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(7)Abstract 


Sessile organisms such as plants need to cope with a range of changing environmental conditions 
 and stressors, including ionizing radiation like gamma, beta or alpha radiation and non-ionizing 
 radiation  (UV-A  and  UV-B  radiation,  visible  light,  infrared  radiation).  In  the  environment, 
 gamma-, beta- or alpha emitting radionuclides originate from natural radioactive sources (NORM) 
 such  as  uranium  or  thorium  containing  bedrocks,  sediments  and  soils  as  well  as  anthropogenic 
 sources due to releases from the nuclear weapons and fuel cycles.  Ionizing radiation can trigger 
 different physical, chemical and biochemical  responses in an organism and potentially result in 
 effects  such  as  oxidative  stress,  DNA  damage,  reproduction  failure  and  even  transgenerational 
 effects.  


The  present  PhD  study  aimed  to  investigate  radiosensitivity  in  different  plant  species;  the 
 ecologically  important  coniferous  woody  species  Norway  spruce  (Picea  abies)  and  Scots  pine 
 (Pinus  sylvestris)  as  well  as  the  herbaceous  model  plant Arabidopsis  thaliana,  by  investigating 
 different molecular, physiological and morphological parameters. To do so, a set of studies have 
 been  performed,  including  a  comparative  study  involving  all  three  species  and  more  detailed 
 studies of the conifers. In these, interactive effects of UV-B and gamma radiation were investigated 
 and  early  molecular  events  in  response  to  gamma  radiation  were  assessed  using  an  RNA 
 sequencing approach. 


Previous  studies,  among  other  observations  after  the  Chernobyl  nuclear  power  accident,  have 
shown that Scots pine and Norway spruce are among the most radiosensitive plant species and that 
Arabidopsis  thaliana  is  less  sensitive.  However,  information  about  radiosensitivity  from 
systematic  comparisons  under  standardized  conditions  is  very  limited.  Aiming  at  investigating 
growth, cellular and DNA parameters in response to gamma radiation and post-irradiation, all three 
species were exposed simultaneously to dose rates of 1-540 mGy h-1 from a 60Co gamma source 
for144 h, as well as a prolonged 360 h exposure for A. thaliana. The experiments were done under 
controlled  environmental  conditions.  The  results  showed  induction  of  adverse  effects  in  the 
conifers manifested as reduced plant lengths with increasing gamma dose rate ≥40 mGy h-1. During 
the post- irradiation period, decrease in formation and elongation of needles and roots as well as 
visible damage and mortality were observed in plants exposed to ≥40 mGy h-1, and these effects 
were  accompanied  by  increasingly  disorganized  apical  meristems  with  increasing  dose  rate. 
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 Although A. thaliana exhibited delayed development of lateral roots after 144 h and 360 h gamma 
 exposure, no visible or histological damage or mortality were observed at any of the dose rates. 


Post-irradiation, the development of flower buds and inflorescence stems were slightly delayed at 


≥400 mGy h-1.  


In all three species the COMET assay results showed persistent DNA damage following exposure 
 to  ≥1-10  mGy  h-1,  indicating  induction  of  genomic  instability.  Whether  there  was  significant 
 increase in DNA damage at 1 or 10 mGy h-1 varied between experiments and measurement time 
 points (at the end of the irradiation or during the post-irradiation period). Persistent DNA damage 
 (genomic  instability)  in  all  three  species,  but  strong  growth-inhibition,  visible  and  histological 
 damage as well as mortality in the conifer species only, may indicate that the conifers are more 
 sensitive to gamma radiation-induced DNA damage than A. thaliana. Although significant effects 
 were induced by gamma radiation on gene expression in selected gene orthologs related to cell-
 cycle-control,  DNA  repair,  antioxidants  and  general  defence  in  the  different  species  (qPCR 
 analyses), there were no obvious findings that could help to explain the differences in sensitivity 
 observed between the conifers and A. thaliana.  


Ambient UV-B levels have been suggested to prime protective responses towards various stressors 
in  plants.  In  this  work  it  was  tested  whether  UV-B  exposure  could  prime  acclimatisation 
mechanisms  contributing  to  tolerance  to  low-moderate  gamma  radiation  levels  in  Scots  pine 
seedlings,  and  concurrently  whether  simultaneous  UV-B  and  gamma  exposure  may  have  a 
cumulative  negative  effect  on  seedlings.  Therefore,  Scots  pine  seedlings  were  exposed  to 
simultaneous UV-B (0.35 W m-2) and gamma radiation (10.2-125 mGy h-1) for 6 days with and 
without UV-B pre-exposure (0.35 W m-2 or 0.52 W m-2) for 4 days. The results showed increased 
formation of reactive oxygen species and reduced shoot length at ≥42.9 mGy h-1, and reduced root 
length at 125 mGy h-1, regardless of UV-B presence, and no additional effect on growth in response 
to UV-B. In all experiments, a gamma dose-rate dependent increase in DNA damage was observed 
at ≥10.8 mGy h-1, generally with additional UV-B-induced damage although there was no effect 
of  UV-B  on  growth.  Forty-four  days  post-irradiation,  the  seedlings  exhibited  gamma-induced 
growth inhibition and gamma- and UV-B-induced DNA damage even at 20.7 mGy h-1, but this 
was not visible after 8 months and the growth was then normalised.  



