might, on one hand, be beneficial for comparison to studies in human
genes, where data is available, on the other hand, in terms of effects in fish, it might have

contributed to loss of data and gene functions.

As a strength of the study, worth mentioning is that the length of the experiments
enabled the assessment of latent radiation induced effects in both adults and embryos. The
findings provided add new information regarding the radiosensitivity of different
developmental stages of fish, but also on the heritable effects of ionizing radiation from
parents to offspring. The exposure effects range from absence of effect towards the
molecular, macroscopic and population level effect. Considering the length of the two-
generational experiment, in order to account for environmental changes over a one year
period and aging-related effects in adult fish, for analyses in embryos, age-appropriate
controls were used at each time point.

Since phenotypic effects in the progeny of irradiated parents were observed, this
would take in account potential genetic mutations occurring in the next generations (F2
onwards) and facilitate the follow up of potential transgenerational effects. Therefore,
genome wide mutagenesis screening is warranted for further studies.

The exposed and non-exposed offspring of irradiated parental fish in this study were
mated to F2 generation before euthanasia took place. DNA-methylation, histone
modifications and miRNA analyses in this generation are subject of a couple other PhD
projects at the Veterinary Faculty of the Norwegian University of Life Sciences and will
provide insight into potential transgenerational effects of ionizing radiation from exposure

of the FO germ line.
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5. Conclusions

The present PhD study used transcriptomics and oxidative stress analytical methods
to analyze the effects of gamma radiation exposure in two generations of fish and two
groups of progeny. The exposures were performed in embryos and adult fish in order to test
the hypothesis that heritable radiation effects would depend on the dose and life stage: the
first, gametogenesis exposure and offspring exposed indirectly via the parental germline;
the second, exposed directly during embryogenesis. The following conclusions are based on
objectives mentioned in Section 1.2, Aim of the study.

I. The dose-response study on effects of gamma radiation on the development of
embryos and larva including 2.5-5.5 hpf gamma exposure gene expression concluded that
continuous exposure to environmentally relevant dose rates (from 0.4 mGy/h, total dose
17.5 mGy) was able to cause biological harm when exposure is prolonged. However, as
shown in Paper I, doses below or close to a certain level (0.4 mGy/h) (i.e. below the
UNSCEAR recommended no effect dose), did not cause toxic effects such as deformities
and mortality in the exposure period of 48 hpf. However, a similar dose (0.54 mGy/h, total
1.5 mGy) caused a significant transcriptional response, where ongoing antioxidant
reparatory processes in response to radiation were indicated (R4ARa pathway), in connection
to formation of free radicals and DNA damage repair. The transcriptional responses at
higher doses were connected to disrupted development and cancers (myc, TGFb, hnf4a).
The results generally concluded that early stages of development are the most sensitive life
stages to radiation, and point to the developmental defects, which would occur later in life.

II. The study of transmissible effects of ionizing radiation via the germ cells, in
directly exposed embryos (E), embryos of exposed parents during gametogenesis (G) and
directly exposed offspring of irradiated parents (GE) concluded that effects such as DNA
damage, LPO and bystander effects are transmitted to offspring and are detectable one year
after irradiation of parents. The delayed manifestation of these effects in offspring indicated
that genomic instability and reprotoxicity are transmitted to offspring via the parental
germline. The ROS formation was transmitted to offspring one month after irradiation of
parents, but was only seen in directly exposed embryos one year after parental irradiation,
attributing the ROS formation in embryos not only to be the consequence of radiolysis, but
also to a disrupted ROS metabolism. The magnitudes of toxic effects on the embryonic
development (survival, deformities, hatching, organ development) were proportional to the

parental and embryonic radiation doses.
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III. The comparison of differences between the effects of parental (indirect)
exposure and embryo (direct) exposure on 5.5 hpf gene expression concluded that changes
in gene expression point to the observed delayed genomic instability in parentally irradiated
embryos (G). The gene expression changes in all offspring of irradiated parents, e.g. sex-
hormone regulation, DNA strand break repair (RRM?2), LPO (aldh3al) were correlated to
effects observed in the parental gonads and subcellular effects observed in offspring, and
point to transmission of parental radiological stress to progeny. The fact that results of
assessed effects were different immediately after exposure, compared to assessment longer
time after exposure, contributes to the theory that the health status of parents at a certain
time (i.e. the fitness of germ cells) might be behind observed effects in offspring.

IV. The study of adverse effects on the parents (young adults) and their reproductive
capacity and genotoxicity (DNA damage) following gamma radiation exposure during
gametogenesis concluded that reproduction is a very sensitive endpoint for radiation
exposure. Since reproduction determines the survival and future of animal populations (life-
time fitness), this endpoint proves to be an important indicator of offspring health. Although
no significant differences in reproduction were observed at the lower dose (8.7 mGy/h, total
5.2 Gy), female gonads were affected by gamma radiation in terms of a large number of
previtellogenic follicles, while a severe decline in reproductive capacity was observed at 53
mGy/h, including sterility one year after irradiation. The level of DNA damage was
increased in whole blood in all exposed males and females.

Together, the results obtained in the project shed new light on the environmental
impact of ionizing radiation and add important information on radiosensitivity for future

multi- and transgenerational studies.
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Abstract

lonizing radiation from natural sources or anthropogenic activity has the potential to cause
oxidative stress or genetic damage in living organisms, through the ionization and excitation
of molecules and the subsequent production of free radicals and reactive oxygen species
(ROS). The present work focuses on radiation-induced biological effects using the zebrafish
(Danio rerio) vertebrate model. Changes in developmental traits and gene expression in
zebrafish were assessed after continuous external gamma irradiation (0.4, 3.9, 15 and 38
mGy/h) with corresponding controls, starting at 2.5 hours post fertilization (hpf) and lasting
through embryogenesis and the early larval stage. The lowest dose rate corresponded to
recommended benchmarks at which adverse effects are not expected to occur in aquatic
ecosystems (2—10 mGy/day). The survival observed at 96 hours post fertilization (hpf) in the
38 mGy/h group was significantly lower, while other groups showed no significant difference
compared to controls. The total hatching was significantly lower from controls in the 15
mGy/h group and a delay in hatching onset in the 0.4 mGy/h group was observed. The
deformity frequency was significantly increased by prolonged exposure duration at dose
rates > 0.4 mGy/h. Molecular responses analyzed by RNA-seq at gastrulation (5.5 hpf tran-
scriptome) indicate that the radiation induced adverse effects occurred during the earliest
stages of development. A dose-response relationship was found in the numbers of differen-
tially regulated genes in exposure groups compared to controls at a total dose as low as
1.62 mGy. Ingenuity Pathway Analysis identified retinoic acid receptor activation, apoptosis,
and glutathione mediated detoxification signaling as the most affected pathways in the
lower dose rate (0.54 mGy/h), while eif2and mTOR, i.e., involved in the modulation of
angiogenesis, were most affected in higher dose rates (5.4 and 10.9 mGy/h). By comparing
gene expression data, myc was found to be the most significant upstream regulator, fol-
lowed by tp53, TNF, hnf4a, TGFb1and cebpa, while crabp2b and vegfab were identified as

PLOS ONE | https://doi.org/10.1371/journal.pone.0179259  June 19,2017

1/24



©PLOS | one

Dose-dependent effects of gamma radiation on the early zebrafish development and gene expression

Competing interests: The authors have declared
that no competing interests exist.

most frequent downstream target genes. These genes are associated with various develop-
mental processes. The present findings show that continuous gamma irradiation (> 0.54
mGy/h) during early gastrula causes gene expression changes that are linked to develop-
mental defects in zebrafish embryos.

Introduction

Living organisms are continuously exposed to ionizing radiation from naturally occurring
radionuclides (e.g., radon daughters), cosmic radiation and from various anthropogenic activi-
ties (weapon testing, nuclear fuel reprocessing, nuclear accidents). Ionizing radiation interacts
with matter by excitation and ionization of molecules, thereby producing free radicals and
subsequently reactive oxygen species (ROS) and reactive nitrogen species (RNS) which can
attack cell membranes or break chemical bonds in biological molecules, leading to oxidative
stress or DNA damage [1]. Proliferating cells are specifically sensitive to radiation [2].

It is established that humans and animals are most vulnerable to ionizing radiation during
early life stages such as gametogenesis, embryogenesis and organogenesis [3,4], due to the high
rate of cell division, proliferation and differentiation. Ionizing radiation can affect all organs
and biological systems, and can induce non-cancer effects as well as cancer [5]. Experimental
studies have documented that exposure to ionizing radiation during critical periods of devel-
opment may alter (reprogram) the differentiation signals leading to permanent toxic effects
which can manifest later in life [5,6]. Permanent (irreversible) “developmental programming”
is, among other mechanisms, attributed to epigenetic modification of gene transcription [7,8].
For aquatic organisms exposed to ionizing radiation, dose rates lower than 0.42 mGy/h (corre-
sponding to 10 mGy/d) have been proposed as benchmark levels that are not likely to produce
adverse effects at the population level [9]. Recently, a much lower predicted no effect dose rate
(PNEDR) of 0.01 mGy/h (0.24 mGy/d) has been proposed as a risk assessment screening value
below which one could be confident that exposures would not lead to adverse effects [10]. Pro-
tection criteria is based mostly on data from acute exposure experiments of adult organisms
(IAEA), and the information on effects of ionizing radiation during sensitive life stages such as
the embryonic and early larval development is scarce.

The zebrafish model offers many practical benefits, which may contribute to a better under-
standing of biological effects of radiation in both humans and non-human biota. Age-synchro-
nized and optically transparent zebrafish embryos enable the visualization of major organ
system development within all stages of the embryonic and early larval period. The available
genomic resources in zebrafish, including a fully sequenced genome, have been proven valu-
able for providing various biological insights, including into human diseases [11]. Transcrip-
tome analysis allows registration of changes in gene expression related to various biological
processes and can be used to reveal potential mechanisms of radiotoxicity. The genome of the
zebrafish is roughly half the size of the human genome and in comparison to it, shares about
70% of human gene orthologs and 82% of cancer gene orthologs [12,13].

This study aimed to assess biological effects such as survival, hatching and the occurrence
of deformities in zebrafish exposed to gamma radiation (dose rates 0.4, 3.9, 15, and 38 mGy/h)
and controls during embryogenesis and larval development (2.5 to 96 hpf). In order to
elucidate the changes in gene expression with accompanying functional network analyses,
RNA sequencing of total RNA extracted from irradiated (0.54, 5.4 and 10.9 mGy/h) pooled
embryo samples and controls was performed. The embryos were exposed during 2.5-5.5 hpf,
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corresponding to the blastula period until the onset of the gastrula stage of development
(256-cell stage until approximately 50% epiboly) [14]. This timeframe also includes the zygotic
genome activation (ZGA) and onset of cell specification takes place [15-17]. The early molecu-
lar events initiated by a very low total dose of gamma radiation at 5.5 hpf and analyzed by tran-
scriptomics were shown to be consistent with the observed developmental adversity in later
stages.

Materials and methods
Ethics statement

The research was carried out according to the Norwegian Animal Protection Act (imple-
mented EU Directive 2010/63/EU) and approved on December 12, 2013 by IACUC at Norwe-
gian School of Veterinary Science (since 2014 Norwegian University of Life Sciences, Faculty
of Veterinary Medicine and Biosciences, Oslo, Norway), under approval number FOTS ID
5793.

Zebrafish maintenance and embryo handling

Embryos from the AB wild type strain were obtained from the NMBU zebrafish facility (Nor-
wegian Zebrafish Platform) and maintained according to standard operating procedures. Zeb-
rafish were kept at 28 + 1°C on a 14-10 hour light-dark cycle at a density of 5-10 fish/L. The
system water (SW) was prepared from particle and active charcoal filtered reverse osmosis
(RO) deionized tap water, kept sterile by UV irradiation. To generate a conductivity of 500 uS/
cm, general hardness (GH) of 4-5 and pH 7.5 (adjusted with 1M HCI), 155 mg synthetic sea
salt (Instant Ocean, Blacksburg, USA), 53 mg sodium carbonate and 15 mg calcium chloride
(Sigma-Aldrich) was added per liter RO water. Adult fish were fed with Gemma Micro 300
(Skretting, Stavanger, Norway) dry feed twice a day and live artemia (Scanbur, Copenhagen,
Denmark) once a day. Health was monitored by daily inspection, sentinel fish were sent to
ZIRC for pathology every six month and water sent for microbiology analysis (NMBU Vetbio,
Oslo). Adult fish were allowed to mate for 30 min in standard 1 L breeding tanks (Aquatic
Habitats, Apopka, FL). For gamma radiation experiments, embryos were collected immedi-
ately after breeding and individually placed in 2 first rows of replicate 96 well plates (Nunc™,
Thermo-Fisher Scientific, Waltham, Massachusetts, USA) with 200 pl of egg water (temperate
autoclaved system water). A second group of embryos was placed in 2.5 ml tubes (Thermo-
Fisher Scientific, Waltham, Massachusetts, USA) (50 embryos/ tube) with 2 ml egg water.

Embryo irradiation and dosimetry

After collection, embryos were transported to the FIGARO experimental irradiation facility at
NMBU, As, Norway (**Co source, activity ~ 420 GBq). For both the toxicity endpoints and
transcriptomic analyses, external gamma irradiation of zebrafish embryos commenced at 2.5
hpf with total doses to water ranging from 1.62 mGy- 3496 mGy during a 3 hour, 43.8 hour
and 92 hour irradiation timespan (Table 1). Dose rates of 0.4, 3.9, 15 and 38 mGy/h were used
for general toxicity analyses, and 0.54, 5.4 and 10.9 mGy/h for the transcriptomic analyses
(Table 1). The experiments for both analyses were performed at separate time intervals. All
exposures included corresponding controls. For the adverse effect observations and RNA-seq,
96-well plates and 2.5 ml tubes, respectively, were positioned at different distances from the
gamma source corresponding to the dose rates to water (Dyy,eer) presented in Table 1.

Field dosimetry (air kerma rates measured with an ionization chamber) was traceable to the
Norwegian Secondary Standard Dosimetry Laboratory (Norwegian Radiation Protection
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Table 1. Exposure groups and dosimetry. Total doses from measured dose rates during different time periods of exposure. (A): 43.8 hours; (B): 92 hours

and (C): 3 hours.

Developmental traits Dose rate Dyyater (MGy/h)* 0.4 3.9 15 38
Total dose Dyater (MGY) (A) 17.5 171 657 1664
(B) 36.8 359 1380 3496
RNA-seq Dose rate Dy ater (MGy/h)* 0.54 5.4 10.9
Total dose Dyarer (NGY) l(©) 1.62 16.2 327

*Uncertainty (K = 2) for dose rate estimates is ~10% (Bjerke and Hetland, 2014).

https://doi.org/10.1371/journal.pone.0179259.t001

Authority, NRPA, Oslo, Norway) [18]. Average dose rates to water in the first and second
rows of microplate wells were estimated according to established technical guidelines [19]

and used as a proxy for dose rates to the fish embryos. Controls were placed in the same room,
outside the beam cone and shielded by lead reducing the external (background) dose rate

to < 0.35 pGy/h (Thermo Eberline FHT6020). The irradiation room was thermostatically
heated (28 + 2°C), and had a 14-10 hours light-dark cycle (250-320 Ix). To minimize variation
in temperature, 2 control groups were used for the transcriptomic analyses.

Sampling procedure and experimental analysis of general toxicity
endpoints

At approximately 48 hpf, half of the 96-well plates were removed from exposure (Table 1,
Group “A”), while the remaining embryos were irradiated until 96 hpf (Table 1, Group “B”),
n > 145/ group. To determine the general toxicity in terms of adverse effects on survival and
hatching, the embryos and larva were manually observed in a stereo microscope (3.5-45x) at
48 and 96 hpf in group “A”, and at 96 hpf in group in “B” (S1 Table). Additionally, the occur-
rence of deformities was observed at 96 hpf in both “A” and “B”. Analysis of endpoints was
performed according to observations guidelines [20]. After observations, the larva used in
this study was euthanized (prior to independent feeding at 120 hpf) using Tricaine (MS-222)
(Sigma-Aldrich) overdose followed by rapid freezing (-70°C). For RNA extraction, embryos
were sampled at 5.5 hpf (Table 1, Group “C”) in 2.5 ml tubes (n = 50/ sample).

Transcriptome analysis at 5.5 hours post fertilization

RNA sequencing was conducted to compare gene expression profiles between the controls and
the 0.54, 5.4 and 10.9 mGy/h exposed embryos. Total RNA was isolated from embryos exposed
between 2.5 hours and 5.5 hpf with TRIzol Reagent (Invitrogen) and purified with RNeasy
Mini Kit (Qiagen) according to manufactures’ instructions. Briefly, 1 ml TRIzol was added to
each sample consisting of 50 embryos and homogenized using Magnalyser Beads (Roche Diag-
nostics). Isolated RNA was DNase I (Qiagen) treated for 20 min at 25°C before further purifi-
cation. Each sample was eluted in 50 pl RNase-free water and stored at — 80°C until required.
RNA purity and yield (A260/A280 > 1.8, A260/A230 > 2, yield > 200 ng/ul) was determined
using NanoDrop-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and
quality (RIN > 8.5) was assessed with Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA) using RNA Nano LabChip Kit (Agilent Technologies). None of the samples showed
any signs of degradation or impurities. Photometric parameters and RNA integrity number
(Bioanalyzer; Agilent technologies, USA) determined the quality of RNA sequenced samples.
The RNA was sequenced (Illumina HiSeq 2000) at BGI Tech Solutions Co., Ltd., Hong Kong.
Three single-end libraries (biological replicates), in the 5.4 and 10.9 mGy/h groups and a
duplicate per 0.54 exposure group were sequenced. The bioinformatics analysis pipeline of the
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RNA sequencing data is presented in S1 Fig. Quality assessment of raw reads (49 nt long) and
adapter trimming was performed using Trim Galore! v0.3.7, a wrapper tool around Cutadapt
and FastQC to consistently apply quality and adapter trimming to FastQ files [21,22]. Only
reads with Phred score > 20 were kept. Afterwards, using TopHat v2.0.9 [23] with bowtiel,
reads were mapped to the ZF genome (version Zv9, release 76) downloaded from Ensembl
(http://www.ensembl.org/Danio_rerio/Info/Index). Options -g (maximum multihits number)
was modified from its default value to 1, - -no-coverage-search was allowed, - -library type was
set to “fr-unstranded” and -p (number of threads) was restricted to 4. As for bowtiel options,
-q (fastq files), -v (report end to end), -k 20 (report up to 20 good alignments), -m 20 (suppress
all alignments if > 20), -S (to use SAM format) were used. BAM files were uploaded into Seq-
monk [24] for visualization of aligned and mapped reads and read counting. Reads were
counted as reads exactly overlapping with exons and the resulting count table was analyzed for
gene expression under edgeR v3.4.2 Bioconductor [25]. The RNA-seq experiment was depos-
ited in SRA database (https://www.ncbi.nlm.nih.gov/) and is publically available under acces-
sion SRP096352.

Quantitative real-time PCR (qPCR) analysis

To verify the RNA-sequencing results, eight differently expressed genes were selected for
qPCR analysis, based on their common differential expression in the exposure groups. The
DNA Sequence information for each gene was retrieved from genebank (http://www.ncbi.
nlm.nih.gov/Genbank). The Primer3Plus software (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi/) was used to design primers. These primers were analyzed for
oligo duplex and primer dimers. Amplicons which are shorter than 130 bp and spanned over
different exons were selected (S1 Table). The cDNA was prepared from 1 pg of same total
RNA used for RNA sequencing analyses (n = 3). For cDNA synthesis, Superscript III reverse
transcriptase (Invitrogen, USA) and random hexamer primers were used according to product
specifications. The qPCR was performed on a LightCycler™ 96 Real-Time PCR system (Roche,
Mannheim, Germany) using LightCycler™ 480 SYBR Green I Master (Roche). Each cDNA
was analyzed in a duplicate and composed of 5 pL mastermix, 2 pL primer mix (5 uM of each
forward and reverse), and 3 uL of each 10x diluted cDNA sample in a total volume of 10 uL.
The cycling parameters were 10 min pre-incubation at 95°C, followed by 45 cycles of amplifi-
cation at 95°C for 10 sec, 60°C for 10 sec and 72°C for 8 sec, followed by a melting curve from
60°C to 95°C. The qPCR assay was performed in three biological replicates. RefFinder analysis
tool (http://fulxie.Ofees.us/) [26] was used to find the best candidate reference genes. Analyzed
reference genes were hmbs (hydroxymethylbilane synthase), b-actin (beta-actin) and rps18
(ribosomal protein S18). For all exposure groups, hmbs was found to be the most stable house-
keeping gene. The expression of each target gene transcript was normalized to hmbs and the
fold change was calculated using the AACT method.

Ingenuity pathway analysis

For predicted networks/pathways and biological function analyses of differently transcribed
genes, IPA software (http://www.ingenuity.com, Ingenuity Systems Inc., Redwood City, CA)
was used. The Core analysis and comparison sub analysis blocks were used to determine the
interaction networks of up- and down-regulated genes, upstream regulators and biological
states (diseases and bio functions) in each and across the three exposure doses. A right-tailed
Fisher’s exact test was used to determine the probability that each biological function is due
to chance alone and the association identified as statistically significant and non-random

(p < 0.05). The results in gene regulation are given as negative logarithms of the p-value
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computed by numbers of genes participating in the process, number of genes from the refer-
ence dataset mapped to the network and the size of the entire network in the Ingenuity knowl-
edge database. The upstream regulator analysis examines how many known targets of each
transcription regulator are present in the dataset, comparing their expression to what is
known from the literature. In the present study, ranking by overlap p-value (cutoff p-

value < 0.001) and filtering for genes, RNAs and proteins in order to predict the most relevant
transcriptional regulators was used. For the predicted activation state of the transcription regu-
lators, a z-score describing the quantity of activated (z-score > 0) or inhibited predictions (z-
score < 0) was calculated. However, this prediction is not available for upstream regulators
with less target genes in the datasets (i.e. in lower dose-rates), and could not be considered to
determine the most likely relevant regulators where the value of the correction for the z-score
was too high (bias > 0.25).

Statistical analyses

After establishing the database for the general toxicity observations, tabulating and checking
for errors in Excel™, data were transferred to Stata (MP/14 for Windows, StatCorp, College
Station, TX). Confidence intervals were calculated using the proportion command for each of
the outcomes survival, hatching and deformities at dose levels and the two exposure durations.
Further logistic regression reported as odds ratios (OR) was used to estimate the effect of the
treatments on hatching, survival and deformities and standard methods were used to check
model fit. If significant, multiple comparisons were conducted using Tukey’s or Dunnett’s
tests (Graphpad Prism 6, La Jolla, USA). Statistical significance was set to p < 0.05.

For analysis of gene expression, the dataset was TMM normalized first (trimmed mean of
M-values, edgeR v3.4.2 Bioconductor, Robinson, McCarthy, and Smyth 2010), followed by
data exploration using the statistical package R v3.0.2 [27]. Data was explored for descriptive
statistics such as: minimum, maximum, 1** quantile, 31 quantile, median, mean, standard
deviation, also the similarity among samples was determined by correlation analysis and hclust
(ward method) analysis to determine the distance between samples. The statistical analysis of
differentially expressed genes (DEGs) was based on pairwise comparison between treatment
and control RNA-seq samples (biological replicates) with a cut off set to + 0.40 log2 fold
change (1.3 FC). The FDR (false discovery rate) was set up to a significance of p < 0.05. Venn
diagram (Venny v2.1, Oliveros, (2007-2015)) was used to explore overlapping differential
expressed genes among radiation treatments. For gPCR, obtained mean relative gene expres-
sion values (exposed vs. control) were compared to mean relative gene expression values
for the same genes from RNA-seq and a Pearson’s correlation coefficient was calculated
(p < 0.05) for all three exposure groups (Graphpad Prism 6, La Jolla, USA).