(9)Furthermore,  by  employing  RNA  sequencing,  the  goal  was  also  to  assess  the  early  molecular 
 mechanisms and to establish a dose response connection to adverse phenotypic effects in response 
 to gamma radiation in radiosensitive conifers using P. abies (exposed for 48 h) as a model plant. 


Gene  ontology  enrichment  and  KEGG  pathway  analyses  as  well  as  manual  inspection  of 
 differentially  expressed  genes  (DEGs)  (gamma  radiation  of  1,  10,  40  and  100  mGy  h-1  versus 
 unexposed control; about 5300 DEGs in total) revealed that in spite of increased DNA damage at 
 lower  dose  rates,  only  40  mGy  h-1  and  in  particular  100  mGy  h-1  resulted  in  comprehensively 
 altered gene expression with overall up-regulation of genes related to energy-metabolism, protein 
 degradation, DNA repair and specific antioxidants and down-regulation of genes associated with 
 biosynthesis/signalling/transport  of  growth-promoting  hormones,  cell  division  control,  lipid 
 biosynthesis and photosynthesis. 


In  conclusion,  this  PhD  work  has  provided  systematic,  comparative  data  about  the  effects  of 
 gamma radiation on a range of endpoints across various levels of organisation (organismal, cell, 
 and DNA) in the radiosensitive conifers Norway spruce and Scots pine, which generally showed 
 similar responses, as well as the less sensitive A. thaliana. Detailed transcriptomic data for Norway 
 spruce revealed that massive gene expression changes occurred at 40 and 100 mGy h-1 dose rates 
 that  resulted  in  substantial  DNA  damage  and  growth  inhibition  but  not  at  lower  dose  rates.  


Furthermore, the work revealed no evidence of a protective or cumulative negative effect of UV-
B on growth inhibition induced by gamma radiation in Scots pine. 
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 Sammendrag 


Ikke-mobile  organismer  som  planter  må  håndtere  en  rekke  endrede  miljøforhold  og  stressorer, 
 inkludert elektromagnetiske strålingstyper som ioniserende stråling (gamma-, alfa-, betastråling) 
 og ikke-ioniserende stråling (UV-A og UV-B-stråling, synlig lys og infrarød stråling). I naturen 
 kommer  ioniserende  stråling  fra  kosmisk  stråling,  radionuklider  som  uran  og  thorium  i 
 berggrunnen, sedimenter og jord og utslipp fra menneskeskapte kilder som kjernefysiske våpen og 
 kjernekraftverk. Slik stråling kan utløse forskjellige fysiske, kjemiske og biokjemiske responser i 
 en organisme og gi opphav til effekter som oksidativt stress, DNA-skade, reproduksjonssvikt og 
 til og med transgenerasjonelle effekter. 


Dette doktorgradsarbeidet tok sikte på å undersøke radiosensitivitet i forskjellige plantearter; de 
 økologisk  viktige  bartreartene  gran  (Picea  abies)  og  furu  (Pinus  sylvestris)  og  den  urteaktige 
 modellplanten vårskrinneblom (Arabidopsis thaliana). For å forstå forskjell i radiosensitivitet ble 
 ulike molekylære, fysiologiske og morfologiske parametere sammenlignet for alle de tre artene.  I 
 tillegg ble mer detaljerte studier av bartrærne gjort. I disse studiene ble interaktive effekter av UV-
 B og gammastråling undersøkt og tidlige molekylære endringer i respons på  gammastråling ble 
 undersøkt ved hjelp av RNA-sekvensering.  


Tidligere studier, blant annet observasjoner etter Tsjernobyl-atomkraftulykken, har vist at furu og 
 gran  er  blant  de  mest  radiofølsomme  planteartene  og  at  vårskrinneblom  er  mindre  følsom. 


Kunnskap  om  radiosensitivitet  fra  systematisk  sammenligning  under  standardiserte  forhold  er 
imidlertid begrenset. For å undersøke effekter på vekst-, celle- og DNA-parametere under og etter 
gammabestråling  ble  alle  tre  arter  utsatt  for  gammadoserate  fra  1-540  mGy  t-1 fra  en 60Co-
gammakilde i 144 timer, samt en forlenget 360 timers eksponering for vårskrinneblom. Forsøkene 
ble utført under kontrollerte miljøforhold. Resultatene viste negative effekter i bartrær umiddelbart 
etter  bestråling  med  redusert  plantelengde  med  økende  gamma  doserate  fra  ≥40  mGy  h-1.  I 
perioden  etter  bestrålingen  ble  det  observert  redusert  dannelse  og  strekningsvekst  av  nåler  og 
røtter, samt synlig skade og dødelighet i planter utsatt for ≥40 mGy h-1. Dette var forbundet med 
stadig  mer  uorganiserte  apikale  meristemer  med  økende  doserate.  Selv  om A.  thaliana  viste 
forsinket  utvikling  av  laterale  røtter  etter  144  timer  og  360  timer  med  gammaeksponering, 
medførte  det  ingen  synlig  eller  histologisk  skade  eller  dødelighet.  I  perioden  etter 



(11)gammabestrålingen  ble  det  imidlertid  observert  noe  forsinket  dannelse  av  blomsterknopper  og 
 blomsterstandutvikling ved ≥ 400 mGy h-1.  


I  alle  tre  arter  viste  COMET-analyse-resultatene  vedvarende  DNA-skade  etter  eksponering  for 
 gammadoserater  ≥1-10  mGy  h-1.  Dette  indikerer  at  gammastrålingen  resulterte  i  genomisk 
 ustabilitet. Om det var signifikant økning i DNA-skade ved 1 eller 10 mGy h-1, varierte mellom 
 eksperimenter og måletidspunkter (rett etter bestrålingen eller i perioden etter avsluttet bestråling). 


Vedvarende DNA-skade (genomisk ustabilitet) i alle tre arter, men sterk veksthemming, synlig og 
 histologisk skade og dødelighet bare i bartreartene, kan tyde på at disse er mer sensitive overfor 
 gammastrålingsindusert DNA-skade enn vårskrinneblom. Selv om det ble observert signifikante 
 effekter av gammabestrålingen på uttrykket av utvalgte ortologer av gener relatert til cellesyklus-
 kontroll, DNA-reparasjon, antioksidanter og generelt forsvar (qPCR-analyse) i de ulike artene, var 
 det ingen konsistente forskjeller som kunne bidra til å forklare ulik gammasensitivitet i bartrær og 
 vårskrinneblom. 


Det har vært foreslått at normale UV-B-nivåer i miljøet kan sette i gang planteresponser som kan 
 beskytte mot forskjellige typer stress. I dette arbeidet ble det testet om UV-B-eksponering kan føre 
 til akklimatiseringsmekanismer som bidrar til toleranse for lave gammastrålingsnivåer i frøplanter 
 av furu. Samtidig ble det testet om kombinert UV-B- og gamma eksponering kan ha en kumulativ 
 negativ effekt på slike frøplanter. Furufrøplanter ble derfor utsatt for både UV-B (0.35 W m-2) og 
 gammastråling (10.2-125 mGy h-1) i 6 dager med og uten pre-eksponering for UV-B (0.35 W m-


2) i 4 dager. Resultatene viste økt dannelse av reaktive oksygenradikaler og redusert skuddlengde 
 ved ≥42.9 mGy h-1 og redusert rotlengde ved 125 mGy h-1, uavhengig av UV-B-tilstedeværelse og 
 UV-B  ga  ingen  tilleggseffekt  på  strekningsveksten.  I  alle  eksperimenter  ble  det  observert  en 
 gammadoserate-avhengig  økning  i  DNA-skade  ved  doserater  ≥10.8  mGy  h-1,  generelt  med 
 ytterligere UV-B-indusert skade. Gamma-indusert vekstinhibering og gamma- og UV-B-indusert 
 DNA-skade var fortsatt synlig 44 dager etter bestråling, selv ved 20.7 mGy h-1, men 8 måneder 
 senere ble DNA skaden ikke lenger observert og veksten var da normalisert.  


For å oppnå økt kunnskap om de tidlige molekylære mekanismene og etablere en dose-respons-
sammenheng  med  negative  fenotypiske  effekter  i  respons  på  gammastråling  i  radiosensitive 
bartrær ble RNA sekvensering gjort ved bruk av gran som modellplante. Gen-ontologi- og KEGG-
analyser samt manuell inspeksjon av differensielt uttrykte gener (DEGs) (gamma doseratene 1, 10, 
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 40 and 100 mGy h-1 versus ikke-eksponert kontroll; ca 5300 DEGs totalt) viste at tross økt DNA-
 skade  ved  lavere  doserater,  resulterte  bare    40  mGy  h-1  og  spesielt  100  mGy  h-1  i  omfattende 
 endringer  i  genekspresjon  med    hovedsakelig  oppregulering  av  gener  relatert  til 
 energimetabolisme,  proteindegradering,  DNA-reparasjon  og  spesifikke  antioksidanter  og 
 nedregulering  av  gener  assosiert  med  biosyntese/signalering/transport  av  vekstfremmende 
 plantehormoner, celledelingskontroll, lipidbiosyntese og fotosyntese.  