Results
General toxicity

To determine the effects of gamma radiation on the embryonic and larval development, the
survival, hatching rate and deformities were assessed at 48 and 96 hpf. Compared to controls, a
decrease in survival was observed in all exposed groups, albeit only the 38 mGy/h group was
statistically significant, both after a 43.8-hour and 92-hour exposure (Table 2, S2 Table). The
timing of hatching was significantly affected by irradiation, as a premature onset of hatching
in the 0.4 mGy/h group (p < 0.0001) and a delayed onset of hatching in the 38 mGy/h group
(p = 0.0072), respectively, were observed (S2 Table). The total hatching was above 95% in all
exposure groups, however, with significantly lower total hatching in fish exposed to 15 mGy/h
compared to controls (Table 2, S2 Table). The deformity frequency at 96 hpf increased linearly
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Table 2. Adverse effects. Adverse effects on total hatching, survival and deformities at 96 hpf, reported as Odds Ratios with 95% confidence intervals and
related p-values compared to the base level (OR = 1). The OR describes the risk for occurrence of an adverse effect, given the two variables: dose rate and
duration of exposure to the specified dose-rates. Significance denoted with (¥*).

Odds ratio (95% Cl); p-values compared to base level

Variables Hatching Survival Deformities
Dose rate (mGy/h) Control 1.00 (-) 1.00 (-) 1.00 (-)
0.4 0.40 (0.08-2.10); 0.28 0.65 (0.41-1.04); 0.07 5.00 (1.09-23.0); 0.04*
3.9 0.39 (0.08-2.03); 0.26 0.66 (0.42-1.06); 0.09 8.44 (1.93-37.0); 0.005*
15 0.13 (0.03-0.59); 0.008* 0.75 (0.47-1.20); 0.23 13.43 (3.16-57.0); <0.001*
38 0.26 (0.05—-1.24); 0.09 0.46 (0.29-0.73); 0.001* 18.4 (4.37-77.6); <0.001*
Duration of exposure (hours) 43.8 1.00 (-) 1.00 (-) 1.00 (-)
92 0.77 (0.45-1.33); 0.35 0.99 (0.78-1.27); 0.98 1.61(1.09-2.37); 0.015*

https://doi.org/10.1371/journal.pone.0179259.t002

in response to dose for both the 43.8- and 92-hour exposure (linear regression, R* = 0.93 and
R® = 0.99, respectively) and was significantly higher than in controls (p < 0.05) in all exposure
groups, except from the 43.8-hour exposure to 0.4 mGy/h and 3.9 mGy/h (Fig 1, Table 2). The
lowest dose rate (0.4 mGy/h) caused significant increase in deformities (p = 0.049) only in the
group exposed for 92 hours (Fig 1, Table 2). The most frequently observed deformities were
retardation in development manifested as failed hatching and absence of pigmentation, irregu-
larities in formation of the head and eyes, as well as a short tail or lack of a tail (S15 Fig). In
summary, a significant dose dependent response was observed for deformities and mortality,
whereas hatching showed a non-monotonic dose-response.

Gene expression analysis

Transcriptional analysis was performed at the gastrula stage 5.5 hpf in order to identify poten-
tial changes to the transcriptional program induced by the gamma exposures. An average of 27
million reads (49 nt long) were obtained in both the treated and control groups. The mapping
statistics showed a high grade of similarity among all samples (S2 Fig, S3 Table). The expres-
sion dataset analysis for replicability and distribution by means of multidimensional scaling
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Fig 1. Deformities. Deformities observed at 96 hpf which occurred after a 43.8- and 92-hour exposure to the
specified dose rates. The exposures had separate controls. Values presented as mean percentage + 95%
confidence interval (p < 0.05).

https://doi.org/10.1371/journal.pone.0179259.g001
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Fig 2. Expressed and differentially expressed genes in each exposure. Threshold setto FC +1.3
FDR < 0.05; down-regulated genes (blue), up-regulated genes (red) and total number of expressed genes
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https://doi.org/10.1371/journal.pone.0179259.g002

plot (MDS) showed a clear difference between exposed and their respective controls (S3 Fig).
A total number of ~10000 genes was expressed in all samples, while the number of differen-
tially expressed genes (DEGs) showed a clear dose rate dependency (Fig 2 and S4 Fig and the
full list of DEGs is available in S4 Table).

In the 0.54 mGy/h exposure group, 16 genes were up-regulated (FC from 1.3 to 2.2) and
two genes down-regulated with FC from 1.3 to 1.7 (Fig 2, $4 Table). In the 5.4 mGy/h exposure
group, 129 genes were up-regulated with FCs from 1.3 to 674, while 27 were down-regulated
with FCs from 1.3 to 2 (Fig 2, $4 Table). In the 10.9 mGy/h exposure group 556 DEGs were
split between 454 up-regulated with FCs from 1.3 to 3.2 and 102 down-regulated genes with
FCs of 1.3 to 2.4 (Fig 2, S4 Table). Among the DEGs, two were found to be differentially
expressed in all three exposure groups: pfkfb3 (6-phosphofructo-2-kinase-fructose-2,6-bipho-
sphatase 3) up-regulated in 0.54, but down-regulated in the 5.4 and 10.9 mGy/h; crabp2b (cel-
lular retinoic acid binding protein 2b) which is similarly up-regulated in all exposure groups
(Fig 3A, S4 Table).

0.54 mGy/h 5.4 mGy’h 0.54 mGy’h 5.4 mGy/h 0.54 mGy/h 5.4 mGy’h
18 156

16 129 2 27

(A) (B) (©)
10.9 mGy/h 10.9 mGy/h 10.9 mGy/h

Fig 3. Venn diagram showing common and unique sets of differentially expressed genes between exposure
treatments. Total number of (A) common genes between 0.54, 5.4 and 10.9 mGy/h after pairwise comparison to controls
(FC +£1.3, FDR < 0.05); (B) Up-regulated genes; (C) Down-regulated genes.

https://doi.org/10.1371/journal.pone.0179259.g003
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In addition, five and 54 DEGs were overlapping between the 0.54/10.9 and 5.4/10.9 mGy/h
groups, respectively (Fig 3A). As for the up-regulated DEGs, four genes were overlapping
between the 0.54 and 10.9 mGy/h, while 50 genes were overlapping between the 5.4 and 10.9
mGy/h group (Fig 3B). Furthermore, down-regulated overlapping genes were found (five
genes) only between the 5.4 and 10.9 mGy/h exposure (Fig 3C). The most up-regulated com-
mon gene in the 10.9 mGy/h group, tfa (transferrin-a), was also highly up-regulated in the 5.4
mGy/h group (54 Table), although the FC values differed between the groups (S4 Fig). In addi-
tion, lipoprotein genes: apoBb (apolipoprotein Bb), apoAla and apoA1b (apolipoprotein A-Ia/
Ib), and common with the 10.9 mGy/h group, apoA-IV (apolipoprotein A-IV) were amid the
top up-regulated in the 5.4 mGy/h group. The most down-regulated common gene between
5.4 and 10.9 mGy/h was vegfab (vascular endothelial factor Ab (S4 Table). The expression lev-
els for up and down-regulated genes overlapping between the three dose rates are presented in
Fig 4.

Pathway analysis

General pathways analysis. The core analysis IPA software tool was used to find the most
significantly affected biological signaling (canonical) pathways by the DEGs in the three expo-
sure groups. A statistically significant difference between the signaling pathways in the 0.54
mGy/h exposure group compared to the 5.4 and 10.9 mGy/h was found. In the lowest dose
rate, the most affected signaling pathway was retinoic acid receptor activation (RARa), fol-
lowed by RA mediated apoptosis and glutathione mediated detoxification signaling (Fig 5).

Interestingly, compared to the signaling pathways in 0.54 mGy/h, the higher doses demon-
strated some RA pathway activity, but this was below the significance threshold (Fig 5, S11
Fig). In the two higher dose rates, the most significantly affected signaling pathways were eif2
(eukaryotic initiation factor 2) and mTOR (mechanistic target of rapamycin), which were not
affected (p-value > 0.05) in the lowest dose rate group (Fig 5, S12 and S13 Figs).

Toxicological pathways. To identify the top diseases and biological functions of altered
genes in each exposure group, the gene expression data sets were compared between all expo-
sure groups in IPA. The DEGs in the datasets were shown to be involved in gene networks
associated with various embryonic developmental processes and cell functions (Fig 6).

In the 0.54 mGy/h exposure group, gene networks associated with apoptosis and other cell
death mechanisms were active, while gene networks associated with organismal death and pro-
liferation of tumor cell lines (Fig 6) were inhibited. In contrast, in the 5.4 and 10.9 mGy/h
groups, gene networks associated with apoptosis were inhibited and gene networks related to
proliferation of tumor cell lines were active. Similarly to the lower dose rate exposure, the gene
networks related to organismal death in these groups were inhibited. Comparison of expres-
sion of apoptosis genes showed that of total 129 DEGs found in the network, 5 were found in
the 0.54 mGy/h group (all up-regulated), 40 in the 5.4 mGy/h group (34 up- and 6 down-regu-
lated) and 101 in the 10.9 mGy/h (83 up- and 18 down-regulated) (S14 Fig). The one common
and similarly expressed gene between all exposures in the apoptosis network was crabp2b,
while expression levels of 16 common genes between 5.4 and 10.9 mG/h groups differed (S14
Fig). Additionally, networks associated with cell movement, growth, cardiovascular develop-
mental processes and cancer development were significantly activated in the two higher dose
rate exposure groups; albeit more significantly in the highest dose (Fig 6).

Key regulators. A transcription factor enrichment analysis was conducted to identify
upstream regulators of transcriptional networks modulated by ionizing radiation. A total of
159, 632 and 939 transcription regulators in the 0.54, 5.4 and 10.9 mGy/h exposures were iden-
tified, respectively (S5 Table). Myc (v-myc avian myelocytomatosis viral oncogene derived
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homolog), TNF (tumor necrosis factor), tp53 (tumor protein p53) and hnf4a (hepatic nuclear
factor 4, alpha) were identified as upstream regulator genes in all exposure groups (S5 Table,
S5-58 Figs). In the two higher dose rates, TGFb1 (transforming growth factor, beta 1) and
cebpa (CCAAT/enhancer binding protein C/EBP, subunit alpha) were found to be significant
upstream regulators (S5 Table, S9 and S10 Figs).

Validation by quantitative real-time PCR (qPCR)

In order to validate the RNA sequencing results, eight differently expressed genes were selected
for quantitative real-time polymerase chain reaction (QPCR) analyses in the groups exposed to
0.54, 5.4, 10.9 mGy/h and controls. The selected genes and their respective fold changes are
presented in Table 3. The data from real-time qPCR and the RNA-sequencing showed a good
correlation (Pearson’s linear correlation coefficient r = 0.89, p < 0.0001).

Two of the selected genes are common between all three exposure groups (pfkfb3 and
crabp2b). Three are common between 0.54 and 10.9 mGy/h groups (vox, ppplrl5a and shisa2)
and between 5.4 and 10.9 mGy/h (sox2, tfa and eef2b). Only two genes were found to have an
opposite regulation at one of the dose rates; pfkfb3 in the 5.4 mGy/h group was up-regulated,
while shisa2 in the 10.9 mGy/h was down-regulated (Table 3).

Discussion

Previous studies in zebrafish reported underlying molecular mechanisms responsible for
adverse biological effects such as DNA damage [28,29], ROS, oxidative stress, apoptosis,
bystander effects [30-32] and also genetic [32-34] and epigenetic changes [8] following expo-
sure to ionizing radiation. However, most of the genetic responses were studied following
acute exposures.
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Table 3. Real time qPCR verification of RNA sequencing. Results presented as fold change (FC) for eight genes. The (n.a.*) refers to not differentially
expressed, while the fold change was not available for this gene in this group.

Gene ID FC RNA-seq FC RT qPCR

Dose rate (mGy/h) 0.54 5.4 10.9 0.54 5.4 10.9
pfkfb3 1.8 1.3 1.5 1.8 1.4 0.9
crabp2b 1.9 2.1 2.0 2.9 2.3 2.0
VOX 1.5 1 1.5 1.6 2.2 0.7
pppiri5a 1.6 0.8 1.5 1.8 1.3 0.6
shisa2 1.3 1 1.3 1.5 1.9 0.7
SOX2 n.a.* 3.3 2.2 3.0 1.6 0.8
tfa n.a.* 93.2 3.2 1.2 40.7 20.7
eef2b 1.1 1.3 1.2 0.6 1.6 1.4

https://doi.org/10.1371/journal.pone.0179259.t003

In this study, we focused on potential adverse effects on the embryonic development caused
by low dose and dose rate ionizing radiation. To this end, we investigated the developmental
and toxicological effects of continuous gamma irradiation (doses between 17.5-3496 mGy)
during early blastula (2.5 hpf; 256-cell stage), through to the hatching period (48-72 hpf) and
early larval development, i.e., life stages associated with numerous delicate morphological
changes [35].

To investigate molecular initial events associated to effects of ionizing radiation later in
development, analysis of the gastrula stage 5.5 hpf embryo transcriptome was carried out using
RNA sequencing combined with a functional gene network analysis software.

Adverse effects of radiation in developing embryos

The results from the observations of survival, deformities and total hatching at 96 hpf showed
that radiation caused a significant dose-dependent reduced survival, affected the total hatching
and increased the number of deformities. (Table 2, Fig 1). The exposure dose rates for evaluat-
ing the phenotypic effects used in the present work (0.4, 3.9, 15, and 38 mGy/h) were higher
than the ERICA screening value of 10 uGy/h (0.24 mGy/d) [10]. However, the dose-rates span
the proposed level of 0.42 mGy/h (10 mGy/day), which is considered to be a level below which
there is not likely to be any detrimental effect on aquatic populations (UNSCEAR Report,
1996) and the derived consideration reference levels (DCRL) for fish (~0.42 mGy/h- 40 mGy/
h), at which there are “likely to be some observable adverse effects occurring to individuals”
[36].

The lowest dose rate in the present work at which deformities were observed was 0.4 mGy/
h (total dose 36.8 mGy). The onset of hatching was premature in the 0.4 mGy/h exposure
group (17.5 mGy total dose, Table 1), and significantly delayed in the 38 mGy/h group (1664
mGy total) (S2 Table). The total hatching in these groups was unaffected (Table 2). Interest-
ingly, in a previous study of hatching intervals following X-ray exposure during the blastula
stage, earlier hatching was associated with low dose (25 mGy at 0.43 Gy/min), while higher
doses (250-500 mGy) delayed the onset of hatching [37]. In addition, other studies report that
both low and high doses had an accelerating effect on the hatching interval [28,32]. In the 15
mGy/h group, the total hatching was significantly decreased (Table 2). A similar result was
reported after X-rays exposure to 500 mGy [37], which is close to the total dose (657 mGy) in
the present 15 mGy/h exposure group (Table 1). The survival, although exceeding 82% in all
groups (S2 Table), was significantly lower than control in the 38 mGy/h group (Table 2) after
both 43.8 and 92 hours of exposure. Previously, mortality in zebrafish embryos was reported
only for acute exposures from 1 to 24 hpf (1-10 Gy, X-rays) [38]. Although embryo mortality

PLOS ONE | https:/doi.org/10.1371/journal.pone.0179259  June 19, 2017 13/24



©PLOS | one

Dose-dependent effects of gamma radiation on the early zebrafish development and gene expression

from the 43.8 h exposure was observed at 48 hpf, no further increase was observed at 96 hpf
(S2 Table). Collectively, these observations might indicate that the early developmental stages,
prior to the hatching interval, are more sensitive to the effects of ionizing radiation, resulting
in mortality. Other studies have reported no significant differences in embryo viability after
receiving acute ionizing radiation doses ranging from 1-10 Gy [34,39], nor following continu-
ous exposures up to 24 mGy/h (2280 mGy) [32], although the latter induced multiple deformi-
ties. Generally, the adverse effects on embryo development from the continuous exposure in
the present study showed considerable variability in response to lower and higher doses, and
in order to elucidate potential molecular mechanisms behind the observed effects, this variabil-
ity was further studied by transcriptomics.

The 5.5 hours post fertilization embryo transcriptome

The gene expression analysis was performed at the late blastula / early gastrula stage (~ 5.5
hpf), a critical stage of embryogenesis, characterized by intensive cell proliferation and specifi-
cation [17,35]. At this stage the zygotic genome is activated, while the inherited maternal tran-
script (synthesized during oogenesis and stored in the egg) is degraded [15]. Thus, changes in
transcriptome profile can be attributed to radiation effects on the transcriptional program of
the embryo’s own genome. The choice of this stage served two major aims: early toxic effects
and accompanying stress or defense mechanisms would be reflected at the transcriptional
level, and deviation of the transcriptional program at this stage could be indicative or predic-
tive to adverse outcome observed later during embryogenesis. The applied dose rates were
selected to both encompass a toxic effects dose response and to be environmentally relevant.
The RNAseq analysis was thus conducted on low total doses, which consequently should pro-
duce only low level of DNA damage. This strategy enables investigation of more subtle and
less well-described molecular effects of ionizing radiation in addition to genotoxicity. The fact
that significant transcriptional changes could be observed from a 3 hour exposure to total
doses from 1.6 to 33 mGy corroborates the validity of the approach. Moreover, the observed
responses were intelligibly connected to the adverse outcomes observed at the phenotype level.
This correlation is important with respect to the level of dose rates and total doses that would
be required to elicit changes at the molecular level.

The number of similarly and differently expressed genes, as well as overlapping DEGs,
showed a clear dose-response effect in the gamma exposed embryos with the lowest number of
modulated genes in the 0.54 mGy/h group and with an increasing number in the two highest
exposure groups (5.4 and 10.9 mGy/h) (Fig 2). A considerable variation in FC between the 5.4
and 10.9 mGy/h groups was observed (S4 Fig), but a total of 56 DEGs were common in these
exposure groups.

Two genes, pfkfb3 and crabp2b, were found to be differentially expressed in all exposures.
The pfkfb3 gene is involved in regulating the expression of cyclin-dependent kinase 1, which
promotes proliferation and survival in tumor cells [40] by protecting cancer cells against oxi-
dative stress through S-glutathionylation and glucose metabolism switch to the pentose phos-
phate pathway [41,42], and thereby counteracting ionizing radiation generated ROS. The
crabp2b gene is a one of the two zebrafish crabp2 genes orthologous known to encode retinoic
acid (RA) protein family and lipocalin/cytosolic fatty acid binding protein family. Interest-
ingly, the crabp2b was found to be similarly up-regulated (FC ~ 2) in all three irradiation treat-
ments in both the RNA-seq and the qPCR (Table 3, Fig 4). Retinoic acid is the biological active
metabolite of Vitamin A and crabp2 regulates the access of retinoic acid by binding with the
nuclear retinoic acid receptor alpha (RARa) [43] and helps modulating the RA gradient, which
is important for the development of vertebrates, including humans [43,44]. Deficient or excess
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levels of vitamin A have induced malformations in experimental animals and humans, indicat-
ing that the concentration must be kept within a narrow range [45,46]. Furthermore, crabp2b
is associated with regulation of the hindbrain anterior-posterior axis development [47], and is
expressed in structures requiring the retinoic acid during embryonic development, such as the
CNS, dorsal retina, branchial arches, epidermis, otic vesicle and pectoral fins [43]. Considering
the increased number of malformations observed in irradiated fish, it could be hypothesized
that this is in part induced by modification of the crabp2b gene.

Among the common genes modulated by 5.4 and 10.9 mGy’/h exposures, the most signifi-
cantly up-regulated gene is tfa (Fig 4). This gene is critical for iron transport and iron regulated
hormone expression [48], and is involved in the immune response to bacterial infection [49].
A decrease in concentration of the transferrin protein was found in blood plasma of radiologi-
cal accident victims compared to blood plasma from non-irradiated individuals, and reported
as a possible mutagenic factor [50]. However, a protective role of the transferrin pathway for
antioxidant repair and sequestering metals was also suggested [51]. Additionally, increased
chromosomal damage combined with increased transferrin was demonstrated in lymphocyte
cultures following exposure to 1 Gy of ionizing radiation, suggesting that transferrin is affected
by radiation [52].

The highly up-regulated apolipoprotein genes in the two higher dose rate exposure groups,
and notably the 5.4 mGy/h group (apoBb, apoAla, apoA1b and apoA-IV), could point to radia-
tion affecting mechanisms behind the lipid metabolism and transport from yolk cells to the
embryo (S4 Table) [53]. Apolipoprotein genes play a role in reducing fat intake during
embryonic development, as previously shown in zebrafish [53] and humans [54], causing
malnutrition of the embryo, which may have disrupted normal development. In addition, apo-
lipoprotein genes were reported to negatively regulate (apoB) [55], or even inhibit the angio-
genesis (apoAl), in a vegf down-regulation dependent pathway [56]. Relatedly, among the
common genes modulated by 5.4 and the 10.9 mGy/h treatments, the most significantly
down-regulated gene in both data sets is vegfab (FC 1.6-2), an isoform of the human ortholog
VEGF-A (Fig 4) [57]. At early life stages, this gene mediates differentiation of endothelial
cells and early vascular development and angiogenesis (formation of new blood vessels) [58],
including retinal angiogenesis [59]. In developed individuals, vegfstimulates the angiogenesis
[60], either in a physiological (such as tissue repair processes) or pathological states (such as
tumor growth), and vegfactivity has been shown to be stimulated through an intracellular
increase in ROS generated as a result of exposure to ionizing radiation [61]. In an experimental
study of radiation effects in mice, vegftogether with eif2 was modulated in bladder tissue [62].

Molecular pathways—Potential mechanisms of radiotoxicity

A transcription factor enrichment analysis was performed to investigate whether gamma
induced pathways or gene networks could be ascribed to master regulators. IPA analyzes of
the datasets identified upstream regulator genes, which were not necessarily significantly
affected, but may play key roles in the regulation of DEGs. The transcription factors myc, TNF,
tp53 and hnf4a were found to be in central positions of functional networks of modulated
genes in comparison between the three exposure groups (S5 Table). Additionally, TGFbI and
cebpa were identified as key regulators at the two higher dose-rates (5.4 and 10.9 mGy/h) (S5
Table).