Dette PhD-arbeidet har bidratt med systematiske, komparative data for effekt av gammastråling 
 på en rekke endepunkter på organisme-, celle- og DNA-nivå i de radiosensitive bartreartene gran 
 og  furu  som  generelt  viste  lignende  responser,  samt  den  mindre  sensitive,  vårskrinneblom. 


Detaljerte  transkriptomdata  for  gran  viste  at  massive  endringer  i  genekspresjon  i  slike  bartrær 
skjedde  ved  doserater  som  resulterte  i  betydelig  DNA-skade  og  veksthemming,  men  ikke  ved 
lavere doserater. Arbeidet tydet ikke på at UV-B kan beskytte mot gamma-indusert veksthemming 
i furu og viste heller ingen kumulativ negativ effekt av UV-B i denne sammenheng. 
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(17)1. Introduction 


1.1 Background of this study 


Plants  are  constantly  exposed  to  different  environmental  conditions  and  stressors  including 
 ionizing  radiation  such  as  gamma,  beta  and  alpha  radiation  and  non-ionizing  radiation  such  as 
 ultraviolet  (UV)  radiation  (UV-A  and  UV-B),  visible  light  and  infra-red  radiation.  In  the 
 environment,  ionizing  radiation  arises  from  natural  sources  including  radionuclides  in  bedrock, 
 sediments and soils and cosmic radiation as well as anthropogenic sources such as nuclear weapon 
 tests,  nuclear power plants,  nuclear testing,  and  radionuclides used for medical  diagnostics and 
 therapeutic procedures (UNSCEAR 2010; UNSCEAR 2017). Such radiation can trigger different 
 physical, biochemical and molecular responses in an organism and give rise to somatic effects (cell 
 damage  or  cell  death)  and  genetic  transgenerational  effects  (effects  in  subsequent  generations) 
 (Choppin et al. 2013).  


Among  different  ionising  radiation  types,  effects  of  external  gamma  radiation  have  been  most 
 studied in living organisms (Van Hoeck et al. 2015), and results from long-term studies showed 
 that low levels of ionizing radiation can have adverse effects and induce mutations in plants (Real 
 et al. 2005). So far it has been suggested that woody conifer plants (Gymnosperms) are among the 
 most radiosensitive plant species, and that pine trees showed the highest radiosensitivity after the 
 Chernobyl  and  Fukushima  nuclear  power  plant  accidents  in  1986  and  2011  (Yoschenko  et  al. 


2018). Although there have been major field and laboratory studies on impact of ionizing radiation 
 on plants, the understanding of biological processes and oxidative stress responses across various 
 levels of organisation (molecular, cell and organism level) in plants caused by low to moderate 
 levels  of  gamma  radiation  is  still  limited.  Particularly,  there  is  limited  information  from 
 comparative experiments under standardised exposure conditions.  


Furthermore,  although  high  levels  of  UV-B  radiation  may  be  detrimental  to  plants,  there  is 
evidence that ambient UV-B levels rather has an important role in adaptation to stress by inducing 
protective mechanisms and modulating growth and development (Dotto & Casati 2017; Jansen et 
al. 1998; Jansen & Bornman 2012; Jansen 2017; Robson et al. 2015b; Rozema et al. 1997). Despite 
that moderate UV-B levels have been suggested to prime protection mechanisms contributing to 
tolerance towards different stressors (Jansen 2017 and references therein), there has been no data 
available on whether such UV-B levels can prime protection against low to moderate gamma levels 



(18)2 
 or whether UV-B can contribute to extra stress when plants receive UV-B and gamma radiation 
 simultaneously.   


1.2 Ionizing radiation 


Ionizing  radiation  includes  alpha  (He-cores),  beta  (electron/positron),  and  gamma  radiation 
 (electromagnetic radiation, Fig 1). Upon interaction with matter, molecules are exited or ionized, 
 forming  free radicals.  Recombination of free radicals  would produce reactive oxidative species 
 (ROS). In living organisms, splitting of water molecules and the production of for instance H2O2


internally  in  cells  could  bring  about  damages  to  the  cell  structure  as  well  as  damages  to 
 biomolecules such as DNA. The activity of a radioactive source is measured in becquerel (Bq), 
 which denotes the number of disintegrations per unit of time (UNSCEAR 2010). The energy (dose) 
 absorbed by a living organism is given by the unit of gray (Gy) where (1 Gy = 1 J kg-1). Sievert 
 (Si) is a risk unit which takes into account the stochastic effects and the risk of developing negative 
 health effects such as cancer in humans. Thus, this unit is not used for organism such as plants. 