Myc was found to be one of the top upstream regulators, in all three exposures (S5 Table, S5
Fig) and is implicated in the regulation of various processes in the cell, such as growth and pro-
liferation, migration, differentiation and cell death. Up-regulation of the oncogenes myc and
mycn is associated with poor outcomes of several cancers, such as aggressive neuroblastoma
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[63], large B cell lymphoma [64], acute myeloid leukemia (AML) [65] and nephroblastoma
(Wilms tumor) [66]. Combined Myc up-regulation with an altered retinoic acid (RA) pathway
activity worsens the prognosis of such cancers [67]. Furthermore, TNF was found to regulate
a high number of molecules in the datasets (S5 Table, S6 Fig). This cytokine was previously
shown to be strongly protective at lower ionizing radiation doses for the hematopoietic stem
cell system [68] and via selective destruction of blood vessels in T-cell tumors [69]. Interest-
ingly, the activity of tumor necrosis factor-alpha (TNF-a) in cell lines was found to be antago-
nistic to the activity of TGFb [70]. Another identified upstream regulator, tp53 (S5 Table, S7
Fig), is known to regulate apoptosis in response to DNA damage [71], but was also demon-
strated to be a critical factor for normal development and survival in zebrafish embryos after
exposure to ionizing radiation [72,73]. Tp53 was found to decrease, but also to concomitantly
regulate tumor suppressive TGFb responses through Smad2/3 DNA complexes [74]. Although
not differentially expressed in the 0.54 and 5.4 mGy/h datasets, hnf4a is found to be a tran-
scription regulator for a large number of DEGs in all exposure groups (S3 Table, S8 Fig). This
transcription regulator was found to be up-regulated in the blood of patients exposed to ioniz-
ing radiation [75], and in a human tissue model exposed to low dose gamma radiation [76].
Hnf4a regulates the gastrulation [77], the developmental period during which the morphoge-
netic cell movements, along with production of the three primary germ layers (ectoderm,
mesoderm and endoderm) and the embryonic axis (> 5.25 hpf) occur [78]. It is mainly
expressed in the digestive system and in the brain. This data propose hnf4a as a factor involved
in the induction of biological effects of radiation in humans as well as in other vertebrate
species.

An activated predicted upstream regulator in both the 5.4 and 10.9 mGy/h, but not in the
0.54 mGy/h exposure was TGFbI (S3 Table, S9 Fig). The TGFb1 cytokine regulates a variety of
functions, and is known to be a mediator of the apoptosis, redox homeostasis and bystander
effects in tissues and cells in response to radiation [69,79-81]. In addition, TGFb was found to
co-regulate angiogenesis in tumors with vegf[82]. IPA also identified cebpa as a regulator gene
among the common DEG in the two higher dose rates (5.4 and 10.9 mGy/h) (S10 Fig). In the
study of B-cell chronic lymphocytic leukemia (B-CLL) patients in the post-Chernobyl period,
similar key regulator genes, gene networks and signaling pathways were altered [83]. Cebpa is
associated with regulation of hematopoiesis, hematopoietic stem cell migration, liver develop-
ment and regulation of transcription [84]. It is predominantly found in mature myeloid cells
and is required for the differentiation of myeloid cells in order to prevent the occurrence of
myeloproliferative diseases [85]. Diseases associated with a down-regulation of cebpa include
acute myeloid leukemia with cebpa somatic mutations [86]. Moreover, other studies have
reported that ionizing radiation caused increased expression of cebpa, which was associated
with a reduction of hematopoietic stem cells and the self-renewal of multipotent hematopoietic
progenitor cells [87]. The similar regulation of these genes in mammals and zebrafish may sug-
gest that similar mechanisms might be behind the molecular changes following exposure to
radiation.

The signaling pathways affected most significantly by the 0.54 mGy/h exposure (RAR acti-
vation, RA mediated apoptosis and glutathione mediated detoxification seem to be consistent
with the described repair mechanisms occurring at low doses. This adaptive response to
low doses of ionizing radiation in biological systems is mainly characterized by antioxidant
mediated detoxification of ROS, more rapid DNA repair, apoptosis signaling and stimulated
immune response [88,89].

In the 5.4 and 10.9 mGy/h treatments, eif2 and mTOR were the most significantly up-
regulated signaling pathways. A significant role of the eif2 signaling pathway is the adaptive
response to stress by regulating the formation of translation initiation complexes, which leads
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to reduced recognition of AUG start codons and therefore total translational inhibition and
the induction of apoptosis [90]. The mTOR (mammalian target of rapamycin) signaling path-
way is centrally involved in cell metabolism, growth, proliferation and survival via regulation
of protein synthesis and mRNA stabilization [91]. Furthermore, it is activated during tumor
formation and modulation of angiogenesis, development of diabetic retinopathy [92] and in
radiation induced apoptosis [93]. A dysregulation of mTOR was reported to affect the prema-
ture aging of cells and destabilize the cytoskeletal structure after exposure to chronic ionizing
radiation, in addition to changes in the eif2 signaling pathway [94]. The eif2 signaling pathway
was in comparison to the present results found to be down-regulated in the blood of post
Chernobyl leukemia patients [83]. The predicted top diseases and biological functions (IPA),
suggest that the changes in signaling pathways and gene expression in the lower dose-rate
(0.54 mGy/h) are activating gene networks associated with apoptosis and other cell death
mechanisms in the embryos, while inhibiting proliferation of tumor cell lines (Fig 6). In

the higher dose-rate exposure groups (5.4 and 10.9 mGy/h), gene networks involved in cell
death and apoptosis were shown to be inhibited, while cell movement, cardiovascular develop-
ment and tumor development were activated (Fig 6). The predictions from the gene expression
suggest an early response of the developing embryos to continuous ionizing radiation and
would be interesting to address in follow up studies using genetic, epigenetic and mutagenesis
methods.

Conclusion

Continuous exposure to external gamma radiation at environmentally relevant dose-rates
(from 0.4 mGy/h, total dose 17.5 mGy) resulted in severe consequences for the development
and gene expression of zebrafish embryos and larva. Significant mortality compared to con-
trols was observed in the groups exposed to the highest dose rate (38 mGy’/h), while increased
number of deformities and differences in the hatching was observed in groups exposed to
lower doses > 0.4 mGy/h (Tables 1 and 2 and S2 Table). Consistent with the observed adverse
effects, the changes in gene transcription could be attributed to cell differentiation and mor-
phological development. The results suggest that active repair mechanisms mediated by anti-
oxidants could be the reason for the lack of phenotypic observable effects in the lower dose.
The higher radiation dose rates instigate, among others, genes and networks involved in cell
cycle control (tp53), translation and cell survival (eif2, mTOR), and disrupted development
and cancer (myc, TGFb1, hnf4a, cebpa), which in sum increase the risk for an adverse effect.
Thus, RNA sequencing enabled identification of molecular initiating events from a 3 hour
gamma radiation exposure to 0.54, 5.4 and 10.9 mGy/h (total dose 1.6 to 33 mGy), which are
consistent with the phenotype level adverse outcomes observed in 96 hpf stage larvae.

Supporting information

S1 Table. Real time qPCR primers.
(XLSX)

$2 Table. Survival and hatching. Survival and hatching after 43.8 and 92 hours exposure to
specified dose rates. Survival at the 43.8 hours exposure did not differ at 48 and 96 hpf. All val-
ues presented as mean percentage + 95% confidence interval (CI).

(XLSX)

S3 Table. Mapping statistics. Mapping statistics presented separately for each replicate (A)
and each exposure (B) with their respective controls. Approximately 60% of the reads were
mapped to the reference genome. Of the mapped reads, ~ 40% were mapped when allowing
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no mismatch, while ~ 15% of the reads were mapped when < 2 bp mismatches were allowed.
On the other hand, ~ 56% out of the mapped reads were found to represent unique genome
positions, with ~ 1.5% of reads mapping to multiple positions.

(XLSX)

$4 Table. Full DEGs list.
(XLSX)

S5 Table. IPA upstream regulators.
(XLSX)

S1 Fig. Bioinformatic analysis pipeline.
(TIF)

S2 Fig. RNA-seq mapping frequency of reads distribution. Differential expression threshold
is FC + 1.3. A, B, C and D show the distribution of mapped reads at 0.54, 5.4 and 10.9 mGy/h.
E and F represent the distribution of mapped reads in control groups for the lowest (0.54
mGy/h) and for higher dose rates 5.4 and 10.9 mGy/h, respectively. All libraries were mapped
to the ZF genome (Zv9).

(TIF)

S3 Fig. Multidimensional scaling (MDS) plot of RNA-seq libraries after trimmed mean of
M-values (TMM) normalization. A) Group exposed at 0.54 mGy/h and the control group for
the lowest dose. Two and three biological replicates of the exposed group and controls, respec-
tively, were included in the analysis. B) and C) Groups exposed to 5.4 and 10.9 mGy/h and
controls. Three replicates were included.

(TIF)

S4 Fig. Principal component analysis (PCA) of gene expression data. Analysis was con-
ducted by pairwise comparison of exposed and their respective controls. A) 0.54 mGy/h, B)
5.4 mGy/h and C) 10.9 mGy/h. Expression values were log2 transformed. Black and red dots
represent non-differential and differentially expressed genes respectively (FDR < 0.05) (edgeR
v3.4.2 Bioconductor).

(TIF)

S5 Fig. Myc upstream regulator (IPA). Myc target gene networks and interactions, presented
in a subcellular layout as part of the 10.9 mGy/h group.
(TIF)

S6 Fig. TNF upstream regulator (IPA). TNF target gene networks and interactions, presented
in a subcellular layout as part of the 10.9 mGy/h group.
(TIF)

S7 Fig. Tp53 upstream regulator (IPA). Tp53 target gene networks and interactions, pre-
sented in a subcellular layout as part of the 10.9 mGy/h group.
(TIF)

S8 Fig. Hnf4a upstream regulator (IPA). Hnf4a target gene networks and interactions, pre-
sented in a subcellular layout as part of the 10.9 mGy/h group.
(TIF)

S9 Fig. TGFb1 upstream regulator (IPA). TGFBI target gene networks and interactions, pre-
sented in a subcellular layout as part of the 10.9 mGy/h group.
(TIF)
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$10 Fig. Cebpa upstream regulator (IPA). Cebpa target gene networks and interactions, pre-
sented in a subcellular layout as part of the 10.9 mGy/h group.
(TIF)

S11 Fig. Gene expression in RARa pathway (IPA).
(TIF)

S12 Fig. Gene expression in eif2 pathway (IPA).
(TIF)

S13 Fig. Gene expression between in mTOR pathway (IPA).
(TIF)

S14 Fig. Gene expression in apoptosis network (IPA).
(TIF)

S15 Fig. Deformities in zebrafish larva exposed to gamma radiation. The observations were
done at 96 hours post fertilization (hpf). A. Control larva showing normal development; B-C.

Larvae exposed to 38 mGy’/h for 92 hours (Group “B”), demonstrating general developmental

defects and short-tails.

(TIF)
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S2 Table. Survival and hatching.

Survival and hatching after 43.8 and 92 hours exposure to specified dose rates. Survival at the

43.8 hours exposure did not differ at 48 and 96 hpf. All values presented as mean percentage +

95% confidence interval (CI).

Dose rate (mGy/h)

Exposure (hours) Analyzed at (hpf) point Control 02 Y P P
48  Hatching (%) £ Cl 7.8+3.82 29.8+6.55 5.7 +3.28 7 +3.43 14+19
43.8 48and 96  Survival (%) £ Cl. 92.1+1.95 88.3+235 87.8+238 87.9+223 83.4 £3.1
96 Hatching (%) + Cl. 99.0+0.74  98.4+0.92 98.9+0.75 95.8+1.38 99.3+0.69
92 % Survival (%) £ CI. 90.7 + 2.1 86.6 +2.4 87.4+242 89.9+219 82.8+269
Hatching (%) £ CI. 100 99.0 £ 0.69 98.4+0.91 96.8+1.28 97.0+1.22
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S4. Table. Full DEGs list.

File available in online version of the paper.

S5 Table. IPA upstream regulators.

File available in online version of the paper.

S1 Fig. Bioinformatic analysis pipeline.
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S2 Fig. RNA-seq mapping frequency of reads distribution. Differential expression threshold
is FC £ 1.3. A, B, C and D show the distribution of mapped reads at 0.54, 5.4 and 10.9 mGy/h. E
and F represent the distribution of mapped reads in control groups for the lowest (0.54 mGy/h)

and for higher dose rates 5.4 and 10.9 mGy/h, respectively. All libraries were mapped to the ZF

@

genome (Zv9).

A

a7n% ' '
D ‘ ‘ 2.71% '
a2.04%
- 14.71
W Total mapped reads  m Perfect match < 2 bp mismatch

M Unique match ® Multi-position match  Unmapped reads
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S7 Fig. Tp53 upstream regulator (IPA). 7p53 target gene networks and interactions, presented in a subcellular layout as part of the

10.9 mGy/h group.
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S11 Fig. Gene expression in RARa pathway (IPA).

Genes in the RAR activation network
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S12 Fig. Gene expression in eif2 pathway (IPA).
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S15 Fig. Deformities in zebrafish larva exposed to gamma radiation. The observations were
done at 96 hours post fertilization (hpf). A. Control larva showing normal development; B-C.
Larvae exposed to 38 mGy/h for 92 hours (Group “B”), demonstrating general developmental

defects and short-tails.
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ARTICLE INFO ABSTRACT

Keywords: Gamma radiation represents a potential health risk to aquatic and terrestrial biota, due to its ability to ionize
Zebrafish atoms and molecules in living tissues. The effects of exposure to ®®Co gamma radiation in zebrafish (Danio rerio)
Gar.nmzjl irradiation were studied during two sensitive life stages: gametogenesis (FO: 53 and 8.7 mGy/h for 27 days, total doses 31
g;l:at“’e stress and 5.2 Gy) and embryogenesis (9.6 mGy/h for 65 h; total dose 0.62 Gy). Progeny of FO exposed to 53 mGy/h

showed 100% mortality occurring at the gastrulation stage corresponding to 8 h post fertilization (hpf). Control
and FO fish exposed to 8.7 mGy/h were used to create four lines in the first filial generation (F1): control, G line
(irradiated during parental gametogenesis), E line (irradiated during embryogenesis) and GE line (irradiated
during parental gametogenesis and embryogenesis).

A statistically significant cumulative mortality of GE larva (9.3%) compared to controls was found at 96 hpf. E
line embryos hatched significantly earlier compared to controls, G and GE (48-72 hpf). The deformity frequency
was higher in G and GE, but not E line compared to controls at 72 hpf. One month after parental irradiation, the
formation of reactive oxygen species (ROS) was increased in the G line, but did not significantly differ from
controls one year after parental irradiation, while at the same time point it was significantly increased in the
directly exposed E and GE lines from 60 to 120 hpf. Lipid peroxidation (LPO) was significantly increased in the G
line one year after parental irradiation, while significant increase in DNA damage was detected in both the G and
GE compared to controls and E line at 72 hpf. Radiation-induced bystander effects, triggered by culture media
from tissue explants and observed as influx of Ca®>* ions through the cellular membrane of the reporter cells,
were significantly increased in 72 hpf G line progeny one month after irradiation of the parents. One year after
parental irradiation, the bystander effects were increased in the E line compared to controls, but not in progeny
of irradiated parents (G and GE lines). Overall, this study showed that irradiation of parents can result in
multigenerational oxidative stress and genomic instability in irradiated (GE) and non-irradiated (G) progeny of
irradiated parents, including increases in ROS formation, LPO, DNA damage and bystander effects. The results
therefore highlight the necessity for multi- and transgenerational studies to assess the environmental impact of
gamma radiation.

Bystander effects
Delayed effects

1. Introduction accidents or other anthropogenic sources represents a long term health
risk to aquatic and terrestrial biota (Sample, 2011; Vives i Batlle et al.,
The release of radionuclides to the environment from nuclear 2007). It is well established that exposure to gamma radiation can cause
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significant effects in fish in terms of survival, reproduction and devel-
opment (Gagnaire et al., 2015; Geiger et al., 2006; Miyachi et al.,
2003). Animal and in vitro studies suggest that the exposure of parents
to doses = 1 Gy might induce transgenerational biological effects in
several subsequent generations (Buisset-Goussen et al., 2014; Soubry
et al., 2014). Parental exposure can lead to hereditary effects in off-
spring as a result of DNA damage (Lemos et al., 2017), but also due to
epigenetic mechanisms such as changes in DNA methylation patterns
and non-coding RNA expression (Filkowski et al., 2010). From previous
studies it is known that vertebrate embryos are particularly sensitive to
ionizing radiation, due to a high rate of cell division and migration,
whereby a disruption of processes involved in organogenesis and
morphogenesis can lead to developmental defects (Jacquet, 2004;
Simon et al., 2011; Streffer, 2004). However, the sensitivity to gamma
radiation can vary on an individual level with different biological fac-
tors, such as stage of development, age, sex and overall health
(Nascimento and Bradshaw, 2016; Won et al., 2015). Genes and pro-
teins can be affected by gamma irradiation directly, through DNA da-
mage (single and double strand breaks as well as DNA oxidation), or
indirectly, via the induction of antioxidants as a response to excitation
of water molecules and free-radical formation. Animal and cellular
studies suggest that these effects are exacerbated by non-targeted ef-
fects, wherein the effects in irradiated cells can materialize either in
non-irradiated neighboring cells (bystander effects), in the progeny of
irradiated cells (genomic instability) (Streffer, 2004) or induce adaptive
responses (Maguire et al., 2007; Ryan et al., 2009). The mechanisms are
not yet fully understood, but the latest evidence links non-targeted ef-
fects to cell communication signals of a biological nature e.g. exosomes
containing long non-coding RNA or DNA fragments (O’Leary et al.,
2015; Xu et al., 2015). The underlying mechanisms behind both by-
stander effects and genomic instability have been linked to transge-
nerational effects. The concept of genomic instability describes delayed
genetic alterations observed in the progeny of cells many generations
after the initial insult caused either by direct ionizing radiation (Chang
and Little, 1992; Kadhim et al., 1992; Seymour et al., 1986), or by
bystander signals (Lorimore et al., 1998; Mothersill and Seymour,
1997).

Adult zebrafish are sexually mature at 3-5 months of age (de-
pending on external factors) with an approximate 4-weeks gameto-
genesis cycle (Raz, 2003). Zebrafish embryos and larva have previously
been shown to be sensitive to low dose gamma radiation, wherein ad-
verse developmental effects and gene expression changes (Hurem et al.,
2017) and DNA damage induction (Adam-Guillermin et al., 2012;
Jarvis and Knowles, 2003; Simon et al., 2011) were observed during
embryogenesis. A recent study reported a correlation between radia-
tion-induced DNA damage in X-ray exposed parents and DNA damage
in zebrafish progeny (Lemos et al., 2017). However, the potential her-
itability of radiation induced biological effects such as changes in ROS
levels, LPO, DNA damage and bystander effects has not been well stu-
died, and information on the relative sensitivity of different life stages,
such as gametogenesis and embryogenesis to these types of effects is
lacking.

The present study tests the hypothesis that heritable effects are
present in progeny from parents subjected to external gamma radiation
during gametogenesis. To do this we compared the effects of gamma
radiation (°°Co source) in embryos that were directly exposed during
embryogenesis (E line) with effects seen in the progeny of irradiated
parents (G line).

2. Materials and methods
2.1. Fish husbandry
Zebrafish from the AB wild type strain were obtained from the

NMBU zebrafish facility and maintained according to standard oper-
ating procedures. Adult fish (F0), aged 6 months (30 males and 30
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females per exposure group), were kept at 28 + 1°Cona 14 — 10h
light-dark cycle (250 — 320 Ix) at a density of 5 — 10 fish/L. The system
water (SW) was prepared from particle and active charcoal filtered
reverse osmosis (RO) deionized tap water kept sterile by UV irradiation.
To generate a conductivity of 500 pS/cm, general hardness (GH) of 4 —
5 and pH 7.5 (adjusted with 1 M HCI), 155 mg synthetic sea salt
(Instant Ocean, Blacksburg, USA), 53 mg sodium carbonate and 15 mg
calcium chloride (Sigma-Aldrich, Norway AS) were added per liter of
RO water. Adult fish were fed with Gemma Micro 300 (Skretting,
Stavanger, Norway) dry feed twice a day and live artemia (Scanbur,
Copenhagen, Denmark) once a day. Health monitoring was performed
by daily inspection. Sentinel fish were sent to ZIRC for pathology every
six months and water for microbiology analysis (NMBU Vetbio, Oslo).

2.2. Exposure experiment

2.2.1. Adult fish exposure, dosimetry and mating

The fish were exposed in 9L plastic aquaria (Aquatic Habitats,
Apopka, FL), with a total swimming space of 6 L. The external gamma
radiation exposure took place at the FIGARO ®°Co irradiation facility
(activity ~420 GBq) at NMBU. Adult zebrafish were exposed during a
27 day period of gametogenesis, with a total beam-on time of 591.5 h.
A control aquarium was placed behind lead shielding, and two aquaria
were placed with the front face at different distances to the source
focus, resulting in calculated average absorbed dose rates to water of
8.7 mGy/h and 53 mGy/h, respectively. The corresponding average
total absorbed doses to water were respectively 5.2 Gy and 31 Gy,
further explained in Appendix A. (Adult fish and embryo exposure and
dosimetry) and Table Al and A2. To assure invariable conditions in
exposure aquaria, the pH, temperature and conductivity were recorded
daily, while nitrogen compounds (NH3, NH4 +, NO2- and NO3-) were
recorded daily during the first 10 days, and twice a week for the re-
mainder of the experiment in each aquarium (Table A3). The adult and
embryo exposure groups are schematically depicted in Fig. 1. After an
acclimatization period of 6 days after irradiation, adult zebrafish were
allowed to mate for 30 min in standard 1 L breeding aquaria (Aquatic
Habitats, Apopka, FL). Each breeding aquarium had 3 males and 3 fe-
males and a total of 10 aquaria were used per group. The same mating
procedure was used to produce embryos for all endpoints. Twelve days
after FO exposure, embryos were produced for the analysis of the sur-
vival and development. One month after FO exposure, the early de-
velopment, length, ROS and bystander effects were analyzed in the G
line and controls. One year after irradiation of the adult fish, ROS, LPO,
DNA damage and bystander effects as well as histological examinations
were performed in all four lines.

2.2.2. Embryo exposure and dosimetry

Embryos (F1) were collected immediately after the breeding period
and individually placed in first rows of replicate 12 well microtiter
plates (Nunc™, Thermo Fisher Scientific, Pittsburgh, USA) with 3 mL of
egg water (28 °C autoclaved system water). External gamma irradiation
of the embryos from FO control and irradiated zebrafish commenced
from 2.5 to 3 and lasted until approximately 72 hpf, for a total of 65 h.
The embryos were exposed to a dose-rate of 9.6 mGy/h with a total
dose of 0.62 Gy (Table A2 and Fig. 1). Four progeny lines were created:
control, F1-G line as non-irradiated progeny of FO irradiated during
gametogenesis, F1-E line irradiated only during embryogenesis and F1-
GE line from FO irradiated during gametogenesis and F1 embryogenesis
(Fig. 1). Control plates were placed behind lead shielding, further in-
formation about embryo dosimetry can be found in Appendix A (Adult
fish and embryo exposure and dosimetry).

2.3. Survival and development analyses

The survival and hatching of embryos (n = 187 per exposure group)
were manually observed and analyzed in all groups at 48, 54, 60, 72
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and 96 hpf, according to the guidelines defined by the OECD zebrafish
embryo toxicity test (OECD/OCDE, 2013) during and after offspring
exposure and 12 days after end of parental exposure. Median hatching
time (HTs,), which represents the time necessary for half of the eggs to
hatch, was calculated for each exposure group using REGTOX', as
previously described (Gagnaire et al., 2015). One month after the ir-
radiation of parents, the early development of G line embryos and
controls (n = 24/group) was followed using combined Z-stack and 24-h
kinetic experiment and final image stitching with Cytation 3 Cell
Imaging Multi-Mode Reader and Gen 5 software (BioTek, Winooski,
Vermont US). Length was measured in non-deformed offspring of ir-
radiated parents (G line) and controls. Morphological observations and
length measurement were performed at 72 hpf and representative
embryos and larvae were photographed with a light microscope at 20 X
magnification with a Nikon Coolpix 8500 (Nikon SMZ1000) using NIS-
Elements (Amsterdam, Netherlands) software for Windows. After ana-
lysis, larvae were anesthetized and subsequently euthanized according
to standard operating procedures at 120 hpf using tricaine methane-
sulfonate (Sigma Aldrich, Oslo, Norway).

2.4. Histopathology

For histological examination, one year after irradiation of the par-
ents and immediately after embryo irradiation, the embryos were fixed
separately in 4% paraformaldehyde for 4 days, transferred and stored in
70% ethanol until use. The samples were embedded in 1% agarose mold
for adequate positioning of the embryos (Tsao-Wu et al., 1998), trans-
ferred to paraffin, where after 5-um sections were processed according
to standard procedures employed for staining with hematoxylin and
eosin (H&E). Three randomly selected embryos (72 hpf) per treatment
(E, G, GE and control) were examined using a Zeiss Axioskop micro-
scope equipped with a digital camera (Leica SFC 420).

2.5. Oxidative stress

2.5.1. ROS analysis 1 month and 1 year after parental fish irradiation
Intracellular ROS production (from 60 to 120 hpf) was determined
in viable, hatched zebrafish with no visible developmental defects one
month and one year after irradiation of the parents and immediately
after irradiation of progeny (F1) using the fluorescent probe 2’,7’-di-
chlorodihydrofluorescein diacetate (H,DCFDA, Invitrogen, Molecular

F1

Control

o
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Fig. 1. Schematic representation of gamma radiation experi-
ments. Parental generation (FO, adult fish) and progeny (F1 em-
bryos) exposure during gametogenesis (27 days) or embryogen-
esis (2.5-3 to 72 hpf) and nomenclature of the fish lines.

> 5.5 - 8 hpf 100% mortality

Probes Inc., Eugene, OR, USA). H,DCFDA is a non-polar, non-fluor-
escent probe that enters the cells freely and is hydrolysed by cellular
esterases to non-fluorescent 2,7-dichlorodihydrofluorescein (H,DCF),
which is retained in the cell. In the presence of a variety of ROS, H,DCF
is converted by oxidation to fluorescent 2,7-dichlorofluorescein (DCF),
which is localized in the cytosol (Winterbourn, 2014). A stock solution
of 20 mM H,DCFDA was made in DMSO and kept at —20 °C before use.
On the day of the analysis, the H,DCFDA stock solution was diluted in
egg water to a final working solution of 500 ug/mL. Embryos were
individually collected and incubated in a 96-well black microplate
(Corning Costar, Cambridge, MA, USA) for 1.5 h with H,DCFDA, with
20 replicate embryos per exposure group at 60 hpf. Fluorescence was
recorded after the irradiation period at 72, 96 and 120 hpf in mean
relative fluorescence units (RFU) using the Cytation 3 Cell Imaging
Multi-Mode Reader (Biotek, Winooski Vermont, USA) and analyzed
using Gen5 Microplate Reader and Imager Software (Biotek, Winooski
Vermont, USA). Natural fluorescence of irradiated egg water in com-
bination with the probes (without presence of embryos) for each dose
rate was also analyzed and the resulting fluorescence subtracted. The
relative fluorescence obtained for each exposure group was expressed
as fold induction comparative to the control.

2.5.2. Lipid peroxidation analysis 1 year after adult fish irradiation

LPO was assessed at 72 hpf zebrafish (F1) produced one year after
irradiation of parental zebrafish and immediately after irradiation of
embryos by determining malondialdehyde (MDA) and 4-hydroxyalk-
enals (4-HNE) concentrations upon decomposition by polyunsaturated
fatty acid peroxides, following the method previously described
(Erdelmeier et al., 1998). Briefly, 4 groups of 40 zebrafish embryos
were pooled, frozen in liquid nitrogen and stored at —80 °C until fur-
ther analysis. Pooled zebrafish embryos (pool wet mass 5-25 mg) were
homogenized using a Precellys 24 Lysis and Homogenization (Bertin
Technologies, Montigny-le-Bretonneux, France) in 20 mM Tris-HCl (pH
7.4) containing 0.5 M butylated hydroxytoluene (BHT) at 4 °C. The
resulting homogenate was centrifuged at 3000 g for 10 min at 4 °C and
the supernatant used for protein determination and LPO analysis. LPO
analysis was based on the reaction of two moles of N-methyl-2-phe-
nylindole (3:1 mixture of acetonitrile/methanol), a chromogenic re-
agent, with one mole of either MDA or 4-HNE under acidic conditions
(methanesulfonic acid) at 45 °C for 60 min to yield a stable chromo-
phore that has maximum absorbance at 586 nm. Malondialdehyde bis-
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(1,1,3,3-tetramethoxypropane) was used as a standard. Protein content
was determined using the method with Immunoglobulin G (IgG) as a
standard (Bradford, 1976). LPO was expressed as nmols of MDA and 4-
HNE per gram of total protein concentration.

2.5.3. DNA damage analysis 1 year after adult fish irradiation

DNA damage was assessed in viable, hatched 72 hpf F1 zebrafish
with no visible developmental defects, one year after irradiation of
parents and immediately after irradiation of the progeny, using the
alkaline comet assay. The method detects single strand breaks and al-
kali-labile DNA lesions using GelBond films (Hansen et al., 2010) for a
high throughput single cell gel electrophoresis (Gutzkow et al., 2013),
and was adapted to the conditions in the present experiment. Pools of
10 embryos (3 biological replicates) were placed in PBS buffer without
Ca®>*/Mg** (pH 7.4) and cells extracted by mechanical dissociation
using a glass grinder. After extraction, the buffer containing the cells
was filtered using a 55 pM nylon mesh and the resulting cell suspension
centrifuged at 300g for 5 min (4 °C). The pellet was gently resuspended
in PBS buffer without Ca®* /Mg®* (pH 7.4) and the final cell suspension
adjusted to 1x 10° cells/mL. Cell viability was checked by trypan blue
exclusion assay. Cells were resuspended in 1:10 0.75% low melting
point agarose at 37 °C and triplicates (3 x 4 uL) from each biological
replicate were immediately applied on a cold GelBond®film. Lysis was
performed overnight in lysis buffer at 4°C (2.5M NaCl, 0.1 M
Na,EDTA, 0.01 M Tris, 0.2 M NaOH, 0.034 M N-laurylsarcosine, 10%
DMSO, 1% Triton X-100, pH 10). For unwinding, films were immersed
in cold electrophoresis solution (0.3 M NaOH, 0.001 M NayEDTA,
pH > 13) for 40 min. Electrophoresis was carried out in cold, fresh
electrophoresis solution for 20 min at 8 °C, 25 V and 0.8 V/cm over the
platform, with circulation of the electrophoresis solution. After elec-
trophoresis, films were neutralized with a neutralization buffer (0.4 M
Tris-HCl, pH 7.5) for 2 x5 min, fixed in ethanol (> 90 min in 96%
ethanol) and dried overnight. Films were stained with SYBR®Gold
Nucleic Acid Gel Stain (Life Technologies, Paisley, UK) in TE-buffer
(1 mM Na,EDTA, 10 mM Tris-HCl, pH 8) before examination at a 20 X
magnification under an Olympus BX51lmicroscope (light source:
Olympus BH2-RFL-T3, Olympus Optical Co., Ltd.; camera: A312f-VIS,
BASLER, Ahrensburg, Germany). Fifty randomly chosen cells per re-
plicate (150 cells per biological replicate, total 450 cells per dose rate)
were scored using the Comet IV analysis software (Perceptive Instru-
ments Ltd., Bury St. Edmunds, UK). Tail intensity (% Tail DNA), defined
as the percentage of DNA migrated from the head of the comet into the
tail, was used as a measure of DNA damage induced by gamma radia-
tion because it has been shown to be the most meaningful endpoint to
assess genotoxicity (Kumaravel and Jha, 2006). Mean percentage (%) of
DNA in the tail per exposure group was calculated using the median
values of % tail DNA from the 50 comets from each technical replicate
(total of 9 median values per exposure group).

2.6. Bystander effect analysis 1 month and 1 year after adult fish
irradiation

The embryos used for the bystander effects were sampled one year
after irradiation of parents and immediately after irradiation of F1
progeny at 72 hpf. The embryos were suspended in culture medium for
24 h, with 25 replicate embryos per exposure group, after which the
medium was decanted off and filtered. The filtrate containing putative
bystander signals was sterilized using 0.2 mm acrodisc filters and stored
at 4 °C until calcium analysis. Details about the protocol used for ra-
tiometric calcium measurements in cells can be found in previous stu-
dies (Mothersill et al., 2014). Briefly, 100,000 HaCaT cells were seeded
onto Glass Bottom Dishes (MatTek Corporation) 24 h in advance using
Roswell Park Memorial Institute growth medium (RPMI 1640, Gibco,
Canada), supplemented with 10% FBS, 5mL of r-glutamine (Gibco,
Canada), 0.5 mg/mL of Hydrocortisone (Sigma-Aldrich, Canada), and
12.5 mL of 1 M HEPES buffer solution (Gibco, Canada). For calcium
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measurements, the culture medium was discarded and the cells were
washed with Hank's Balanced Salt Solution (HBSS) with calcium and
magnesium (Cat#: 14025-092, Gibco, Oakville, Canada), supplemented
with 25 mM of HEPES (Gibco, Oakville, Canada). The cells were loaded
with 200 uL of 8.4 uM of Fura-2/AM (Sigma-Aldrich, Milwaukee, USA),
for 45 min at room temperature. Cells were then washed and observed
with a 40x oil objective using an Olympus inverted fluorescent micro-
scope (Olympus Canada, Richmond Hill, Canada) and images were
captured with a CCD Cool-Snap HQ camera (Photometrics, Tucson,
Arizona). For the calcium measurements, 100 uL of conditioned
medium (from the Fish embryo) was added to the cells 60-90 s after the
start of acquisition. The ratio of calcium-bound versus calcium-free
Fura-2/AM was measured at 340 and 380 nm respectively, and that
ratio correlates with the calcium flux through the cellular membrane
(Lyng et al., 2000). Calcium concentrations were plotted as a function
of time after the addition of the conditioned medium. Data was ac-
quired from ten randomly selected cells and the area under the curve
calculated for each cell, giving a mean value per sample.

2.7. Statistical analysis

Statistical analyses were performed using XLStat2016" (Addinsoft,
Paris, France) and GraphPad Prism 6 (GraphPad Software Inc., La Jolla,
CA, USA). Results for all endpoints are presented as mean * standard
error (SEM) and compared between progeny lines. Significant differ-
ences between dose rates for all parameters were calculated using one-
way analysis of variance (ANOVA) or Kruskal-Wallis One Way Analysis
of Variance on Ranks. If significant, pairwise multiple comparison
procedures were conducted, using the Tukey test or the Dunnett's
method. Statistical significance was set at p < 0.05.

3. Results

3.1. Parental irradiation causes massive impairment of progeny
development

The early embryogenesis development of G-line embryos and con-
trols was monitored one month after exposure of the parents. The fish
exposed to 53 mGy/h during gametogenesis were fertile and produced
functional gametes and live embryos, with mortality occurring during
late epiboly. All progeny (F1) of FO exposed to 53 mGy/h during ga-
metogenesis showed 100% mortality at 7-8 hpf, and were excluded
from further analysis (Fig. 2). This FO-group also failed to produce vi-
able offspring 1.5 years after irradiation, at which time the FO fish were
sacrificed, suggesting no recovery of reproductive capacity.

The survival and hatching in E, G and GE line compared to controls
were monitored at 48, 54, 60, 72 and 96 hpf, 12 days after irradiation
of the parents (in embryos from the second spawning). At 96 hpf, a
cumulative mortality of 9.3%, 5.2% and 3.1% was found in F1-GE, G
and E, respectively, compared to 1.41% in controls (Fig. 3, Table A4).
Only the GE line had a statistically significant increase in mortality
compared to controls (p < 0.0001), and this group was significantly
different from the E line (p < 0.0001). Mortality occurred before 48 hpf
and did not further increase significantly at 96 hpf (Table A4).

The directly exposed progeny (GE and E lines) manifested a sig-
nificantly increased hatching rate (HTso of 53.5 and 53.7 hpf, respec-
tively) compared to controls at 54 hpf (p < 0.001, HTso, = 57.4 hpf)
(Fig. 4, Table A5). Additionally, significantly premature hatching in E
line was seen, with more than 90% hatched at 60 hpf (HTso =
53.7 hpf), compared to control (HTs, = 57.4 hpf) and progeny of ir-
radiated parents. The total hatching was above 84% in all exposure
groups. Although G line embryos showed significantly earlier hatching
from controls at 54 hpf (HTso = 54.3 hpf), the total hatching de-
termined at 96 hpf in this group was significantly lower compared to
controls (p = 0.046).

The highest numbers of deformities at 72 hpf were observed in
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Fig. 2. Early development (5-8 hpf) in progeny of parental fish exposed to gamma radiation (Cytation 3 Imaging). A-B: 50% epiboly to shield stage, offspring of parents exposed
to 53 mGy/h do not form a germ ring (arrows); C-D: shield stage; E-F: from shield stage to 75% epiboly, coagulation in progeny of parents exposed to 53 mGy/h dose rate.
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Fig. 3. Mortality observed at 96 hpf in progeny (F1) 12 days after exposure of parental
zebrafish during gametogenesis to 8.7 mGy/h (total 5.2 Gy) and exposure of embryos to
9.6 mGy/h (total 0.62 Gy) compared to control. G line exposed during parental game-
togenesis, GE during and E during embryogenesis.
Values are presented as mean percentage + SEM. Letters represent statistical significance
between exposure groups (p < 0.05).

ametogenesis and embryogenesi

progeny of irradiated parents, F1-GE and F1-G, 5.9% (p = 0.0074) and
5.2% (p = 0.0009), respectively (Fig. 5) that were significantly dif-
ferent from control. No significant difference in E line (1.55%) com-
pared to controls (0.9%) was found (p > 0.05).

The most frequently observed deformities were retardation in de-
velopment, manifested as failed hatching and absence of pigmentation,
as well as short tail and spinal curvature (Fig. 6). No significant dif-
ference in whole body length was present in exposed lines (E, G and GE)
compared to control.

3.2. Irradiation impairs eye development

Eye development is known to be radiosensitive to ionizing radiation
(Stewart et al., 2012), particularly during the early stages of develop-
ment (Geiger et al., 2006). Therefore the eye was selected as a marker
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Fig. 4. Hatching rate observed from 48 hpf — 96 hpf in F1 progeny 12 days after the
exposure of the parental zebrafish during gametogenesis to 8.7 mGy/h (total 5.2 Gy) and
exposure of embryos to 9.6 mGy/h (total 0.62 Gy) compared to control. G line exposed
during parental GE during and embryogenesis and E
during embryogenesis. Values are presented as mean percentage + SEM. Letters represent
statistical significance between exposure groups (p < 0.05).

of impact on the embryonic development at the organ level. Histolo-
gically, irregularities in formation of the eyes were found in higher
frequencies in all lines compared to controls. In the E-line, cells were
present in the lens (Fig. 7), while in non-irradiated progeny of irra-
diated parents, G line, a similar effect was observed in the lens and the
cellular layers of the eye were not differentiated. In GE line embryos
irradiated at both parental gametogenesis and embryogenesis, the effect
ranged from undifferentiated cells in the lens to complete destruction of
the eyes (Fig. 7).

3.3. Parental irradiation increases ROS formation in progeny

To assess the potential of gamma radiation to generate ROS in
zebrafish, the formation of ROS using a fluorescent probe was measured
in all progeny lines (Fig. 8). A significant production of ROS was ob-
served in the F1-G group 1 month after parental irradiation to 8.7 mGy/
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Fig. 5. Deformities observed at 72 hpf in F1 progeny spawned 12 days after exposure of
parental zebrafish during gametogenesis to 8.7 mGy/h (total 5.2 Gy) and exposure of
embryos to 9.6 mGy/h (total 0.62 Gy) compared to control. G line exposed during par-
ental GE during and embryogenesis and E line during
embryogenesis. Values are presented as mean percentage + SEM. Letters represent sta-
tistical significance between exposure groups (p < 0.05).

h during gametogenesis (p < 0.05); 1.5-, 2-, 1.6-fold at 75, 96 and
120 hpf respectively (Fig. 8A). This effect subsided and one year after
parental irradiation no significant ROS production compared to the
control was detected (p > 0.05, Fig. 8B). GE and E line (both exposed to
9.6 mGy/h during embryogenesis) showed a time-dependent genera-
tion of ROS (p < 0.05), more significant in the GE group (up to 5.3-fold
increase at 96 hpf) compared to the E line (up to 2.7-fold increase at
120 hpf, Fig. 8B). ROS formation at 120 hpf was seen inside the larva
(Fig. 8C).
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3.4. Parental irradiation increases lipid peroxidation in progeny

LPO was assessed to investigate whether gamma irradiation caused
oxidative damage in progeny produced one year after parental ex-
posure. A significant increase in LPO was found only in the G line (1.3-
fold, p < 0.05, Fig. 9). On the other hand, zebrafish embryos from the E
and GE lines showed a similar significant decrease in LPO in compar-
ison to the control (p < 0.05).

3.5. Parental irradiation causes genomic instability in progeny

DNA-damage was assessed in the progeny to investigate whether
parental irradiation would affect the genomic integrity. Progeny of
parents irradiated during gametogenesis groups showed higher DNA
damage levels than controls (p < 0.05, Fig. 10): The increase was more
pronounced in the G line (12.1% Tail DNA) compared to F1-GE line
(8.8% Tail DNA). In the E line, DNA damage did not significantly differ
compared to controls (p > 0.05).

3.6. Parental irradiation causes bystander effects in progeny

The ratiometric calcium assay in cells measures the calcium flux
through the cellular membrane, and is the first sign that a bystander
signal is present (Lyng et al., 2000). This triggers the induction of
downstream bystander effects such as mitochondrial membrane depo-
larization and reproductive failure in reporter cells. One month after
irradiation of the parents, a significantly higher calcium flux was in-
duced by the cultured medium in the G line, while one year after par-
ental exposure, higher calcium flux was seen in the E line compared to
control (~ 25% and 30% increase; p = 0.0019 and 0.043, respectively)
(Fig. 11A and B). Although prior parental irradiation during gameto-
genesis with 8.7 mGy/h (G and GE lines) induced a higher calcium flux
than in controls one year after irradiation, it was not found to be

Fig. 6. Examples of most frequent deformities observed in zebrafish embryos at 72 hpf spawned 12 days after exposure of parents during gametogenesis to 8.7 mGy/h and exposure of
embryos to 9.6 mGy/h. (a) F1 Control; (b-d) E-line. Pericardial edema (b), deformed tail (¢) and short tailed, edematous larva (d); (e-g) G-line. The pictures show a hatched short-tailed
larva with a spinal curvature (e), and larvae with no pigment and irregular head shape; (h-1) GE-line. The pictures show delayed hatching, lack of pigment, retardation in embryo

development and short-tailed larvae with an overall retardation in development.

569



S. Hurem et al.

A

W
o

/[

-

statistically significant (p > 0.2) (Fig. 11B).
4. Discussion

Gamma irradiation during zebrafish embryogenesis has been asso-
ciated with effects such as DNA damage (Hudson et al., 2011; Jarvis
and Knowles, 2003; Lemos et al., 2017), increased ROS, apoptosis,
bystander effects (Gagnaire et al., 2015; Koturbash et al., 2008; Pereira
et al., 2014) and also genetic (Freeman et al., 2014; Jaafar et al., 2013)
and epigenetic changes (Ilnytskyy and Kovalchuk, 2011). However,
very few studies have investigated the occurrence of adverse effects in
progeny in the case of exposure of the parents during gametogenesis.
The current study investigated the effects occurring in the progeny of
gamma irradiated parents (FO) as well as the effects arising from irra-
diation of F1 embryos from the early blastula (2.5 hpf; 256-cell stage)
corresponding the onset of cell specification (Haberle et al., 2014) and
throughout the hatching period (48-72 hpf), a timeframe known to be
associated with numerous morphological changes (Kimmel et al.,
1995). The analysis of oxidative stress parameters such as ROS forma-
tion, DNA damage, LPO and bystander effects in embryos before
hatching, identified molecular changes in progeny of irradiated parents
and irradiated progeny one month after exposure of the parental fish to
gamma radiation and one year after. But there were time dependent
differences in effects between both the gametogenesis and embry-
ogenesis exposure lines and controls. The dose rates for the parental fish
(8.7 mGy/h) and offspring irradiation (9.6 mGy/h) span the upper
range of the derived consideration reference levels (DCRL) for fish
(~0.42mGy/h - 40 mGy/h), at which there are “likely to be some
observable adverse effects occurring to individuals” (ICRP, 2012). The
doses are however an order of magnitude higher than the levels
(10 mGy/day; 0.24 mGy/h) described as not likely to have any detri-
mental effect to aquatic populations (UNSCEAR, 1996) and also three
orders of magnitude higher than the suggested ERICA screening value
of 10 uGy/h (predicted no effect dose rate, PNEDR for ecological ef-
fects) (Garnier-Laplace et al., 2010). Considering that no mortality was
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Fig. 7. Eye development in F1 progeny at 72 hpf one
year after 27 day exposure of parental zebrafish
during gametogenesis to 8.7mGy/h and im-
mediately after exposure of embryos compared to
control. A. F1 Control. Normal eye morphology with
clear lens (7) and clearly defined layers of cells: inner
plexiform layer (6); inner nuclear layer (5); outer
plexiform layer (4); outer nuclear layer (3); layer of
rods and cones (2) surrounded by the retinal pigment
epithelium (1). B. E line. Lens not clearly defined. C.
G line. Poor differentiation of the retinal layers and
lens not defined D. GE line. Undifferentiated cellular
layer of the eye, lens not defined. Scale bar = 10 pm.

-

observed in the adult fish 1.5 year after irradiation even at 53 mGy/h
(results not shown), the applied doses seem to not be life threatening for
adult individuals, but the reduction in viable offspring could be detri-
mental to sustainability at the population levels.

4.1. Development and histopathology

The results from the observations of survival, deformities and total
hatching in progeny of irradiated parents showed statistically sig-
nificant differences between the groups. Mortality and deformities were
significantly increased in progeny of irradiated parents at both
8.7 mGy/h and 53 mGy/h compared to controls. The offspring of par-
ents exposed to 53 mGy/h had 100% mortality at the gastrulation stage
and between the onset and 50% of epiboly (Fig. 2). This stage of de-
velopment plays a significant role in the embryonic morphogenesis, and
includes movement and spreading of the blastoderm cells in order to
cover the yolk and form a closure known as the blastopore and requires
a coordination of microtubules which contract with the cell movements
(Kimmel et al., 1995; Warga and Kimmel, 1990). Epiboly is hypothe-
sized to be a maternally encoded mechanism and can be impaired by
UV radiation (Strahle and Jesuthasan, 1993). Further studies are ne-
cessary to elucidate the mechanisms behind the impairment of epiboly
following parental gamma radiation.