Largely based on health consequences, low gamma doses and dose rates are currently defined as 


≤100 mGy and ≤6 mGy h-1, respectively  (Averbeck  et  al. 2018;  UNSCEAR 2017). The  global 
 mean  natural  background  dose  rate  has  been  estimated  to  be  2.5  mGy  year-1,  corresponding  to 
 about 0.29 µGy h-1 (Caplin & Willey 2018). Examples of areas with naturally elevated ionizing 
 radiation are Ihla Grande in Brazil, Ramsar in Iran and the Fen field in Norway, with reported dose 
 rates of 14-15 µGy h-1, 4,4 µGy h-1 and 8 µGy h-1 (Caplin & Willey 2018; Freitas & Alencar 2004; 


Mrdakovic Popic et al. 2012).   


1.3 Non-ionizing radiation  


Non-ionizing radiation has sufficient energy for excitation but not for ionization of molecules or 
atoms. The  non-ionizing  spectrum  includes  UV  radiation,  visible  light, infrared  radiation, 
microwaves,  and  radio  waves  (Figure  1).  Non-ionizing  radiation  originates  from  both  natural 
sources  such  as  sunlight  or  lightning  discharges,  and  man-made  sources  seen  in  wireless 
communications, industrial, scientific and medical applications.  



(19)There  are  three  types  of  non-ionizing  UV  radiation  in  the  solar  spectrum,  classified  by  their 
 wavelengths: UV-A (315-400 nm), UV-B (290-315 nm) and UV-C (100-280 nm) (Gill et al. 2015; 


Jansen 2017).  Due to  its  short  wavelengths,  UV-C  is  the most damaging  type of  UV radiation, 
 though it is entirely absorbed by the ozone layer and therefore does not reach the Earth’s surface. 


In comparison to UV-C, UV-B radiation comprises longer wavelengths that can reach the Earth’s 
 surface and is therefore the most high-energy type of UV radiation of significance to organisms 
 on the Earth’s surface. Although UV-B radiation makes up less than 1% of the total solar energy, 
 it  is  a  highly  active  component  of  the  solar  radiation  and  can  potentially  cause  plant  genome 
 damage  by  inducing oxidative damage (pyrimidine  dimers most  common) and crosslinks (both 
 DNA protein and DNA-DNA), at least under high UV-B levels or high UV-B : PAR ratios or in 
 plants with weak UV-B protection mechanisms (Ganguly & Duker 1991; Gill et al. 2015; Rastogi 
 et al. 2010). UV-B are influenced by several  abiotic factors, such as the  thickness of the ozone 
 layer, geographical area, season, altitude, latitude, cloud cover, and time of the day (Jansen 2017).  


Figure  1.  The  electromagnetic  spectrum  showing  relative  frequency,  wavelength  and  energy 
 (NASA 2019).  


1.4 Effects of gamma radiation on plant growth and development 


Well known examples of nuclear power plant accidents are the Chernobyl accident in 1986 and 
the  Fukushima  accident  in  2011.  In  both  accidents,  most  of  the  radioactivity  released  was 
composed  of  volatile  radionuclides  (noble  gases,  I131,  Cs137  etc.).  However,  the  amount  of 
refractory  elements  (including  actinides)  emitted  in  the  course  of  the  Chernobyl  accident  was 
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 approximately four orders of magnitude higher than during the Fukushima accident (Steinhauser 
 et al. 2014).  


Several  field  studies,  including  in  Chernobyl  and  Fukushima,  have  indicated  that  particularly 
 conifer species are vulnerable to gamma radiation (Arkhipov et al. 1995; Watanabe et al. 2015; 


Woodwell 1962; Woodwell & Rebuck 1967; Yoschenko et al. 2018). In the initial period after the 
 Chernobyl  accident  death  of  sprouts,  dying  needles,  necrosis  of  growth  points,  reduced 
 reproductive capacity, chromosomal aberrations and mutations in enzyme loci were observed in 
 Scots  pine  (Pinus  sylvestris)  trees,  and  the  area  of  dead  pine  trees  is  known  as  the  red  forest 
 (Kozubov & Taskaev 2002; Kozubov & Taskaev 2007; Steinhauser et al. 2014; Zelena et al. 2005). 