Although embryo mortality was observed at 48 hpf, no significant
further increase was observed from 48 to 96 hpf (Fig. 3, Table A4).
These observations suggest that the early developmental stages prior to
the hatching interval may be more sensitive to the effects of ionizing
radiation. Embryonic mortality after exposure of the parents to ionizing
radiation during gametogenesis are still not available in zebrafish,
however, increased and dose-dependent postnatal embryonic mortality
and deformities after parental exposure was previously reported in
other vertebrates (Nefyodova and Nefyodov, 2000). Regarding em-
bryonic exposures, increased mortality in zebrafish embryos was re-
ported only for acute exposures from 1 to 24 hpf, with maximal sensi-
tivity after irradiation to =4 Gy before 4 hpf (X-rays) (McAleer et al.,
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Fig. 8. Intracellular formation of reactive oxygen species (ROS)
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2005) and from a chronic exposure to 38 mGy/h (1.66 Gy) (Hurem (2.28 Gy) (Gagnaire et al., 2015), although multiple deformities in-
et al.,, 2017). Other studies, however, report no increase in embryo duced by continuous exposure have been shown.

mortality after acute exposure to ionizing radiation at doses between 1 In this study, premature hatching occurred in all exposed groups
and 10 Gy (Freeman et al., 2014) or chronic exposures up to 24 mGy/h compared to controls at the start of the hatching interval (48 — 54 hpf)
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Fig. 9. Lipid peroxidation measured as malondialdehyde (MDA) and 4-hydroxyalkenals
(4-HNE) in 72 hpf F1 zebrafish one year after parental exposure to 8.7 mGy/h during
is and i diately after progeny exposure to 9.6 mGy/h during embry-

ogenesis in E, G and GE line compared to control. Letters represent statistical significance
between exposure groups (p < 0.05) 1 year after exposure of parents, n = 4 pooled
biological replicate samples of 40 embryos.
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Fig. 10. DNA damage measured by the alkaline SCGE in F1 zebrafish one year after
parental exposure to 8.7 mGy/h during gametogenesis and immediately after progeny
(F1) exposure during embryogenesis to 9.6 mGy/h in E, G and GE line compared to
control at 72 hpf. The box plot shows the median and 1st and 3rd quartile, and the
minimum and maximum values obtained. Each cross represents the average Tail DNA (%)
for each exposure group obtained from 3 biological replicate samples (10 pooled embryos
in each sample), each biological sample with 3 technical replicates. Letters represent
statistical significance between exposure groups (p < 0.05).

(Fig. 4, Table A5) and the HTso was significantly decreased in all ex-
posed lines compared to controls. The E-line embryos (0.62 Gy) showed
accelerated hatching during the entire hatching interval, and no de-
crease in the % total hatching assessed at 96 hpf. In the G and GE lines,
where the total doses (gametes and embryos) were 5.2 Gy and 5.82 Gy,
respectively, the hatching rate decreased after approaching 72 hpf, and
subsequently, the total hatching was significantly decreased in these
groups compared to controls. Interestingly, in a study of hatching in-
tervals after X-rays exposure during the blastula stage, earlier hatching
was caused by low doses (25 mGy at 0.43 Gy/min), while higher doses
(250-500 mGy) had a delaying effect on the hatching onset (Miyachi
et al., 2003). In addition, other studies suggest that both low and high
doses had an accelerating effect on the hatching interval (Gagnaire
et al., 2015; Pereira et al., 2014), which the calculated HTs, obtained in
this study agrees with, since this was hypothesized to be a consequence
of increase in global metabolism rates of the larva and earlier energy
reserve consumption. In terms of deformity occurrences, some studies
previously report that the eye diameter and head length were found to
be decreased in embryos exposed to acute gamma radiation (10 Gy)
(Freeman et al., 2014), which is approximately two times higher than
the total parental dose (5.2 Gy) in the present study (Fig. 6 and 7).
Eyes in zebrafish are normally developed at 48 hpf (Geiger et al.,
2006) and are functional within 3 days post fertilization (73-80 hpf)
(Dahm et al., 2007; Jonasova and Kozmik, 2008). The differences in the
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Fig. 11. Maximum Ca>* flux through the cellular membrane of reporter HaCaT cells after
exposure to cultured medium from F1 zebrafish (72 hpf). (A) Increase in G line one month
after exposure of parents to 8.7 mGy/h during gametogenesis (B) Increase in E line one
year after exposure of parents and immediately after exposure of progeny during em-
bryogenesis to 9.6 mGy/h. The calcium concentrations are plotted as integrated area
under the curve (AUC) for intracellular calcium after addition of the conditioned medium.
Letters represent statistical significance between groups (p < 0.05), n = 25.

development of the eyes histologically determined in both directly ir-
radiated progeny (E and GE), but also in non-irradiated progeny of ir-
radiated parents (G), suggest direct damage to the exposed cells,
however, the effects in progeny of irradiated parents are far more se-
vere. In a study of eye development after X-ray irradiation (1-8 Gy at
8 hpf), significant ROS and apoptosis increase were found in 24-48 hpf
zebrafish, while contrary to the present study, the ROS decreased to
control level at 72 hpf and the only visible defect was a smaller eye
diameter found at 144 hpf in the group exposed to 8 Gy (Zhou et al.,
2014). However, more severe defects, such as poor definition of cellular
layers of the eye, were found after exposure of embryos during the
gastrulation stage (4 hpf) to 10 and 20 Gy gamma radiation, (Geiger
et al., 2006), similar to what is found in the present study in progeny of
irradiated zebrafish (G and GE line) at 72 hpf (Fig. 7). This suggests that
not only direct embryonic irradiation with a high dose, but also irra-
diation during gametogenesis of the parents (5.2 Gy) can severely dis-
rupt the embryonic developmental program as well as eye morpho-
genesis in zebrafish. The embryos irradiated only during embryogenesis
(E line) with 0.62 Gy without prior parental irradiation revealed lack of
lens clarity, but all cell layers were defined, suggesting delayed eye
development. Overall, the adverse effects on embryonic development
after the continuous exposure of parents and subsequently their pro-
geny in the present study showed considerable difference in severity in
response to the radiation dose as well as the developmental stage
during which the exposure was carried out.

4.2. Inherited oxidative stress

We hypothesized that the observed embryonic developmental de-
fects from parental irradiation could have further implications at the
cellular and metabolic level, particularly by ROS production and con-
sequent oxidative stress effects.

The results obtained for zebrafish embryos in the present study
showed an increase in ROS formation, which depended on parental
exposure, embryonic exposure, time of assessment post parental
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irradiation and the embryo development from 60 to 120 hpf. In general,
these results demonstrate that parental irradiation caused elevated ROS
formation in progeny up to one month after parental irradiation
(Fig. 8A). The ROS levels appeared to subside one year after irradiation,
possibly suggesting that compensatory mechanisms had been induced
in the exposed parents (Fig. 8B). We suspected that the elevated ROS
might affect embryonic development at multiple levels, such as energy
metabolism (e.g. disruption of mitochondria respiration), signalling
(e.g. cell cycle, DNA repair, cell death) and ultimately cause oxidative
damage to the cells. This notion was substantiated by LPO measure-
ments that showed significant oxidative damage even one year after
irradiation. LPO is a sensitive marker of oxidative damage involved in
the toxicity process that can lead to cell death (Ayala et al., 2014). ROS
in general, and oxyl-radicals in particular, are capable of initiating or
enhancing the process of LPO, a chain reaction that results in the oxi-
dative deterioration of polyunsaturated fatty acids present in cellular
membranes. Oxidation of membrane proteins and lipids can result in
the destabilization and disintegration of the cellular membrane and
ultimately result in cell death (Halliwell and Gutteridge, 2007;
Livingstone, 2001). Surprisingly, we observed a significant increase
only in offspring of parents irradiated during gametogenesis (G line),
while it was decreased in both groups irradiated during embryogenesis
(E and GE line) compared to controls (Fig. 9). It could be speculated
whether adaptive or hormetic responses to the observed oxidative stress
in progeny after parental irradiation could lead to decreased LPO. The
dose dependent activation of the antioxidant enzymatic system in re-
sponse to gamma radiation has been shown previously in zebrafish
embryos exposed to a dose range from 0.1 to 1Gy (**’Cs gamma
source) (Hu et al., 2016). Consistently, the groups exposed during
embryogenesis demonstrated an increase in ROS in embryos produced
one year after exposure, suggesting that direct exposure during early
life stages (embryo, early larval stage) induces changes in the ROS
metabolism. The fact that LPO was increased in the G line, while it
decreased in both E and GE line compared to controls, further sub-
stantiates the notion that irradiation generates ROS both via radiolysis
and altered metabolisms, to which the exposed embryos respond by
activating antioxidant defence mechanisms. The parental exposure
caused disrupted ROS metabolism in the developing embryos leading to
oxidative damage. The results obtained in this study are in accordance
to what has been documented in cancer cells exposed to low dose rate
gamma radiation (Kargalioglu et al., 2002).

4.3. Inherited genomic instability and bystander effects

Exposure to environmental stressors such as gamma radiation can
result in cellular DNA damage, which, if unrepaired, can cause genetic
alterations and lead to the development of cancer. In addition, condi-
tions of chronic versus acute oxidative stress may contribute to the
development and/or maintenance of genomic instability (Limoli and
Giedzinski, 2003). In fact, several studies have linked the formation of
ROS and oxidative damage in the form of LPO and DNA damage to
instability in several model systems after exposure to ionizing radiation
(Limoli and Giedzinski, 2003; Snyder and Morgan, 2003).

The comet assay can detect a range of DNA lesions, including DNA
single-strand breaks, double-strand breaks, oxidized DNA as well as
DNA-protein cross-links. In the present study, increased DNA damage
levels (here mostly single-strand breaks and alkali-labile sites) were
seen in the G and GE lines one year after parental gamma irradiation
(8.7 mGy/h) during gametogenesis. This suggests induction of genomic
instability in viable progeny, originating from exposed stem cells to a
rather high total dose, which showed no visible developmental defects
(Fig. 10). No significant increase was detected in E line compared to
controls which probably can be ascribed to the significantly lower total
dose of the embryos (0.62 Gy) compared to the total dose given to
parental gametes (5.2 Gy). Another contributing factor to the differ-
ences in response may be more efficient DNA repair mechanisms in the
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embryo than in the G and GE lines, although one year after exposure the
gametes originate exclusively from stem cells believed to exhibit effi-
cient repair. Further support for induction of genomic instability was
obtained in a parallel study using embryos collected from this experi-
ment, in which gene expression analyses showed enrichment of path-
ways related to cancer, DNA response and cell death in offspring per-
sisting one month after parental irradiation (unpublished data).
Contrary to the present findings, other studies report significantly in-
creased DNA damage in zebrafish larvae after direct exposure to gamma
irradiation, such as in the E-line in the present study. Although the
analyzed life stages and duration of exposure differ from the present
study, such increase was shown in 5-6 day old zebrafish larvae, directly
exposed to low dose gamma radiation (30 mGy) (Jarvis and Knowles,
2003), and in 24 and 48 hpf embryos after irradiation to 1-1000 mGy/d
(Simon et al., 2011). Furthermore, a reduction in DNA damage in di-
rectly irradiated embryos (570 mGy/d, total 2.2 Gy) compared to con-
trols at 96 hpf was also reported (Gagnaire et al., 2015), albeit the total
dose was higher from the embryonic dose in our study (0.62 Gy).

The results of the bystander studies support the observations that
effects in the cells of irradiated embryos and parents can persist after
irradiation, and that the mechanisms behind the observed delayed ef-
fects seen in ROS, LPO and DNA damage could be different to those
arising following direct irradiation of cells. Epigenetic and non-targeted
mechanisms seem to predominate after low and chronic exposures and
the results showing impacts of parental irradiation on non- and irra-
diated offspring have been documented for daphnia as well as for
zebrafish (Parisot et al., 2015). The results also show that parental ir-
radiation during gametogenesis can increase the level of the calcium
flux in embryos, although this decreases between one month and one
year post irradiation. There is evidence from fathead minnow studies
and cell culture experiments (Mothersill et al., 2013; Shi et al., 2016)
that low dose and chronic exposures can lead to adaptive responses
which are complex and require further experimentation to determine
the precise mechanisms at play.

Ionizing radiation can also induce immunomodulatory effects,
which include production of cytokines, chemokines and growth factors
accompanied with inflammatory infiltration of macrophages and lym-
phocytes (Schaue et al., 2015). It is known that immunomodulation is
an integral part of the healing effect of radiotherapy, but it also causes
adverse proinflammatory effects (Candéias et al., 2004; UNSCEAR,
2006). Radiation may thus induce a prolonged inflammatory state,
which is connected to disease (Kusunoki and Hayashi, 2008). At the
molecular level, ionizing radiation related modulation of immune re-
sponse is associated with oxidative burst and ROS formation (Hekim
et al., 2015), which in turn induce bystander effects and genomic in-
stability (Georgakilas et al., 2015). The results presented in our study
are consistent with these reported effects. Our results show that par-
ental radiological stress during gametogenesis leads to genomic in-
stability as demonstrated by the compromised DNA integrity as well as
increased LPO and bystander effects in progeny (F1). Similar findings
have been reported previously with DNA damage levels in non-irra-
diated progeny assessed immediately after parental exposure in em-
bryos, which was comparable with the radiation dose (X-rays) of the
parents (Lemos et al., 2017). Moreover, the persistence of DNA damage
in embryos of previously irradiated parents point to the involvement of
non-targeted mechanisms such as inflammation and bystander effects in
addition to the established direct DNA damage following irradiation.

5. Conclusions

This study showed reprotoxic and developmental effects of gamma
radiation that could arise from the direct damage caused to cells (e.g.
embryo mortality, changes in hatchability, and deformities) as well as
delayed and persistent inherited effects caused by parental irradiation
and expressed as an increase in ROS formation, DNA damage, bystander
effects and LPO in offspring. The results reveal persistent DNA damage
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Appendix A
See Tables A1-A5
Adult fish and embryo exposure and dosimetry

The exposures took place at the FIGARO low-dose Co-60 irradiation facility (NMBU, As). Adult zebrafish were exposed in two 9 L aquaria for a
total beam-on time of 591.5 h. One aquarium was placed with its front face at a distance to the source focus of 132 cm near the central field axis
(with its bottom edge 72.5 cm above the floor) and the other with its front face at a distance to the source focus of 268 cm in the upper half of the
field (with its bottom edge 98 cm above the floor). A control aquarium was placed behind lead shielding where the air kerma rate was 4 nGy/h.

The exposure of embryos took place in the front four wells of 12 well microtiter plates (NuncTM, Thermo Fisher Scientific, Pittsburgh, USA) for a
total beam-on time of 65 h. The wells had a diameter of 2.2 cm and were filled with 3 mL of water to a height of about 1 cm. The stack of plates was

Table Al

Measured and calculated dose quantities for the exposure of adult zebrafish and of zebrafish embryos. The measured quantities are the air kerma rates predicted from the reference
measurements by the SSDL at the NRPA on the central field axis (Bjerke and Hetland, 2014) and air kerma rates measured with nanoDots (see e.g. Hansen and Hetland, 2017), also
converted to absorbed dose rates to water. The simulated quantities were obtained from the Geant4 simulations (Agostinelli et al., 2003, Allison et al., 2006) and the calculated quantities
from tabulated data (Aird et al., 1996). The average absorbed dose is the average absorbed dose rate multiplied with the exposure time. The relative standard uncertainty in the SSDL air
kerma rates is 6% (coverage factor k = 2). The relative standard uncertainty in nanoDot measurements is estimated to 5% (coverage factor k = 2) and the reported values are means of
repeated measurements. The simulation results are averages over n = 5 repeated runs, and the Type A statistical relative uncertainty in these results is at or below 1%.

Measurement location Air kerma rate [mGy/ Absorbed dose rate to water Absorbed dose to water
h] [mGy/h] [Gyl

Adults at 53 mGy/h
SSDL nanoDots simulated ~ Aquarium front plane on central field axis 64

Average across aquarium front plane 61

Around center of aquarium plane at depth of dose 73

maximum

Around center of aquarium plane at depth of 7.5 cm 54

Average across aquarium front plane 61

Average across aquarium plane at depth of dose 73

maximum

Average across aquarium plane at depth of 7.5 cm 55

Average across aquarium plane at largest depth for 20 27

cm swimming configuration

Whole aquarium average for 20 cm swimming 47

configuration

Whole aquarium average for 15 cm swimming 54

configuration

Whole aquarium average weighted by time spent at each 53 31

swimming configuration
Adults at 8.7 mGy/h

SSDL simulated Aquarium front plane on central field axis 15.5
Average across aquarium plane at depth of dose 12
maximum
Average across aquarium plane at depth of 7.5 cm 9.4
Average across aquarium plane at largest depth for 20 4.3
cm swimming configuration
Whole aquarium average for 20 cm swimming 7.9
configuration
Whole aquarium average for 15 cm swimming 8.9
configuration
Whole aquarium average weighted by time spent at each 8.7 5.2

swimming configuration
Embryos at 9.6 mGy/h

SSDL nanoDots calculated Microtiter plate front plane on central field axis 9.7
Microtiter plates front plane 8.8
Microtiter plates well average 9.6 0.62
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Dose rates and total doses used in the gamma radiation exposures with zebrafish embryos (including previous irradiation of parents).

Group Parental exposure (during gametogenesis) Offspring exposure (during embryogenesis)
Exposure time Average absorbed Exposure time Average absorbed
[h] Dose rate [mGy/h] Dose [Gy] [h] Dose rate [mGy/h] Dose [Gy]

F1 Control - - - - - -

F1-E - - - 65 9.6 0.62

F1-G 591.5 h 8.7 5.2 - - -

F1-GE 591.5h 8.7 5.2 65 9.6 0.62

Table A3
Water quality parameter values in each zebrafish aquarium during exposure of adult fish to gamma radiation for 27 days.

Water quality parameter Aquarium exposure (mGy/h) Mean + SD MIN 1st quartile Median 3rd quartile MAX

Temperature (°C) Control 28.09 + 0.49 26.7 27.85 28.2 28.4 28.8
8.7 28.11 + 0.49 26.7 27.9 28.2 28.33 28.9
53 28.10 + 0.48 26.7 27.88 28.2 28.33 28.8

pH Control 7.59 + 0.08 7.45 7.53 7.58 7.67 7.79
8.7 7.61 = 0.09 7.47 7.54 7.6 7.67 7.79
53 7.61 + 0.08 7.47 7.55 7.6 7.65 7.79

Conductivity ps/cm Control 468.21 + 31.86 412 443.5 463.5 487.5 556
8.7 467.44 + 32,03 412 442 463 488.5 555
53 468.18 + 32.01 412 442.75 462 488.5 554

Ammonia NH3, NH;+ (mg/1) Control 0.13 = 0.26 0 0.13 0.25 0.25 0.88
8.7 0.13 £ 0.26 0 0.13 0.25 0.25 0.88
53 0.13 £ 0.26 0 0.13 0.25 0.25 0.88

Nitrite NO,- (mg/1) Control 0.30 + 0.08 0.15 0.15 0.3 0.3 0.3
8.7 0.30 + 0.08 0.15 0.15 0.3 0.3 0.3
53 0.30 = 0.08 0.15 0.15 0.3 0.3 0.3

Nitrate NO3- (mg/1) Control 16.25 = 3.86 6.25 6.25 12.5 12.5 18.75
8.7 16.25 = 3.86 6.25 6.25 12.5 12.5 18.75
53 16.25 + 3.86 6.25 6.25 12.5 12.5 18.75

Table A4

Mortality rate in zebrafish lines from 48 to 96 hpf after exposure to gamma radiation during parental gametogenesis

nomenclature). Data presented as mean *+ SEM. Significance in comparison to control denoted with (*).

or during embryogenesis from 2.5 to 3 hpf to 72 hpf (see

Group Hours post fertilization (hpf)
48 54 60 72 96
F1 Control 1.4 +£0.6 1.4 +£0.6 1.4 +0.6 1.4 +0.6 1.4+0.6
F1-E 31%x1.2 31%x1.2 31+12 3.1+12 3.1x13
F1-G 45+ 1.5 45+ 1.5 45+ 1.5 45+ 1.5 52+17
F1-GE 7.3 £0.7* 7.3 £0.7* 7.3 £0.7* 7.3 £0.7* 9.3 £ 1.7*
Table A5

Hatching rate and median hatching time (95% confidence intervals of HTs) in zebrafish lines from 48 to 96 hpf after exposure to gamma radiation during parental gametogenesis or
during embryogenesis from 2.5 to 3 hpf to 72 hpf (see nomenclature). Data presented as mean + SEM. Significance in comparison to control denoted with (*).

Group Hours post fertilization

48 54 60 72 96 HTso
F1 Control 4 +0.96 63.4 = 2.4 922+ 1.3 922+ 1.3 57.4 (57.2 to 57.5)
F1-E 26+1.2 92.5 + 1.9% 96.9 = 1.3 96.9 + 1.3 53.7 (53.6 to 53.9)*
F1-G 52+13 69.4 + 2.8 84 + 2.2% 84 £ 2.2% 54.6 (54.2 to 55.0)*
F1-GE 21+09 49.5 + 3.1* 70.6 = 2.8% 85.5 = 2.2* 85.5 + 2.2* 53.5 (52.6 to 54.5)*
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placed with its front row of wells at a distance to the source focus of 338 cm. Control plates were behind lead shielding where the air kerma rate was
4 uGy/h.

Reference measurements by the Secondary Standard Dosimetry Laboratory (SSDL) at the Norwegian Radiation Protection Authority (NRPA)
predict air kerma rates on the central field axis at FIGARO with a relative standard uncertainty of 8% (coverage factor k = 2) (Bjerke and Hetland,
2014). Because the gamma fluence is lower higher in the field, the aquarium and microtiter plates placed farthest from the source and highest in the
field received a lower dose than that predicted on the central field axis.

Measurements on the actual setups during exposures were made with optically stimulated luminescence dosimeters, so-called nanoDots
(Landauer, Inc., Greenwood, IL) (see e.g. Hansen and Hetland, 2017). In addition, a newly developed Geant4 model of FIGARO was used to simulate
average absorbed dose rates and doses to water in the aquaria (Table A1), based on their geometry, composition and locations in the field, and on the
measured data (used for normalization at one dose level). Geant4 is a C+ + code suit for Monte Carlo simulations of the passage of particles through
matter (Agostinelli et al., 2003; Allison et al., 2006). The Geant4 model of FIGARO will be published elsewhere.

The exposures of adults took place with two different configurations of the swimming area in the aquaria. For the first week (for 123.2 h)
zebrafish could swim to a depth of 20 cm while for the remaining weeks (for 468.3 h) the swimming area was limited to a depth of 15 cm (for
practical concerns relating to fish husbandry). Average absorbed dose rates to water for the full exposure period were obtained by weighting the dose
rates for the original and modified swimming configurations with the time spent at each configuration.

For the well plates, conversion of air kerma rates to absorbed doses to air, the ratio of the mass energy-absorption coefficients of water to air
(Hubbell and Seltzer, 2004) plus tabulated peak scatter factors and depth dose curves (Aird et al., 1996) were used to estimate absorbed doses to
water from the measured air kerma rates. The tabulated percentage depth dose data (for a 0 cm X 0 cm field because of the small amount of material
in the beam) was calculated via conversion formula (Hubbell and Seltzer, 2004) to the actual source to surface distances in the setup. The mean of
the percentage depth dose at the depth of dose maximum (0.5 cm, defined to 100%) and at a depth of 2 cm was used to estimate the average
absorbed dose to water in the wells. Briefly, the ratio of the mass-energy absorption coefficients of water to air was 1.112 (tabulated for 1.25 MeV
photons) and the peak scatter factor was set to 1.000 (again because of the small amount of material in the beam and its presence anyways during the
air kerma measurements). The calculated percentage depth dose at a depth of 2 cm was respectively 94.5% (at 169 cm to the source focus) and
94.9% (at 338 cm to the source focus).

The resulting estimated average absorbed dose rates to water in the aquaria were 53 mGy/h and 8.7 mGy/h. The corresponding total absorbed
doses were respectively 31 Gy and 5.2 Gy. For the well plates, the estimated average absorbed dose rate to water was 9.6 mGy/h. The total absorbed
dose was 0.62 Gy. The absorbed dose rates and doses to fish swimming freely in the aquaria or to embryos in the well plates are estimated by the
absorbed dose rates and doses to water.
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Abstract

In zebrafish, parental exposure to ionizing radiation has been associated with effects in offspring,
such as increased hatching rates, deformities, increased DNA damage and reactive oxygen
species. Here, we assessed short (one month) and long term effects (one year) on gene
expression in embryonic offspring (5.5 hours post fertilization) from zebrafish exposed during
gametogenesis to gamma radiation (8.7 or 53 mGy/h for 27 days, total dose 5.2 or 31 Gy) using
mRNA sequencing. One month after exposure, a global change in gene expression was observed
in offspring from the 53 mGy/h group, followed by embryonic death at late gastrula, whereas
offspring from the 8.7 mGy/h group was unaffected. Interestingly, one year after exposure newly
derived embryos from the 8.7 mGy/h group exhibited 2455 (61.8% down-regulated)
differentially expressed genes. Overlaps in differentially expressed genes and enriched biological
pathways were evident between the 53 mGy/h group one month and 8.7 mGy/h one year after
exposure, but were oppositely regulated. Pathways could be linked to effects in adults and
offspring, such as DNA damage (via ATM signaling), lipid peroxidation (via aldh3al) and
reproduction (via Gnrh signaling). Comparison with gene expression analysis in directly exposed
embryos indicate transferrin a and cytochrome P450 2x6 as possible sensitive biomarkers for
radiation response in zebrafish. Our results indicate latent effects following ionizing radiation
exposure from the lower dose in parents that can be transmitted to offspring and warrants
monitoring effects over subsequent generations.

Key words: Tonizing radiation, nRNA sequencing, gene expression, zebrafish, radioecology

Introduction

Gamma radiation, either anthropogenic or naturally occurring, can affect the genetic
material directly, by induction of DNA single and double strand breaks and indirectly, via
excitation of water molecules and formation of free radicals (Han and Yu, 2012). Exposure to
gamma radiation is associated with a wide range of effects, such as genomic instability and
tumor formation, as observed in animal models and human cohort studies (Unscear, 2010).
Furthermore, studies in animal models provide evidence of effects in subsequent unexposed
generations, due to affected germ cells exposed to radiation during gametogenesis (Buisset-

Goussen et al., 2014; Soubry et al., 2014).



Recent studies show that zebrafish is a sensitive model in studying effects of ionizing
radiation during embryogenesis (Choi and Yu, 2015). More specifically, embryos appear to be
sensitive to effects of ionizing radiation at the transcriptional level, which may affect a diverse
range of phenotypic outcomes, such as mortality rate, hatching time, embryo length, and
malformation rate (Freeman et al., 2014b; Hurem et al., 2017b; Jaafar et al., 2013). However, the
effects on gene expression and phenotypic traits in progeny following parental irradiation during
gametogenesis are not well studied.

In a previous study we observed, a 100 % mortality in progeny around 8 hours post
fertilization (hpf; 80 % epiboly, late gastrula), after irradiation of parental fish during
gametogenesis to 53 mGy/h for 27 days (Hurem et al., 2017a). In the progeny of parents exposed
to 8.7 mGy/h reactive oxygen species (ROS) were found to be increased in 72 hpf larvae one
month after parental irradiation, but decreased one year after parental irradiation, while lipid
peroxidation (LPO) and DNA damage were found to be significantly increased in embryos one
year after parental exposure compared to controls (Hurem et al., 2017a). Similarly, a significant
increase in DNA damage was reported in offspring of adult zebrafish exposed to 1 Gy of X-rays
(Lemos et al., 2017). These results clearly indicate that biological effects of parental exposure to
ionizing radiation may be transferred to their progeny.

In order to investigate the effects on the transcriptome, we produced embryos from
exposed zebrafish one month and one year after exposure and performed mRNA sequencing. We
sampled early gastrula stage embryos (5.5 hpf), a developmental stage where the zygotic genome
has been activated, and most of the maternal mRNAs are degraded (Aanes et al., 2011; Haberle
et al., 2014). Hence, this stage allows to measure expressed genes in a still relatively
undifferentiated homogeneous cell population (Kimmel et al., 1995).

Here, we show a temporal progressive effect of gamma radiation on gene expression in
progeny from exposed parents to 8.7 mGy/h for 27 days. At this dose only a few genes were
differentially expressed one month after parental exposure, whereas many affected genes were
observed one year after exposure. The global change in gene expression in offspring of fish
exposed to 53 mGy/h indicates a global disruption in transcriptional processes, resulting in

embryonic death.

Material and methods



Zebrafish husbandry and exposures

This study was approved by the institutional animal ethics committee (IACUC) and the
Norwegian food inspection authority (NFIA), under permit number 5793. Zebrafish of the AB
wild type strain were obtained from the Norwegian university of Life Sciences (NMBU)
zebrafish facility and maintained according to standard operating procedures (Hurem et al.,
2017a). The NMBU zebrafish facility is licensed by the NFIA and accredited by the association
for assessment and accreditation of laboratory animal care (AAALAC, license number:
2014/225976). The exposures of fish, including mating and embryo production were done as
described previously (Hurem et al., 2017a). In short, adult zebrafish (6 months of age) were
exposed for 27 days to a “Co source at 8.7 and 53 mGy/h (Figure 1). Control fish were kept
separately under similar environmental conditions. After exposures, fish were mated by family
inbreeds per exposure. F1 embryos were pooled per exposure group, and were incubated in

autoclaved system water (28 + 2°C).

Time after exposure: 1 month (0 yr) 1 year (1 yr)
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53 mGy/h
Control

l l

Control Control
8.7 mGy/h 8.7 mGy/h
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Figure 1: Experimental set-up. Zebrafish were exposed as indicated. Embryos were generated

one month (0 yr) and one year after exposure (1 yr) for transcriptomics analysis.

Embryo sampling
F1 embryos were sampled in pools of 100 embryos (3 replicates per exposure), in 12 well

plates in 3 mL temperature controlled autoclaved system water (28 + 2°C), one month (0 yr) and
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one year (1 yr) after exposure. This resulted in 5 groups; control 0 yr, 8.7 and 53 mGy/h 0 yr,
control 1 yr and 8.7 mGy/h 1 yr (Figure 1). The 53 mGy/h 1 yr could not be generated due to
sterility of parental fish. Unfertilized and poor quality eggs were excluded from analysis. At 50
% epiboly stage, embryos were transferred in 1.5 mL tubes (Thermo Fisher Scientific, Waltham,

MA) and snap frozen in liquid nitrogen. Samples were stored at -80 °C until further analysis.

RNA purification

Total RNA was isolated with TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA)
according to manufactures’ instructions. Briefly, 1 mL TRIzol was added to each sample
consisting of 100 embryos and homogenized using Magnalyser Beads (Roche Diagnostics,
Germany). Each sample was eluted in 40 pL RNase-free water and stored at —80 °C until further
analysis. RNA purity and yield was determined using NanoDrop-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE) and RNA integrity number (RIN) was assessed with
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) using RNA Nano LabChip
Kit (Agilent Technologies, Santa Clara, CA), which were all of sufficient quality for sequencing
(RIN > 9.0). One sample (control 0 yr) got lost during the RNA extraction and we proceeded

with duplicate samples of the controls of 0 yr.

mRNA sequencing

Sequencing was outsourced to Novogene (Hong Kong, China). Per sample, a total of 1.5
pg total RNA was used for library preparation. Non-directional libraries were generated using
the NEBNExt Ultra mRNA kit (New England Biolabs, Ipswich, MA) according to the
manufacturers’ recommendations. Total RNA was quality checked for integrity with the Agilent
2100 bioanalyzer (Agilent Technologies, Santa Clara, CA) and agarose gel electrophoresis.
Concentration was determined with Qubit analysis (Thermo Fisher Scientific, Waltham, MA).
After the QC procedures, mRNA was enriched using oligo(dT) beads, followed by fragmentation
and first strand cDNA synthesis using random hexamers and M-MuLV reverse transcriptase.
After first-strand synthesis, a second-strand synthesis buffer (Illumina, San Diego, CA) with
dNTPs, RNase H and Escherichia coli polymerase I was added to generate the second strand.
Subsequently, a cDNA library was generated after a round of purification, terminal repair, A-

tailing, ligation of sequencing adapters, size selection and PCR enrichment. PCR products were



purified with the AMPure XP system (Beckman, US) and library quality was checked on the
Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA). Libraries were
analyzed using Hiseq 4000 (Illumina, San Diego, CA), using 150 bp paired-end reads, with a
depth of 20 million reads per sample.

Bioinformatics

Raw fastq files were adapter trimmed using trim_galore (v0.4.2, Babraham institute, UK)
under standard parameters, with extra base clipping of 1 base at the 3’ side of both reads and 12
bases at the 5” side of both reads. This was done since initial FastQC (v0.11.5, Babraham
institute, UK) analysis revealed high K-mer content at the 5’ side of the sequencing due to
adapter contamination. Since we also wanted to assess global insertions and deletions, the
sequence quality needed to be as high as possible. We used the STAR aligner (v2.5.2b) (Dobin et
al., 2013) to align and map sequences to the zebrafish genome (GRCz10, www.ensembl.org)
with a recent release of the zebrafish transcriptome GTF (v85, www.ensembl.org). Since we
were looking at progeny of fish exposed to gamma radiation, we included the chimeric reads
option in STAR, in order to assess the amount of chimeric genes possibly generated by DNA
damage. After alignment, the generated SAM files were loaded into the SeqMonk sequence
analysis tool (v1.35, Babraham institute, UK) and mRNAs were quantified using the built-in
mRNA seq pipeline. Library quality was assessed by the RNA-seq QC plot and cumulative
distribution plots within SeqMonk. We used a filter to only analyze mRNAs that had at least 30
reads in either of the replicate samples, in order to assure that for statistical analysis only
mRNAs were included with enough reads. Differential expression was analyzed with the built-in
Deseq2 filter in Seqmonk, using R (v3.3.1), on raw read counts. With this analysis mRNA
isoforms were merged, since Deseq2 cannot assess differential expressed transcript isoforms.
Deseq2 uses the negative binomial distribution to assess differential gene expression, with
Benjamini Hochberg false discovery rate multiple comparisons adjustments (FDR) (Love et al.,
2014). Following Deseq2 analysis, data was normalized by reads per million (RPM) in order to
calculate fold change (FC) per gene averaging all replicates. Significant genes were reported as <

0.05 FDR with an absolute FC > 1.5.

Pathway analysis



Differentially expressed gene lists were imported into Ingenuity Pathway Analysis (IPA)
(version 430520M, Qiagen) and used with the ingenuity knowledge base as background. Around
60% of the genes were annotated as having a human orthologue by IPA, using homologene as
the reference database, and this gene list was used for pathway analysis. If a gene was mapped
twice (e.g. paralogues), the highest differential expression value is used for downstream analysis
(default settings of IPA). Since IPA uses human orthologues for pathway analysis, we used the
IPA nomenclature inside the context of pathways (e.g. HNF4A) and use official zebrafish gene
nomenclature when referred to outside IPA context (e.g. hnf4a). IPA calculates over
representation of genes and gene lists involved in known pathways, upstream regulators and
diseases using Fisher’s exact tests. Furthermore, it uses the direction of the differentially
expressed genes to predict activation or inhibition of pathways and upstream regulators, by

means of Z-scores. P values smaller than 0.01 were considered significant.

qPCR validation

Total RNA (similar batch from the sequencing analysis) (I pg) was reverse transcribed
using the high capacity cDNA kit (Thermo Fisher Scientific, Waltham, MA), according to the
manufacturers’ recommendations. cDNA was diluted 20x prior to QPCR reactions. Primers were
designed with primerblast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) or taken from a
previous publication (Supplemental data, Table S1) (Hurem et al., 2017b). The primers were
checked for product length, dimers and specific products by means of melting curve analysis and
gel electrophoresis (data not shown). QPCR reactions were performed in duplicate per sample in
10 pL, consisting of 5 pLL FastStart Essential DNA Green Master mix (Roche, Norway), 0.25 pL
forward and reverse primers (10 pM), 2 pL of 20x diluted cDNA template and 2.75 pL nuclease
free water. Cycle conditions were 10 min hot start at 95 °C followed by 45 cycles of 10 sec at 95
°C and 30 sec at 60 °C. A melting curve was generated at the end of each run from 60 to 90 °C.
We used 4 reference genes (Kamstra et al., 2017) which showed no differences following
sequencing analysis (rpsi8, hmbs, hprtl and eefla). The last, eefla, which is often used as
reference gene, was differentially regulated in the sequencing results. We used Linreg (v2017.0)
(Ramakers et al., 2003) to determine Cq values and overall efficiency of the reactions and used
these values for calculating normalized gene expression using the geometric average of 3

reference genes (rpsl8, hmbs and hprtl), taking into account the efficiency of each primer



(Vandesompele et al., 2002). Correlation was calculated with non-parametric Spearman

correlation in Graphpad (v. 7.1, La Jolla, CA)

Results and Discussion
Sequencing Quality

Analysis by FastQC revealed high quality sequences with phred scores generally higher
than 35 over all reads except for the paired-end read towards the 3° end where reads were still
above the acceptable phred score of 20 (data not shown). Average mapping efficiency was over
87% unique reads (Table 1). In order to account for possible artifacts due to DNA damage, we
monitored possible effects on mutations, insertion, deletion and chimeric reads, and did not
observe notable differences, except for one sample showing relative high chimeric reads,
however, taking into account other replicates no significant differences were observed by

unpaired t-tests (Table 1).

Table 1: Mapping results of STAR alignment. Overview of total of reads, unique alignments and

possible insertions and deletions and chimeric reads.

Total reads % unique % mismatches % deletion % insertion % chimeric

(M) reads per base rate per base  rate per base  reads
control 1 0 yr 18.59 88.07 0.65 0.03 0.03 3.38
control 2 0 yr 21.26 88.11 0.69 0.03 0.03 3.26
87mGy7h10yr 17.78 88.87 0.61 0.03 0.03 3.06
8.7mGy7h20yr 20.20 88.82 0.59 0.03 0.03 3.29
8.7mGy7h30yr 1728 88.13 0.6 0.04 0.03 3.71
53 mGy/h 10 yr 19.79 88.35 0.59 0.03 0.03 4.44
53 mGy/h20yr 19.19 90.21 0.65 0.03 0.02 2.81
53 mGy/h30yr 18.28 88.84 0.53 0.03 0.03 3.51
control 1 1 yr 19.95 87.50 0.65 0.03 0.03 2.84
control 2 1 yr 16.45 87.41 0.64 0.03 0.03 3.14
control 3 1 yr 14.09 88.83 0.55 0.03 0.03 2.54
87mGy7h1lyr 1646 81.82 0.54 0.03 0.02 8.47
87mGy7h2 lyr 18.61 86.67 0.55 0.03 0.03 3.82
8.7mGy7h3 1yr 18.73 8791 0.53 0.03 0.03 327
average 18.33 87.82 0.60 0.03 0.03 3.68

Therefore, no global effects seem to be present on mutation rates, however site specific

mutations cannot be ruled out.



Quality analysis of aligned reads show that nearly 100% of the sequence reads were
located at genes and specifically at exons (Supplemental data, Figure S1). A low amount of reads
were present at ribosomal RNA and mitochondrial RNA and about 70% of annotated genes in
zebrafish were mapped (Supplemental data, Figure S1). The reads mapped equally to the sense
and anti-sense strands. Since we used a non-stranded poly-A tail library preparation, these
parameters matched the expected quality control outcome. A cumulative distribution analysis of
expressed genes over all samples showed a consistent pattern over all levels of expression, which
indicated highly similar sequencing libraries, and that further normalization using reads per

million (RPM) was not biased (Supplemental data, Figure S2).

RNA sequencing reveals changes in gene expression in offspring from 53 mGy/h exposed
parent and progressive changes over 1 yr at 8.7 mGy/h.

Deseq2 analysis revealed 39 (19 down-regulated, 49.0%) and 5079 (2207 down-
regulated, 43.5%) genes, for 8.7 and 53 mGy/h 0 yr groups, respectively. Scatterplots indicate
the low variation in differentially expressed transcripts in the 8.7 mGy/h (Figure 2a) versus the
high variation in the 53 mGy/h group (Figure 2b) compared to controls, with Pearson
correlations 0f 0.991 and 0.884 for the 8.7 and 53 mGy/h 0 yr groups, respectively. Since the 53
mGy/h group became sterile over time (Hurem et al., 2017a), the 1 yr samples only consisted of
the 8.7 mGy/h group, which showed an increase in differentially expressed genes compared to
8.7 mGy/h 0 yr, with 2390 (1617 down-regulated, 67.7%) genes (Figure 2¢). Also the correlation
coefficient decreased to 0.975 compared to the 8.7 mGy/h 0 yr samples.

Taken into account all mutually measured genes, we observe a separation of the different
groups following principle component analysis (PCA) (Figure 2d). The first principle component
explained the majority of the variance (74.7 %), in which the exposures groups were separated.
The second component separates the control groups from 0 yr and 1 yr from each other,
indicating that with aging of parents a change in gene expression occurs in offspring. However,
the second principle component explained only 12.4 % of the variance. Interestingly, the 1 yr 8.7
mGy/h group is oppositely located from the 0 yr 53 mGy/h group (Figure 2d). Although, both
groups have a large overlap in mutually DEGs with an overlap of 1514 genes of the 2390 DEGs
(63.3% of all genes from 1 yr 8.7 mGy/h, Figure 2e), PCA analysis indicates opposite gene
regulation. Also, between the 0 yr 8.7 and 53 mGy/h groups 21 out of 39 genes were overlapping

10



(53.8%, Figure 2e). Finally, 5 genes were mutually differentially expressed in all exposures, thy-
1 cell surface antigen (thyl), fibronectin la (finla), Cbp/p300-interacting transactivator, with
Glu/Asp-rich carboxy-terminal domain 2 (cited?2), ribonucleotide reductase subunit M2 (rrm2)
and cytochrome p450 2x6 (cyp2x6) (Figure 2f). Comparing these results with a previous
transcriptomics study where embryos were directly exposed to a comparable dose rate (10.9
mGy/h) for 3 hours revealed an overlap of 27.8 % (74 out of 268 DEGs, FC > 1.5, FDR < 0.05)
(Hurem et al., 2017b). In contrast, a study in zebrafish exposed either during embryogenesis or at
16 weeks post fertilization to short term radiation (0.1 and 1 Gy total dose) showed minimal
similarity in gene expression compared to our study (<5%, data not shown) (Jaafar et al., 2013).
Similarly, zebrafish larvae irradiated to 1, 2, 5 or 10 Gy at 26 hpf did not show much overlap in
gene expression with our study (Freeman et al., 2014b). Even though both studies exposed
zebrafish to ionizing radiation, these datasets may be difficult to compare, since the exposures
were performed differently compared to our study with respect to exposure, dose and timing and

the gene expression analysis was  performed at later  life stages.
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IPA analysis reveals consistent enriched pathways, but predicts opposite regulation.

We imported the gene expression data into IPA, commonly used in zebrafish research to
explore novel pathways and linkage to phenotype in ecotoxicology. Due to the limited amount of
DEGs, relatively few significant pathways or upstream regulators were present in the 8.7 mGy/h
0 yr group (Supplemental File 1). In contrast, the amount of differentially expressed genes
(DEGs) in the 53 mGy/h 0 yr group indicates an overall disruption of gene expression, resulting
in many affected pathways involved in morbidity and organismal death (Supplemental File 1).
These outcomes can be linked to embryonic death at late gastrula (Hurem et al., 2017a). When
focused on the 53 mGy/h 0 yr and the 8.7 mGy/h 1 yr, many mutual pathways were enriched,
generally associated to radiation response, such as molecular mechanisms of cancer, DNA

damage response and cell death (Table 2 and Supplemental File 1).

Table 2: Top 20 pathways and upstream regulators derived from the IPA analysis

-logP -logP
Pathways 53 mGy/hOyr 87mGy/h 1 yr
Molecular Mechanisms of Cancer 133 4.8
NGF Signaling 9.6 7.1
Huntington's Disease Signaling 9.6 6.7
Hereditary Breast Cancer Signaling 11.7 3.7
Endothelin-1 Signaling 53 7.7
RAR Activation 7.7 3.7
GNRH Signaling 5.6 6.5
HGF Signaling 7.5 52
Breast Cancer Regulation by Stathminl 59 6.0
HER-2 Signaling in Breast Cancer 8.1 44
Thrombin Signaling 5.8 5.5
B Cell Receptor Signaling 8.6 33
Production of NO and ROS in Macrophages 6.2 5.1
Pyridoxal 5'-phosphate Salvage Pathway 7.9 32
Role of NFAT in Cardiac Hypertrophy 3.8 6.5
RANK Signaling in Osteoclasts 8.0 3.1
ILK Signaling 8.1 2.2
PPARo/RXRa Activation 4.5 54
Type 11 Diabetes Mellitus Signaling 5.7 49
Small Cell Lung Cancer Signaling 7.9 2.6
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Upstream regulators

TP53 142 4.0
HNF4A 169 34
ESR1 10.1 42
camptothecin 10.8 33
YAPI 7.2 42
NUPRI 8.3 3.1
let-7 7.8 1.3
ERBB2 7.0 2.7
IGF2 6.9 2.0
cisplatin 5.5 35
FSH 5.0 53
FOXOl1 54 1.8
methylprednisolone 32 2.9
INSR 6.9 1.9
L-dopa 52 35
SYVNI1 6.6 2.1
HRAS 4.6 2.4
Sos 6.2 2.2
MYCN 35 22
RRPIB 6.5 1.8

However, pathways which have not previously been associated to effects of ionizing
radiation, such as nerve growth factor (NGF) signaling and retinoic acid receptor activation and
gonadotropin release hormone (GNRH) signaling were also significantly affected. Upstream
regulators, previously shown to be responsive following radiation exposure in zebrafish, such as
TP53 and HNF4a (Hurem et al., 2017b; Jaafar et al., 2013) (Table 2 and Supplemental File 1). In
general, a correlation in significantly affected pathways was observed between 53 mGy/h 0 yr
and 8.7 mGy/h 1 yr (Figure 3a, r = 0.5955, P < 0.0001). IPA can predict activation of pathways,
by calculating Z-scores based on the direction of DEGs in the respective pathway. This analysis
revealed an opposite regulation of significantly affected pathways between the 53 mGy/h 0 yr
group and the 8.7 mGy/h 1 yr group, which is shown by the inversed correlation in Figure 3b (r =
-0.7339, P < 0.0001).
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Figure 3: Results of Ingenuity Pathway Analysis. (a) Correlation plot of all overrepresented
pathways based on —log(P) values (r = 0.5955, P < 0.0001). (b) Correlation plot of all
overrepresented pathways based on activation Z scores (r =-0.7339, P < 0.0001).

A more clear visualization of this opposite regulation is demonstrated in Figure 4a and b,
showing an overrepresented network involved in cell cycle, cellular compromise and
developmental disorders, where many mutually differentially expressed genes are present

between the two datasets, but show an opposite regulation.
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Figure 4: Predicted affected network of genes involved in cell cycle, cellular compromise and
developmental disorders. (a) and (b) show overrepresented networks involved in neuronal
development of 53 mGy/h 0 yr and 8.7 mGy/h 1 yr groups, respectively. Green is down-

regulated and red is up-regulated.