Studies of Norway spruce (Picea abies) also showed changes in a wide range of characters, such 
 as  morphological  abnormalities  (Kozubov  &  Taskaev  1994;  Sorochinsky  &  Zelena  2003),  and 
 similar changes have been reported in other plant species in the Chernobyl zone (Fesenko et al. 


2005; Geras'kin et al. 2003; Geras'kin et al. 2008; Geras'kin & Volkova 2014; Kalchenko et al. 


1993;  Shevchenko  et  al.  1996;  Shevchenko  &  Grinikh  1995).  Abnormalities  were  shown  to  be 
 present  also  in  pine  seeds  collected  near  the  Chernobyl  accident  site  compared  to  seeds  from 
 control  sites  (Kal'chenko  &  Fedotov  2001).  More  recent  studies  have  shown  that  increased 
 mutations in chronically irradiated pines were significantly associated with the levels of radiation 
 exposure  (Geras'kin  &  Volkova  2014;  Geras’kin  et  al.  2011;  Makarenko  et  al.  2016).  Such 
 observations provide evidence for long-term effects of ionizing radiation. 


A previous study testing effects of different gamma dose rates (81-2336 µGy h-1 for 24-54 days) 
 on A. thaliana induced negative growth effect but no obvious effect on oxidative stress pathways 
 (Vandenhove et al. 2010). However, increased photosystem II (PSII) efficiency (at gamma doses 
 of 3.9 and 6.7 Gy) and maximum electron transport rate (ETRmax; at gamma doses of 3.9, 6.7 and 
 14.8  Gy)  were  observed  in  leaves  of  this  species  (Vanhoudt  et  al.  2014).  Difference  in  gene 
 expression has  also been observed in A. thaliana exposed  to  acute  gamma irradiation  (external 


60Co exposure; 90 000 mGy h-1 for 40 sec;  total dose 1 Gy) and chronic gamma irradiation (internal 


137CsCl (about 24% of the total radiation) and external 60Co (about 76%) exposure; 2 mGy h-1 for 
21 days; total dose 0.93 Gy) (Kovalchuk et al. 2007).  
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 production  of  harmful  free  radicals  in  cells,  leading  to  damage  to  nucleic  acids,  proteins,  and 
 membrane-lipids (Kovacs & Keresztes 2002).  


1.5 Characteristics and biology of conifer species and Arabidopsis thaliana  


Conifers are the most widely distributed group of gymnosperms, with 600 to 630 species in 69 
 genera, which cover an estimated 39% of the world’s forests (Armenise et al. 2012; De La Torre 
 et al. 2014; Wang & Ran 2014). Conifer species are characterized by a long juvenile period, high 
 heterozygosity, long life span, are wind pollinated and dominate the temperate zone forests in the 
 northern hemisphere (De La Torre et al. 2014; Mackay et al. 2012). The Norway spruce genome 
 was recently sequenced and was estimated to have a genome size of 19.6 Gbp (Nystedt et al. 2013). 


However, due to the large genome size, the knowledge about the number of genes and full-length 
 sequences are still incomplete (De La Torre et al. 2014; Nystedt et al. 2013). Among pine species, 
 the loblolly pine (Pinus taeda) 20.1 Gbp genome was the first to be sequenced (Neale et al. 2014; 


Zimin et al. 2014) whereas the genome sequence of Scots pine (possibly about 23 Mbp) remains 
 to  be  published.  Both  these  conifers  have  24  chromosomes  (2n)  (NCBI  2019). Compared  to 
 Norway  spruce,  Scots  pine  can  grow  in  drier  areas,  has  deeper  roots  and  as  mentioned  above, 
 conifers are considered highly radiosensitive species (Caplin & Willey 2018; Watanabe et al. 2015; 


Woodwell  &  Rebuck  1967;  Yoschenko  et  al.  2018). A.  thaliana,  on  the  other  hand,  is  a  small 
annual or winter annual (biannual) flowering plant, which belongs to the mustard family and is 
distributed  worldwide  (TAIR  2019).  The  genome  size  is  approximately  135  Mbp  with  25 498 
genes  (2n  =  10  chromosomes)  (The  Arabidopsis  Genome  2000).  Although  not  systematically 
compared  under  standardized  conditions,  compared  to  the  conifer  species, A.  thaliana  is 
considered a radio-resistant plant species (Caplin & Willey 2018).  
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 1.6 DNA damage  


DNA  of  living  organisms  normally  suffers  damage  which  may  arise  endogenously  or  can  be 
 induced by a variety of external genotoxic agents including UV radiation, ionizing radiation, and 
 chemical mutagens (Manova & Gruszka 2015).At shown in humans, nuclear DNA is less sensitive 
 to oxidative stress than mitochondrial DNA because of the absence of chromatin organization in 
 mitochondria and lower mitochondrial DNA repair activities (Yakes & Van Houten 1997).  