Focused on the 8.7 mGy/h embryos one year after exposure, apart from gene networks
involved in radiation response, genes involved in other pathways were overrepresented. IPA
analyses identified significant gene networks with predicted involvement in neurological
disorders (Supplemental File 1) such as congenital malformation of brain and degeneration of
neurons (P values of 1.8E-8 and 1.17E-6, respectively), both showing a Z-score activation of
more than 3 (Supplemental File 1). Although we used an early embryonic stage, the already
differentially expressed genes involved in neurological disorders could indicate early effects that
could potentially affect neuronal development later in life. These results corroborate with studies
in mice, where offspring exposed to acute gamma radiation during gestation shows retarded
brain development (Hossain et al., 2005), which is accompanied with neurobehavioral effects
(Devi et al., 1999). The outcomes of these studies together with the obtained results here, warrant
follow up research to cognitive endpoints of progeny from irradiated zebrafish.

IPA analysis also identified significant pathways related to sex hormone homeostasis.
The modulation of genes related to estrogen receptor 1 (ESRI), follicle stimulating hormone
(FSH) signaling, insulin growth factor 2 (/GF2) and gonadotropin releasing hormone (GNRH)
signaling (Table 2) suggests a disturbance in early embryos, which could affect the formation of
the gonads later in life. Interestingly, these results can also be related back to the exposed
females where in ovaries of zebrafish exposed to 8.7 mGy/h, an increase in pre-vitellogenic
follicles was found (unpublished data), suggesting adverse oocyte maturation, possibly via
endocrine signaling.

In general, the pathways found to be affected in our study are comparable to other non-
generational studies in zebrafish as well. The transcriptomics analysis in zebrafish embryos
exposed to radiation which shows a large overlap in DEGs, also shows overlap in affected
pathways, related to for instance HNF4a and TP53 (Hurem et al., 2017b). Notably, the studies in
zebrafish that showed low overlap in DEGs (Freeman et al., 2014b; Jaafar et al., 2013), as

described above, do exhibit similarly affected pathways. For instance, Jaafar et al. (2013)
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reported involvement in the p53 signaling pathway and apoptosis pathways. Similarly, Freeman
et al. (2014) found similar affected biological functions derived from IPA, such as psychological
disorders and neurological diseases. These results indicate that when comparing results, pathway

analysis is could reveal more similar effects than when looking at the individual gene itself.

Gene expression results indicate chromatin compactness in 8.7 mGy/h 1 yr embryos

We observed a change in gene expression in embryo offspring from 8.7 mGy/h exposed
parents, when bred one month and one year after exposure. These progressive effects could be
attributed to genomic instability in the parental germ line, and transmitted to progeny as has
previously been suggested (Merrifield and Kovalchuk, 2013). Furthermore, we observed
opposite differential gene regulation at the 8.7 mGy/h 1 yr group compared to the 53 mGy/h 0
year group. Notably, in the 8.7 mGy/h 1 year group more genes were down-regulated (67.7%)
and most pathway Z-scores were below 0. This result could indicate a protective response
against ionizing radiation via epigenetic changes and chromatin compactness. Indeed, many

histone methylases and demethylases were differentially expressed (Table 3).

Table 3: Differentially expressed enzymes involved in post translational histone modifications

from 8.7 mGy/h 1 yr samples modifications from 8.7 mGy/h 1 yr samples.

gene description enzym FC

setd3 SET domain containing 3 methyltransferase -1.83

setd4 SET domain containing 4 methyltransferase -1.53

Jjmjdlch  jumonji domain containing 1Cb demethylase -2.98 or
jmjd7 jumonji domain containing 7 demethylase 232 instan
kmt2a lysine (K)-specific methyltransferase 2A methyltransferase -1.76 ce,
kmt2ca  lysine (K)-specific methyltransferase 2Ca methyltransferase -2.10

kdm2ba  lysine (K)-specific demethylase 2Ba demethylase 1.64 the
kdm4aa  lysine (K)-specific demethylase 4A, genome duplicate a demethylase -1.52 down
kdm4ab  lysine (K)-specific demethylase 4A, genome duplicate b demethylase -1.92 _
kdm4c lysine (K)-specific demethylase 4C demethylase -2.01

hdacll  histone deacetylase 11 deacytelase -1.72 regula
hdacl2  histone deacetylase 12 deacytelase -3.10 ted
hdac4 h?stone deacetylase 4 deacytelase -2.03 kmd4
hdac5 histone deacetylase 5 deacytelase -2.04

hdac6 histone deacetylase 6 deacytelase 1.84 gene
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is involved in demethylation of histone H3 lysine 9 and 27 methylation, both related to
compactness of chromatin (Pedersen and Helin, 2010). Together with the up-regulated gene
kmd2b, involved in demethylation of active histone mark H3 lysine 4 trimethylation (Pedersen
and Helin, 2010), these results indirectly suggest more histone compactness. Also the
methyltransferase paralogues setd3 and 4, are down-regulated and are involved in methylation of
H3 lysine 4. Many histone deacetylases are down-regulated, but no effects are found on histone
acetylases. It has been observed by many that compactness of chromatin influences DNA
damage (Lavelle and Foray, 2014). More compact chromatin structures make DNA less
susceptible to ionizing radiation insults, but with the consequence that compact chromatin results
in a repressive state of gene transcription, and therefore counteracts DNA repair mechanisms
(Lavelle and Foray, 2014). Indeed, when focused on the double strand break responsive ATM
pathway (Khalil et al., 2012), our RNA sequencing analysis showed that atm, brcal and rad51,
genes directly involved in DNA repair, are down-regulated. Interestingly, increased DNA
damage was only found one year, but not one month after exposure (Hurem et al., 2017a). These
results indicate possible involvement in chromatin structure in the gene expression effects, and
further research to chromatin compactness could aid in a more comprehensive understanding of

the regulatory mechanisms that drives gene expression.

Validation with QPCR

We performed a validation of the sequencing results by measuring 11 genes that were
differentially expressed in either of the 0 yr 53 mGy/h exposure group or the 1 yr 8.7 mGy/h
exposure group and supplemented this list with eight genes that were differentially expressed in a
study of directly exposed zebrafish embryos (Hurem et al., 2017b). We found a strong
correlation between sequencing and qPCR data (Figure 5, r = 0.8893) (Supplemental data, Table

S2), indicating that our sequencing data was properly analyzed.
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Figure 5: qPCR validation. A scatterplot showing the log2 fold changes from QPCR and

sequencing data.

Moutually differentially expressed genes are associated with ionizing radiation response

We observed 5 genes that were differentially expressed in all different exposure
scenarios, fnla, cited2, rrm2, thyl and cyp2x6 (Figure 2¢ and 2f). Fibronectin is a protein located
in the extra cellular matrix, involved in, among others, cell adhesion (Pankov and Yamada,
2002). Interestingly, embryos from the 53 mGy/h dose rate group exhibited increased gene
expression of fn/a and a complete disintegration of cell structure at 8 hpf (Hurem et al., 2017a).
Ribonucleotide reductase subunit M2 (RRM2) has previously been associated with DNA damage
in mammals, where RRM2 accumulates near sites with double strand breaks (Niida et al., 2010).
Notably, the up-regulation of rrm2 in the 8.7 mGy/h 1 yr group corresponds well with the
increase in DNA damage found in the same group (Hurem et al., 2017a), and could indicate
recruitment of Rrm2 to double strand breaks. The exact function of cyp2x6 is currently unknown
in zebrafish, but our results indicate the responsiveness of these gene to ionizing radiation.
Cytochrome P450 enzymes are known to be affected by ionizing radiation (Rendic and Peter
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Guengerich, 2012), and it is shown that the cyp2x family in other teleost species show
responsiveness to environmental pollutants (Saad et al., 2016).

Following validation, we observed that transferrin a (#fa) was up-regulated in all
exposures, a gene which was also among the highest and most consistent elevated genes in
zebrafish embryos directly exposed gamma radiation (Hurem et al., 2017b). Transferrin is a
ferric iron binding transporter protein which binds to the transferrin receptor on the cell surface,
and is transported to the cytoplasm via endocytosis (Aisen, 2004). Knock down of #fa in
zebrafish has been associated with anemia and lower iron stores, whereas overexpression
partially restored iron stores (Fraenkel et al., 2009), indicating that the increased gene expression
found in our study could be accompanied with increase iron stores. Increased cytoplasmic iron
stores are suggested in sensitizing ionizing radiation response by increasing ROS (Stevens and
Kalkwarf, 1990). Interestingly, transferrin protein levels in blood were altered in workers
exposed to radiation following a radiological accident (Nylund et al., 2014). Together with
cyp2x6, tfa was alters in all exposed samples from our study, as well in directly exposed embryos
(Hurem et al., 2017b). These two genes could prove to be valuable biomarkers in response to
ionizing radiation (Hall et al., 2017; Lourenco et al., 2016), and should be subject to further

study in different exposures settings with a variety of taxa.

Genetic diversity and age related effects

The multiple doses used in our set-up allowed us to assess effects of genetic variation on
gene expression. Following PCA, limited difference was observed between the 8.7 mGy/h group
and the control at 0 yr (Figure 2d). This generally indicates that this dose of radiation did not
exhibit effects, but also indicates that the heterogenic diversity of the fish was very low, and
effects could be accounted to the parental radiation exposure. Additionally, the 0 yr and 1 yr
control groups were separated by the 2™ principle component (Figure 2d), indicating a
combination of effects related to minor fluctuations in environmental conditions over one year
and/or parental age. Therefore, to account for environmental changes over a period of one year
and related aging effects, for each time point appropriate controls were used which were

compared to their respective exposure groups.
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Relevance for environment and future perspectives

Our results indicate effects on gene expression in offspring from ionizing radiation
exposed parents, related to pathways that can be linked to observed phenotypes. However, the
dose rates used in this study exceed currently observed environmental relevant dose rates
(Johansen et al., 2015; Strand et al., 2014), and are higher than the defined low dose rate by the
United Nations Scientific Committee on the Effects of Atomic Radiation of 6 mGy/h for a
maximum of 1 hour (Unscear, 2010). Nevertheless, the results presented here are a proof of
principle that effects of exposure to non-acute moderate dose rates of ionizing radiation can be
passed on to offspring via aberrant gene expression. Furthermore, the progressive effects over
one year from the lower dose rate in progeny could potentially have a latent effect on
ecosystems. Therefore, these results collectively contribute to the understanding to what extend
the effects of ionizing radiation are inherited by offspring. Furthermore, these results warrant
transgenerational studies with lower doses over longer periods, with focus on the mechanistic
understanding of how these effects are inherited, and the possible impact on population

dynamics.
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Table S1. Primer sequences for validation with RT qPCR

Accession number

gene

Sequence (5'->3")

NM 131204.2 serpinhlb Forward primer CAAACAGCTGTCCAAGAGTGAA
Reverse primer ATGGAGGTTGCATGAGTGCT

NM 131668.3 aptlbla Forward primer GCACAGGCTGTAGTTGGCTA
Reverse primer TGTGATAATCCTGGGGGTGC

NM_001291499.1 tfa Forward primer TGGGGCTTTCAGGTGTCTTG
Reverse primer ACCATCTGTGTAGTCCCCGA

NM 001128716.1 samd] Forward primer GGCATGTCTGCTGGAGAGTT
Reverse primer CGTTAGAGTTTGGGGGCAGT

NM 001128716.1 ccnal Forward primer AAGCGTGACGTCAGTACGTT
Reverse primer TCCATAAATGACCCTGAGCCAA

NM_001256780.1 buc Forward primer TGCAGGCCTTGTATTGAGCA
Reverse primer AACTTGCCTCCAAGACCTCG

NM 131702.1 sox19b Forward primer CGCCAGCTCTTACAGTCAAATG
Reverse primer GCGACAGGGGTTCTGGTTTA

NM 001024430.2 spra Forward primer ATTTGGGCTGTGAAGCAGGA
Reverse primer GAGAGAAGCGGCGTTATGGA

NM 214797.1 zbth Forward primer TACCGTGGGGTAATGGCAAG
Reverse primer CACAGAGGAAACCCCACTCC

NM 181663 szl Forward primer CTGACGACTTGAGGACCCTG
Reverse primer GGATGAACCTGTCGAGGCAT

NM 001297547.1 apela Forward primer CACAACTGCCCGAAGAAACG
Reverse primer CCCGGAGCATCATAAAACCTCA

NM 212614.2 mycn Forward primer AACAAGAGGGAGAATGCCAGC
Reverse primer CCTCGTCCGGGTAGAAACAC

BC076032.1* apoadb.1 Forward primer TGGGGCAGGACCTGATCAAT
Reverse primer CCTTCACACTCTGCTCCAGG

NM 213118.1* sox2 Forward primer CGAGTCTAGTTCGAGTCCGC
Reverse primer GTTAATCGTCGTACCGGGCA

NM_001320394.1* crabp2b Forward primer GCACTCGGGTGTATGAACGA
Reverse primer CCACAAAATGACAGTTGAGTTGAGA

NM_001013565.1* cyp2x6 Forward primer CTCCACAGGTCTCCGTATGTG
Reverse primer AGCACTGTCAGCATCACGATT

NM _001082921.1* ppplrisa Forward primer TCCTCTGAGCTTCTCCTCGT
Reverse primer TGCTCTGTGTTCAGGCATCA

NM 001002332.1* uox Forward primer TCAGCGGTGACTCCTGAAAC
Reverse primer GTGGACGGTGTTTTTGACGG

NM _001003631.1* shisa Forward primer ATTGTGGTGAGTGCGTTCCT
Reverse primer GATCGCTTGCTTTGGGCTTC

NM 131263.1%* eefla Forward primer TTGAGAAGAAAATCGGTGGTGCTG
Reverse primer GGAACGGTGTGATTGAGGGAAATTC

NM 173234.1** rpsl8 Forward primer CATCCCAGAGAAGTTTCAGCACATC
Reverse primer CGCCTTCCAACACCCTTAATAGC

NM 201154.1** hmbs Forward primer GTGTGTGGAATTGGACAACAAAGTG
Reverse primer CGAGGGCTGATGATGAGATATTGC

NM 212986.1** hprtl Forward primer CAGCGATGAGGAGCAAGGTTATG

Reverse primer

GTCCATGATGAGCCCGTGAGG

*From Hurem et al. 2017 (ref: see main article)
**From Kamstra et al. 2017 (ref: see main article)




Table S2. qPCR results as shown in fold changes relative to respective controls

8.7 mGy/h 0 yr 53 mGy/h 0 yr 8.7mGy 1 yr

serpinlhlb 0.51 0.78 13.61
atplbl 1.10 0.19 1.78
tfa 1.67 2.65 326
samd7 1.23 1.22 0.28
cenal 1.04 1.39 0.85
buc 1.12 221 0.73
sox19b 1.08 1.59 0.78
szl 0.77 0.09 1.77
apela 1.00 0.02 145
apoa4b.1 <lod <lod 1.93
sox2 <lod <lod 2.02
crabp2b 0.93 0.16 1.37
cyp2x6 1.37 0.21 2.46
mycn 0.96 0.11 1.13
ppplrisa 1.07 0.46 1.07
eefla 1.16 0.58 1.27
spra 1.00 0.94 1.17
zbtb1 1.02 1.72 0.86
uox <lod <lod 1.87
shisa2 1.05 0.24 1.11

<lod: Cq values too high for accurate gene expression analysis



Fig S1. RNA quality control plot.

Shown are reads mapping to different feature from all individual samples.
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Fig S2. Cumulative distribution plot showing the cumulative distribution of log2 RPM values

from low to highly expressed genes in all samples.
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Abstract

The biological effects of gamma radiation may exert damage beyond that of the individual
through its deleterious effects on reproductive function. Impaired reproductive performance
can result in reduced population size over consecutive generations. In a continued effort to
investigate reproductive and heritable effects of ionizing radiation, we recently
demonstrated adverse effects and genomic instability in progeny of parents exposed to
gamma radiation. In the present study, genotoxicity and effects on the reproduction
following subchronic exposure during a gametogenesis cycle to 60Co gamma radiation (27
days, 8.7 and 53 mGy/h, total doses 5.2 and 31 Gy) were investigated in the adult wild-type
zebrafish (Danio rerio). A significant reduction in embryo production was observed one
month after exposure in the 8.7 and 53 mGy/h exposure groups compared to control. One
year later, embryo production was significantly different from controls only in the 53
mQGy/h group, where sterility was observed, accompanied by a regression of reproductive
organs in 100% at 1.5 years after exposure. Histopathological examinations revealed no
significant changes in the testis in the 8.7 mGy/h group, while in 62.5 % of females exposed
to this dose the oogenesis was found to be only at the early previtellogenic stage. The DNA
damage determined in whole blood, 1.5 years after irradiation, using a high throughput
Comet assay, was significantly higher in the exposed groups (1.2 and 3-fold increase in 8.7
and 53 mGy/h females respectively; 3-fold and 2-fold increase in 8.7 and 53 mGy/h males
respectively) compared to controls. A significantly higher number of micronuclei (4-5 %)
was found in erythrocytes of both the 8.7 and 53 mGy/h fish compared to controls. This
study shows that gamma radiation at a dose of exposure > 8.7 mGy/h during gametogenesis
causes adverse reproductive effects and persistent genotoxicity (DNA damage and increased
micronuclei) in adult zebrafish.

Key words: zebrafish; gamma irradiation; reproduction; genotoxicity; DNA.

1 Introduction

The aquatic environment is a primary recipient of ionizing radiation as the consequence of
increasing amounts of gamma emitting radionuclides from various anthropogenic and non-
anthropogenic activities (nuclear accidents, nuclear power plant waste discharge, cosmic
radiation, naturally occurring primordial radionuclides). Gamma radiation is a potent agent
for breaking bonds in the genetic material or causing cellular damage through the induction

of oxidative stress, particularly in dividing cells having high active metabolism. As such, it
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has the potential to induce reprotoxicity and genetic defects (Adam-Guillermin et al., 2012;
Hurem et al., 2017a) and impair reproductive function in aquatic fauna (Won et al., 2015).
Germ cells are the precursors of the gametes (oocytes and sperm), and due to their
characteristics of rapid cell division and high active metabolism are particularly vulnerable
to ionizing radiation. Ionizing radiation-induced cell damage can result in a variety of
deleterious effects during the lifetime of an organism, and as germ cell damage has been
found to be transmissible and inherited by future generations, such damage can also result
in more long-term population effects (Kong et al., 2016).

To date, the effects of ionizing radiation on the reproductive performance in fish have only
been studied following exposure to either acute (Michibata et al. 1976; Kuwahara et al.,
2003) or very high chronic doses (Hyodo-Taguchi and Etoh, 1986). Studies of more
environmentally realistic doses on reproduction in fish, encompassing both subchronic
exposure and medium dose rates, especially covering the entire gametogenesis cycle, are
currently lacking.

The zebrafish (Danio rerio) has proven to be a good vertebrate model to assess reproductive
effects (Hoo et al., 2016; Laan et al., 2002) due to its developmental and physiological
advantages such as a short reproduction cycle, high fecundity, transparent embryos and a
high degree of similarity with other vertebrates. A pair of adult zebrafish can reproduce
approximately two times per week over its breeding cycle, and yield 200 to 300 eggs at
each spawning. In addition, the maximal reproductive capacity in zebrafish is known, and
can be achieved by young sexually mature fish between three and six months of age
(Skidmore, 1965). The United Nations Scientific Committee for the Effects of Atomic
Radiation 1996 report stated that the reproductive organs in fish could be negatively
affected by a dose rate of 100 pGy/h through a reduction in spermatogonia number
(UNSCEAR, 1996). However, the span of dose rates known to inflict damage to the
reproductive organs is quite broad as a total dose of 10 Gy caused minimal effects on the
maturation of oocytes in fish (UNSCEAR 1996).

The present work assessed the effects of subchronic gamma radiation exposure (27 days,
%Co, dose rates 8.7 and 53 mGy/h, total 5.2 and 31 Gy) in adult zebrafish during a
gametogenesis cycle on the overall health, reproduction, and genotoxicity. In order to
determine whether reproductive function is impaired in later life following radiation
exposure, effects on reproduction were evaluated both one month and one year after
irradiation. Histopathological examination of the gonads was performed in order to

determine possible deleterious reproductive effects in irradiated adults, while the genotoxic
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effects in the form of DNA damage and the number of micronuclei (MN) in red blood cells

were assessed in both male and female zebrafish one year after gamma irradiation.

2 Materials and Methods

2.1 Fish husbandry

Adult zebrafish (ZF, aged 6 months) from the AB wild type strain (30 males and 30 females
per exposure group) were obtained from the Zebrafish Facility at the Norwegian University
of Life Sciences (NMBU). The exposure of ZF to external gamma radiation took place at
the FIGARO Co-60 irradiation facility (activity ~420 GBq) at NMBU and is schematically
depicted in Fig 1. Recirculating system water was prepared from particle and active
charcoal filtered reverse osmosis kept sterile by UV irradiation water of pH 7.5 and
temperature 28 + 1 °C with regular weekly or daily water changes depending on the water
quality described in Hurem et al. (2017b). The light regime of 10-14 light-dark cycle (250-
320 Ix) was used and fish were fed dry feed Gemma Micro 300 (Skretting, Stavanger,
Norway) twice a day and live artemia (Scanbur, Copenhagen, Denmark) once a day, both

during and after the experimental periods.

8.7 mGy/h

53 mGy/h

Irradiation field

Lead shielding

<=+ Control

Total absorbed dose rate to water during 27 days: 4 uGy, 5.2 Gy and 31 Gy

Fig 1. Schematic presentation of adult fish exposure at the FIGARO Co-60 irradiation
facility at the Norwegian University of Life Sciences (NMBU). Fish were exposed in 9 L
plastic aquaria, with 6 L swimming space (N = 30 males and 30 females per each
aquarium). Exposure lasted for 27 days during gametogenesis, with total exposure time of
591.5 hours. A control aquarium was placed behind lead shielding, and two aquaria at

different distances to the source focus, resulting in calculated average absorbed dose rates to



water of 8.7 mGy/h and 53 mGy/h, respectively, and total doses 5.2 Gy and 31 Gy,
according to dosimetry described previously by Hurem et al., (2017b).

After exposure, fish were maintained according to standard operating procedures at the
NMBU Zebrafish Facility until sampling for histopathology, genotoxic effects and

measurement of weight and length.

2.2 Ethical statement

This research was performed in accordance with the Norwegian Animal Protection Act
(implemented EU Directive 2010/63/EU). Approval number FOTS ID 5793 was issued on
December 12, 2013 by IACUC of Norwegian School of Veterinary Science (since 2014
Norwegian University of Life Sciences, Faculty of Veterinary Medicine and Biosciences,

Oslo, Norway).

2.3 Biometric parameters

Weight and length were measured 1.5 years after exposure, in 22 male and 22 female
anesthetized fish from both the control and 8.7 mGy/h groups. In the 53 mGy/h group,
weight and length were measured in 10 males and 10 females and in 24 fish of
undetermined sex. The condition factor of unexposed and gamma irradiated fish was
calculated according to the formula (K=[mass (g) x100]/[length (cm)]3) (Jones et al.,
1999).