Overproduction of reactive oxygen species (ROS), as by-products of the metabolism or as a result 
of abiotic stress may lead to DNA damage. This includes single strand DNA (ssDNA) or double 
strand DNA (dsDNA) breaks, loss of a base to form an abasic site, chemical modification of a base 
to  form  a  miscoding  or  noncoding  lesion,  and  sugar-phosphate  backbone  breakage  (Figure  2) 
(Manova & Gruszka 2015; Singh et al. 2010; Vonarx et al. 1998). The accumulation of mutations 
caused by such damages (unrecognized and unrepaired DNA damage) may result in plant genome 
instability, reduced growth, and productivity and also threaten the organism’s immediate survival 
(Biedermann et al. 2011; Gill & Tuteja 2010; Singh et al. 2010; Tuteja et al. 2001; Waterworth et 
al.  2011).  Therefore,  effective  detection  of  DNA  damage,  removal  of  damaged  nucleotides, 
replacement  with  undamaged  nucleotides  via  DNA  synthesis,  and  repair  of  DNA  damage  are 
essential to eliminate the chance of permanent genetic alterations and hence to ensure the stability 
of  the  plant  genome  (Gill  &  Tuteja  2010;  Roy  et  al.  2009;  Waterworth  et  al.  2011).  The  most 
common  DNA  photoproducts  induced  by  exposure  to  UV  radiation  are  cyclobutane-type 
pyrimidine dimers and the pyrimidine (6,4) pyrimidone dimers (Hutchinson et al. 1988), while 8-
oxoguanine  (8-Oxo-G),  6-O-methylquanine  (O6meG)  and  N3-methyladenine  (N3MeA)  get 
induced by gamma radiation. Besides,  DNA protein cross-links, DNA strand breaks and deletion 
or insertion of base pairs can be induced both by UV exposure  and gamma radiation (Esnault et 
al. 2010; Kim et al. 2004; Kovacs & Keresztes 2002; Kovalchuk et al. 2007; Manova & Gruszka 
2015; Vandenhove et al. 2010; Wi et al. 2005). 
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The choice and action of a repair system depends mainly on the type of the cell, its proliferation 
 status, the phase of the cell cycle, the type of lesion and its genomic context (Britt 1999; Manova 


& Gruszka 2015). Repair mechanisms involved in dsDNA breaks are non-homologous end joining 
 (NHEJ) and  homologous repair (HR), while different  deletions and insertions  of base pairs  are 
 regulated by mismatch repair (MMR), base excision repair (BER) and nucleotide excision repair 
 (NER)  (Figure  2).  An  overview  of  the  genes  involved  in  different  DNA  repair  pathways  is 
 represented in figure 3. Furthermore, Arabidopsis thaliana ataxia telangiectasia (atm) mutants are 
 sensitive to double strand break-inducing factors, whereas ataxia telangiectasia Rad3-related (atr) 
 mutant  plants  are  sensitive  to  replication  stress,  that  may  result  in  a  stalled  replication  fork 
 (Culligan  et  al.  2004;  Culligan  et  al.  2006;  Garcia  et  al.  2003).  A  role  of  the  ATR  and  ATM  
 proteins in DNA damage repair signalling in plants was validated by the fact that  histone 2AX 
 (H2AX) phosphorylation in response to irradiation-induced double strand breaks is dependent on 
 ATM (Friesner et al. 2005). The KU70 and KU80 genes as well as the DNA LIGASE  IV (LIGIV), 
 BREAST CANCER 1 (BRCA1) and HOMOLOG OF X-RAY REPAIR CROSS COMPLEMENTING 
 4 (XRCC4) genes, which encode proteins required for the initiation and completion of NHEJ, all 
 showed  upregulation  in A.  thaliana after  exposure  to  gamma  radiation  (Bleuyard  et  al.  2005; 


Doutriaux et al. 1998; Lafarge & Montané 2003; Tamura et al. 2002; West et al. 2000). Transcripts 
of  genes  encoding  proteins  involved  in  HR,  such  as BRCA1, BRCA2, RAD51-like, RAD51B, 
RAD5C, XRCC2, XRCC3, MEIOTIC RECOMBINATION 11(MRE11) and the regulatory proteins 
BRCA1 and BRCA2 were also shown to be induced in specific species after exposure to gamma 
rays (Bleuyard et al. 2005; McIlwraith et al. 2000). Similar gamma-induction of DNA repair has 
also been described in the woody angiosperm species Populus nigra where expression of RAD51, 
LIG4, KU70, XRCC4  and PROLIFERATING  CELLULAR  NUCLEAR  ANTIGEN  (PCNA)  were 
increased by gamma rays.  
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 Figure  2. Major  DNA  lesions 
 induced  by  ionizing  radiation 
 and  UV-B,  and  the  different 
 types  of  DNA  repair 
 mechanisms  after  (Gill  et  al. 