2.4 Reproduction assessment

Thirty adult irradiated male and female zebrafish of the AB wild type strain were used in
the breeding trials. The mating experiments took place during six consecutive breeding
weeks one month after gamma irradiation and during five consecutive breeding weeks one
year after irradiation. For maintenance during the reproduction experiments, males and
females from each exposure were divided into two groups, kept in 12 holding tanks of 2L
volume, with 12 fish per tank and used intermittently over even and odd numbered breeding
weeks. In each breeding trial, six standard (conservative) 1L breeding tanks with a meshed
bottom for separation of eggs (Aquatic Habitats, Apopka, FL, USA) were used with one
breeding pair per tank. The setup and male/female separation took place in the late
afternoon and breeding pairs were formed using one male and female from the same

exposure group. The morning after, barriers were removed and the breeding pairs were



allowed to mate for 30 minutes. Egg collection and counting was performed immediately

after breeding, followed by the separation of sexes and transfer of fish to holding tanks.

2.5 Fish anesthesia and euthanasia

For anesthesia of the fish, 0.2% Tricaine Methanesulfonate (MS-222) (Sigma-Aldrich, Oslo,
Norway) in dH20 adjusted to pH 7.0 with 1.0M Tris (pH 9.5) combined with iced system
water was used. Briefly, fish remained in this solution until no visible movement was
observed. For euthanasia, an overdose of tricaine was used in iced system water, and the
fish were observed until failing to react to external stimuli and/or following cessation of

opercular (gill) movement.

2.6 Histopathological analysis

Whole fish were fixed individually in 4% paraformaldehyde for a minimum of 4 days and
then processed according to standard histological procedures using Hematoxylin and Eosin
(H&E) stain. Histopathological examination was performed blindly using a Zeiss Axioskop
microscope equipped with a digital camera (Leica SFC 420). Eight males and eight females
from the two exposed groups and controls were processed, examined and analyzed 1.5 years

after gamma exposure.

2.7 Genotoxicity analyses

2.7.1 Comet assay

For blood extraction, eight male and eight female fish were used from the two exposed
groups and controls. The fish were euthanized 1.5 years after exposure, and a modified
protocol similar to previous studies (Kovacs et al., 2015) was used for blood collection for
the Comet assay. Briefly, a 200 pl pipette was coated with 10 pl Heparin (5000 1E/ml,
Leo®, Norway). After the tail was cut off, 5 ul of blood was collected with the coated
pipette and transferred to a microtube containing 100 ul PBS without Ca2+/Mg2+ (pH 7.4).
Samples were diluted 1:20 with PBS in order to obtain a cell concentration of 1x106
cellsymL. Cell viability was checked by trypan blue exclusion assay. Cells were
resuspended 1:10 in 0.75 % low melting point agarose at 37 °C, and triplicates (3 x 4 uL)
from each biological replicate were immediately applied on a cold GelBond®film (as
described in Gutzkow et al., 2013). Lysis was performed overnight in lysis buffer at 4 °C
(2.5 M NaCl, 0.1 M Na2EDTA, 0.01 M Tris, 0.2 M NaOH, 0.034 M N-laurylsarcosine, 10
% DMSO, 1 % Triton X-100, pH 10). For unwinding, films were immersed in cold
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electrophoresis solution (0.3 M NaOH, 0.001 M Na2EDTA, pH > 13) for 40 min.
Electrophoresis was carried out in cold, fresh electrophoresis solution at 25 V (0.8 V/cm
across the platform) for 20 min at 8 °C, with circulation of the electrophoresis solution.
After electrophoresis, films were neutralized with a neutralization buffer (0.4 M Tris—HC]I,
pH 7.5) for 2x5 min, fixed in ethanol (> 90 min in 96 % ethanol) and dried overnight. Films
were stained with SYBR®Gold Nucleic Acid Gel Stain (Life Technologies, Paisley, UK)
diluted 1:10 000 in TE-buffer (1 mM Na2EDTA, 10 mM Tris—HCI, pH 8) before
examination at a 20 x magnification under an Olympus BXS1microscope (light source:
Olympus BH2-RFL-T3, Olympus Optical Co., Ltd.; camera: A312f-VIS, BASLER,
Ahrensburg, Germany). Fifty randomly chosen cells per replicate (150 cells per biological
replicate, total 1200 cells per dose rate) were scored using the Comet IV analysis software
(Perceptive Instruments Ltd., Bury St. Edmunds, UK). Tail intensity (% Tail DNA), defined
as the percentage of DNA migrated from the head of the comet into the tail, was used as a
measure of DNA damage to assess genotoxicity (Kumaravel and Jha, 2006). Blood cells
were also categorized according to the grade of damage using the % of Tail DNA based on
the previously mentioned criteria (Gomes et al., 2013): minimal 10% tail, low damage 10-

25%, mid-damage 25-50%, high damage 50-75% and extreme damage >75%.

2.7.2 Blood slide examination

Peripheral blood was obtained from 8-11 males and females from the two exposed and
control groups 1.5 years after irradiation. The tail of the euthanized fish was removed and
approximately 5 pl of blood was collected by pipette from the severed tail of each
euthanized fish, transferred to the frosted end of a glass slide, spread in a thin film and air-
dried. After fixation in ethanol for 15 min, slides were left to air dry. The staining was
performed using the Quick dip protocol (H&E). The stained slides were viewed under a
Zeiss Axioskop microscope equipped with a digital camera (Leica SFC 420) and
magnification 1000x, and between 1000-2000 erythrocytes scored per slide. The
erythrocytes were also examined for the occurrence of two nuclei (binuclear cells) and for
irregular shape (e.g. tear or sickle shaped erythrocytes). The cells with one, two or three
micronuclei (MN) were noted separately. Criteria for the identification of fish micronuclei
were previously described (Oliveira et al., 2009; Song et al., 2012): (a) MN should be a size
smaller (1/10 to 1/30) than the main nucleus (b) MN should be a circular or ovoid chromatin
body with the same staining characteristics as the nucleus; (¢) MN must not touch the main

nucleus.



2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.02 (GraphPad Software Inc.,
La Jolla, CA, USA) and XLStat2016® (Addinsoft, Paris, France). Results are presented as
mean + standard error (SEM) for the reproduction assessments. Significant differences
between dose rates for the biometric parameters and DNA damage were calculated using
Kruskal-Wallis One Way Analysis of Variance on Ranks, whereby multiple comparisons
were conducted using the Dunn’s test. The cumulative embryo production and embryo
production per breeding pair and MN were analyzed using a Two Way Analysis of Variance
(with the dose rate and either time after irradiation or sex as independent variables). If
significant, multiple comparison procedures were conducted according to the Fisher’s LSD,

Dunnett’s or the Tukey’s test. Statistical significance was set at p < 0.05.

3 Results

3.1 Biometric parameters in adult zebrafish

The weight and total length were measured in all fish 1.5 years after exposure in order to
determine possible differences in size and condition factor (K) between exposed and control
fish. Significant reduction of mean length and weight was observed in females of the 8.7
mGy/h exposure group, although there was no difference in condition factor (Table 1). In
contrast, the length and weight of males in the 8.7 mGy/h were not significantly different
compared to controls, however, the significant difference was found in the condition factor
of these males compared to controls (Table 1). No significant differences were however
found in fish in the 53 mGy/h group compared to controls (Table 1). For the 53 mGy/h
exposure group, external sexual characteristics were non-distinguishable in 40 % of the fish

1.5 years after the exposure and this group was excluded from statistical analyses.

Table 1. Biometric parameters in male and female zebrafish measured 1.5 years after
exposure to gamma radiation used for the reproduction, histopathology and MN assay. Data
are presented as mean + SD. Significance compared to corresponding controls denoted with
(*) and significance compared to corresponding controls and the other exposed group

denoted with (**), with respective p-value(s) given in parentheses according to Dunn’s test.

Dose rate
(mGy/h) Sex Length (cm) Weight (g) Condition factor (K)




male 3.39+£0.12 0.29 +£0.05 0.74 +£0.09
Control *
female 3.67+0.26 0.42+£0.08 0.85+0.13
g7 male 3.38+0.17 0.26 £0.04 0.66 = 0.10* (0.004)
female 3.44+0.18%* (0.0001; 0.008) 0.32 +0.05** (0.004, 0.005) 0.79+0.13
male 3.41+0.07 0.27 +£0.05 0.69+0.10
53° female 3.72+0.20 0.41+£0.07 0.79+0.09
n.d 3.73+0.11 0.33+£0.05 0.64 +0.08

K — ([mass (g)*100] /[length (cm)]*)
*N =22 males, 22 females
"N =22 males, 22 females
°N = 10 males, 10 females and 24 fish of no determined (n.d) sex

3.2 Gamma radiation causes reproduction impairment and damage in gonads

The results of the breeding studies indicated a significant reduction in the reproductive

capacity of fish exposed to gamma radiation, both at one month and one year after the

exposure (Fig. 2). The cumulative embryo production per week in the 53 and the 8.7 mGy/h

groups was significantly reduced one month after irradiation compared to controls (~ 80 %

and ~ 35 %; p = 0.002 and 0.028, respectively). The reproductive capacity was further

significantly reduced in both exposed groups one year after exposure within each group

compared to one month after exposure (p = 0.01). During this breeding period, significant

reduction in embryo production was found in the 53 mGy/h compared to controls (p = 0.04)

(Fig 2) as only one breeding pair produced embryos.

1800+
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Fig 2. Cumulative embryo production in zebrafish per week one month and one year after

exposure to gamma radiation during gametogenesis to either 8.7 or 53 mGy/h compared to
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controls. Results presented as mean + SEM (p < 0.05). Different lowercase letters (a, b, ¢)
represent significant difference between groups one month after exposure, uppercase letters
(A, AB, B) represent significant differences between groups one year after exposure,

analyzed by the Fisher’s LSD test (n = 6 breeding pairs per breeding week).

Similarly, embryo production per breeding pair in the 53 mGy/h group differed significantly
from both the controls and the 8.7 mGy/h group one month and one year after the exposure
(Table Al). In contrast, the embryo production per breeding pair in the 8.7 mGy/h group
was significantly different from the controls one month after gamma irradiation, but not one
year later (Table Al).

The histopathological examinations revealed significant effects in the gonads of the adult
fish (2 years of age). Differences were found between controls and the 8.7 mGy/h females
where 62.5 % of females of the latter group had ovaries containing predominantly
previtellogenic oocytes (Fig 3B), whereas in the controls the ovaries had oocytes at all
developmental stages (Fig 3A). In the 53 mGy/h group, the reproductive organs were
massively regressed, which is consistent with the observed failed spawning and lack of

embryo production (Fig. 3C).

53 mGy/h Female

[ 2 years post fertilization |

Fig 3. Histological sections of ovaries from (A) Control zebrafish with vitellogenic follicles
(v), previtellogenic follicles (p) and postovulatory follicles (pof). (B) Female zebrafish
exposed to 8.7 mGy/h during gametogenesis. Ovaries with a high number of previtellogenic
follicules (p); (C) Female zebrafish exposed to 53 mGy/h during gametogenesis, showing

no visible reproductive organs (dashed rectangle), i — intestine, sb — swimming bladder.

3.3 Persistent genotoxicity
3.3.1 Gamma radiation causes increased DNA damage
DNA damage assessed one year after gamma radiation exposure in whole blood of adult

fish using the alkaline single-cell gel electrophoresis (SCGE) assay was significantly higher
10



in exposed groups compared to controls. Males in the 8.7 mGy/h and 53 mGy/h groups
showed a 3-fold and 2-fold increase in DNA damage respectively, compared to controls
(Fig 4A). Similarly, in females, a 1.2-fold and 3-fold increase in DNA damage was found in
8.7 and 53 mGy/h groups respectively, compared to controls (Fig 4B). The DNA damage
was also significantly different between the 8.7 and the 53 mGy/h groups in both males and

females.

(A) (B)
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<

Fig. 4. DNA damage in adult zebrafish measured by the alkaline SCGE after exposure to
gamma radiation expressed as percentage of tail DNA (average £ SEM, n=1200). Different
lowercase letters (a, b, ¢) denote significant difference between groups. (A) Male zebrafish.

(B) Female zebrafish.

The percentage of DNA in the tail seen in the Comet assay was used to categorize the grade
of damage in unexposed and gamma irradiated zebrafish (Table A2). The majority of cells
from both males and females from the control group showed minimal to low grade of
damage (> 99% of the cells), characterized by zero or minimal DNA ‘Comet-tail’. On the
other hand, irradiated zebrafish presented a higher number of cells with low and mid
damage compared with the control, reflecting an increase of DNA damage resulting from
exposure to gamma radiation.

3.3.2 Gamma radiation causes persistent increase in mitotic malfunctions

Whole zebrafish blood slides were examined in order to determine possible abnormalities
related to blood cell formation or renewal. Consequently, micronuclei (MN) were found in
erythrocytes, and counts revealed a statistically significant increase in the frequency of one
MN per cell in both males and females from the 8.7 and 53 mGy/h exposures, compared to

controls (p < 0.0001) (Figure 5). Two and three MN per cell were found to be more frequent
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in the 53 mGy/h males and females than in the controls, but this increase was not significant
(p > 0.9). No significant differences were found in the increase of either micronuclei
frequency or the number of MN per cell between the sexes (p > 0.5). Furthermore, the
occurrence of irregular erythrocyte shape and binucleated cells in the exposed fish
compared to controls was examined, without demonstrating any significant difference

between the controls and the exposed zebrafish (p > 0.9).
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P = 8 - ;
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Fig 5. Frequency of micronucleated erythrocytes in zebrafish exposed to 8.7 and 53 mGy/h
dose rates (total 5.2 and 31 Gy) of gamma radiation and controls; X-axis shows the number
of micronuclei found per erythrocyte. Results are presented as mean percentage micronuclei
+ 95% CI, significance denoted with (*) and compared to control according to two-way
ANOVA and Tukey’s tests (p-value < 0.0001). (A) Male zebrafish. (B) Female zebrafish. N
=10.000 cells from 8-11 individuals.

4 Discussion

4.1 Fish condition and reproduction

This study has shown that exposure to gamma radiation (subchronic, 53 and 8.7 mGy/h,
total 31 and 5.2 Gy) during the period of gametogenesis can severely affect the reproduction
in fish. However, the dose rates used in this study are almost two orders of magnitude above
the maximum dose rates (130-140 uGy/h) found in the aquatic environment following a
nuclear fallout (Johansen et al., 2015; Strand et al., 2014). Although the fish survived the
exposure, massive pathological changes in the gonads and reproductive failure were found,
especially at the higher dose (31 Gy). Gametogenesis is the process in which cells undergo
cell division and differentiation in order to form the mature male or female germ cells,
which in zebrafish lasts for approximately four weeks between 3- 5 months of age (Kog et
al., 2008; Laan et al., 2002). In fish, successful reproduction is dependent upon a good body

condition and sufficient energy reserves. As such, condition factor (K) (Jakob et al., 1996;
12



Stevenson and Woods, 2006) was used as an indicator of overall health of fish populations,
with heavier individuals of a certain length regarded as being in better breeding condition
(Fulton, 1904; Bolger and Connolly, 1989). We found a slight, but significant difference in
the condition factor in males exposed to 8.7 mGy/h gamma radiation compared to controls
at 1.5 years after gamma irradiation. We also found that the females of the 8.7 mGy/h group
were of smaller size, while the condition factor was not significantly different from the
other groups. For using the described dose rates and the required number of biological
replicates, the fish were randomly selected for each exposure tank, indicating that individual
differences could have been present between fish in different exposures. Since the
husbandry of the fish and water parameters did not differ significantly between exposure
tanks (Hurem et al., 2017b), the reason behind these differences is unclear, but could reflect
the balance between energy budget allocations between growth, repair of DNA damage and
spermatogenesis.

A significant reduction in reproductive capacity, in terms of embryo production, was found
in both the exposed groups compared to the controls one month after irradiation, this
reduction being significantly greater in the 53 compared to the 8.7 mGy/h group. One year
after gamma irradiation, this difference between 8.7 mGy/h group and controls was not
significant, although oocyte maturation at 1.5 years after gamma irradiation was found to be
severely disrupted with only non-mature previtellogenic oocytes predominating in the
ovaries in more than half of the 8.7 mGy/h females. Similarly, reduced fecundity and
fertility in fish were reported after gamma irradiation of medaka (Oryzias latipes) eggs with
a dose of 5 Gy (362.5 mGy/h) (Hyodo-Taguchi and Etoh, 1986), while only temporary
sterility was induced in medaka after 5 and 10 Gy gamma irradiation (Michibata et al,
1976). Effects on the maturation of oocytes has previously been reported after a whole body
exposure of adult loach (Misgurnus anguillicaudatus) (10 Gy, x-rays), which is
approximately two times higher the dose used in our study (Egami and Aoki, 1966). In
addition, decreased vitellogenin concentration was found in zebrafish ovaries after exposure
to alpha emitters (250 pg/L depleted U for 20 days) (Bourachot et al., 2014). It was earlier
established that radiation at doses as low as 0.3 Gy (X-rays) can impair the gametogenesis
in fish, with a 50 % reduction in spermatogonia (UNSCEAR 2008). However, in this study,
no visible differences were observed in the testis of the 8.7 mGy/h (total 5.2 Gy) exposure
group compared to control, indicating that female gonads are more susceptible to gamma
radiation than male. Interestingly, a dose of 4.7 Gy gamma radiation, which is relatively

close to the total dose used here, caused accelerated spermatogenesis in fish according to
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Kuwahara and co-workers (Kuwahara et al, 2003). In the present study, however,
reproduction was severely impaired in fish in the 53 mGy/h exposure group as they
produced no embryos one year after the irradiation event, and showed complete regression
in ovary and testis development. Additionally, in offspring of the 53 mGy/h exposed fish,
modulation of gene pathways related to the endocrine regulation of reproduction was found.
These pathways include estrogen receptor 1 (ESR1), follicle stimulating hormone (FSH)
signalling, insulin growth factor 2 (IGF2) and gonadotropin releasing hormone (GnRH)
signalling (unpublished data). Offspring of these fish (53 mGy/h) also showed 100 %
mortality occurring at 8 hours post fertilization (hpf), corresponding to the gastrulation
stage (Hurem et al., 2017b). This finding indicates that damaging signals that could lead to a
modulation of reproduction hormone pathways, may have been transmitted to the progeny

via parental germ cells.

4.2 Genotoxicity

Gamma radiation exposure to 8.7 — 53 mGy/h (total doses 5.2 and 31 Gy) caused a small
but significant increase in DNA damage in both female and male zebrafish a considerable
time after the irradiation ended (1.5 years), with the most prominent effect occurring in the
8.7 mGy/h exposed males and 53 mGy/h exposed females. The persistence of DNA damage
may therefore point to genomic instability, which was observed in the progeny one year
after exposure of the parents (Hurem et al, 2017b). Only a few studies have to date
discussed sex-specific differences in sensitivity to ionizing radiation. A study in mice
reported higher ionizing radiation induced (1 Gy, X-rays) DNA damage increase in males
than in females (Koturbash et al., 2008), and attributed the effect to sex hormones and
distinct cellular responses to whole body irradiation, considering that sterilization
neutralized this difference. Therefore, it is conceivable that differences in endocrine
signaling may contribute to higher susceptibility of male fish to DNA damage.

Although we found no studies on the effects of chronic gamma irradiation, DNA damage in
whole blood of adult zebrafish was found to be significantly increased after an acute
exposure to high doses of ionizing radiation (X-rays, 0.1 — 1 Gy), while DNA damage in the
offspring was correlated with the DNA damage of the parents (Lemos et al., 2017). The
DNA damage response was also examined after chronic exposure to depleted uranium (20
and 250 pg U/L for 20 days), and differences between males and females were observed
(Bourrachot et al., 2014). Interestingly, in offspring of both the 8.7 and 53 mGy/h fish, a

high expression of ribonucleotide reductase subunit 2 (rrm2) was found (unpublished data).
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This gene is associated with DNA damage response in mammals and may perhaps have a
role in the transmission of DNA damage to the offspring, in addition to non-targeted
mechanisms such as inflammatory and bystander effects following radiation exposure
(Hurem et al., 2017b).

Micronuclei originate from aberrant mitosis and are formed when intact chromosomes or
their fragments are not properly segregated into the daughter cells nuclei after cell division
and instead remain in the cytoplasm (Pernot et al., 2012; Sabharwal et al., 2015). The MN
test is frequently used in fish as an indicator of environmental stress and correlates to
increased DNA damage and mutation rate (Russo et al., 2003, Pavlica et al., 2011; Song et
al.,, 2012; Luzhna et al., 2013). In the present study, the frequency of one MN per
erythrocyte was significantly increased in the 8.7 and 53 mGy/h groups (males and females)
compared to controls. The increase in MN demonstrates mitotic failure indicating a
persistent genotoxic stress. It is worth noting that in male zebrafish, the frequency of one
MN per cell was higher in the 8.7 mGy/h exposure group than in the 53 mGy/h, while in the
females this frequency was higher in the 53 mGy/h than in the 8.7 mGy/h group (Figure 5).
Although not statistically significant, the sex-difference in sensitivity in MN-formation
resembles the difference in DNA damage increase in the different exposure groups for
males and females (Fig 4, Table A2). This supports the fact that the micronucleus test in
whole blood seems to be a good indicator of increased DNA damage in zebrafish (Luzhna
et al., 2013). The differences in effects between the irradiated groups and control group
suggest that genotoxic effects of gamma irradiation during the sensitive period of

gametogenesis persist for up to one year after irradiation.

5 Conclusion

The present study demonstrated that subchronic gamma radiation (8.7 and 53 mGy/h)
during the gametogenesis stage causes adverse reproductive and genotoxic effects such as
increased MN formation in erythrocytes and DNA damage in whole blood persisting 1.5
years after gamma irradiation. Reduced embryo production and disrupted ovary
development were found at dose rates > 8.7 mGy’h one month and 1.5 years after the
exposure, respectively, while sterility was observed in the highest dose rate (53 mGy/h) one
year after exposure, including a total regression of the reproductive organs. Overall, while
the doses used in this study did not cause increased mortality of irradiated fish, the observed

adverse reproductive and genotoxic effects indicates that gametogenesis is a very sensitive

15



life stage to ionizing radiation exposure and that the difference in effects can be sex-

dependent and transmissible to offspring.
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Table Al. Number of embryos produced per breeding pair in each breeding week and in all
breeding weeks together in zebrafish exposed to 8.7 and 53 mGy/h gamma radiation for 27 days.

Results presented as mean = SEM.

Number of embryos produced per breeding pair in the breeding weeks (mean + SEM)

Week One month after exposure One year after exposure
Control 8.7 mGy/h 53 mGy/’h Control 8.7 mGy/h 53 mGy/h
1 68.2 +62.8 131.3+£102.5% 2454272 55+55 6.2+42 0
2 283 £218.7 162.8 £126.2% 423 +£37.1* 6.5+6.5 248 £12.2 0
3 226.8+176.2  113.6+87.8%  53.2+449% 62.3+24.6 57.3+204 0*
4 196.8 £153.7 82 +63.4* 43.8 £36.4* 133.8 +£32.8 49.8 +£19.8%* 0*
5 523 +41.1 81.3+64.2 43 £35.7 61.5+25.1 47.8+16.3 11.6£11.6
6 134.6 £ 104.1 74.3 £57.7* 0*

(*) significant compared to corresponding controls according to Dunnett’s test.



Table A2. Percentage of cells distributed by grade of DNA damage in zebrafish blood from

controls and after exposure to gamma radiation (n=1200).

Dose rate DNA damage criteria

(mGy/h) Sex Minimal Low Mid High Extreme

M 922 7.5 0.0 0.2 0.1

Control F 91.8 7.3 0.6 0.1 0.2

M 62.6 30.2 7.1 0.1 0.1

8.7 F 85.7 11.1 3.1 0.2 0.0

M 75.1 18.5 5.9 0.3 0.2

53 F 70.3 24.6 44 0.3 0.4
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