2015) .  
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DNA damage also causes biochemical signals to activate checkpoints that are accountable for a 
 delay in the progress of the cell cycle. The checkpoints in the G1/S and S stages stop replication 
 of damaged DNA and the checkpoint in the G2/M stage stop chromosome segregation (Belli et al. 


2002).  The  Ataxia  telangiectasia  Rad3-related  (ATR)  protein  plays  a  central  role  in  the  cell’s 
 response to DNA damage by activating cell-cycle checkpoints, induce cell cycle arrest to allow 
 time for proper DNA repair and as such is required for the G2-phase checkpoint (Culligan et al. 


2004). Another protein, SUPPRESSOR OF GAMMA RADIATION 1 (SOG1), suggested to be a 
 central transcription factor in genomic stress and to be comparable to the animal p53 protein (even 
 though the protein`s amino acid sequence is unrelated), plays a major role in inducing cell cycle 
 check point genes (Yoshiyama et al. 2009; Yoshiyama et al. 2013). Plant-specific B1-type CDKs 
 (CDKB1s) and the class of B1-type cyclins (CYCB1s) are suggested to be major regulators of HR 
 in plants and the genes encoding them are directly regulated by SOG1 (Weimer et al. 2016). For 
 example, CYCB1;1  showed  upregulation  during  treatments  with  DNA  damage-inducing  agents 
 (Adachi et al. 2011; Chen et al. 2003; Culligan et al. 2004; Culligan et al. 2006; Ricaud et al. 2007). 


Additionally, the WEE1 KINASE HOMOLOG (WEE1) gene, encoding a protein involved together 
with  SOG1  in  cell  cycle  arrest,  was  shown  to  be  upregulated  in A.  thaliana  after  exposure  to 
gamma radiation (De Schutter et al. 2007). 
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 Figure  3.  Key  proteins  involved  in  different  DNA  repair  pathways,  modified  after  (Jalal  et  al. 


2011).  The  listed  genes  refer  to  A.  thaliana  genes  exported  from  KEGG  pathways 
(https://www.genome.jp/kegg/ 2019).  
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Although the genome is replicated during the synthesis (S) stage and is subsequently halved during 
 the final step of the mitosis (M) stage, the cell cycle may continue without chromosome separation 
 and cytokinesis (cell division) after DNA replication, leading to polyploid cells (De Schutter et al. 


2007; De Veylder et al. 2011). This process, known as endoreduplication, is well known to occur 
 in  specific  plant  tissues  and  there  is  evidence  that  endoreduplication  is  a  prominent  reaction  to 
 stressful circumstances, such as pathogen attack and DNA damage (Adachi et al. 2011; De Veylder 
 et al. 2011; Lee et al. 2009). Increased ploidy level was observed at a dose rate of 1500 mGy h-1
 in Lemna  minor  (Van  Hoeck  et  al.  2017).  Endoreduplication  in A.  thaliana  was  shown  to  be 
 induced  by  dsDNA  breaks  after  gamma  radiation  from  a 137Cs  source  at  a  dose  rate  45  times 
 greater, 1.1 Gy min-1 (66 000 mGy h-1) (Adachi et al. 2011). Although endoreduplication is much 
 more  prevalent  in  angiosperms,  the  phenomenon  has  been  described  in  meristematic  cambium 
 cells of gymnosperms such as Pinus and Ginko (Lev-Yadun & Sederoff 2000; Scholes & Paige 
 2014).  


1.10 ROS scavengers 


Oxidative stress happens when a severe imbalance exists between ROS production and antioxidant 
 defence (Ahmad et al. 2010). Radiation causes water radiolysis in the cell leading to the production 
 of ROS such as hydrogen peroxide (H2O2), superoxide anion (O2-), hydroxyl radicals (OH•), and 
 singlet oxygen (1O2) (Kovacs & Keresztes 2002; Luckey 2006; Miller & Miller 1987; Quintiliani 
 1986). Low concentrations of ROS are generated when crops are exposed to low levels of UV-B 
 radiation,  which  can  help  activate  UV-acclimation  reactions.  By  comparison,  disruptions  of 
 cellular metabolism can happen when plants are exposed to elevated doses of UV-B owing to the 
 concomitant  increase  of  ROS  concentrations  (Jansen  2017).  Plants  have  evolved  various 
 approaches  to  reverse,  excise  or  tolerate  the  existence  of  DNA  damage  products  to  protect 
 themselves. Superoxide dismutase (SOD) performs a defensive function when a plant is subjected 
 to gamma radiation by turning superoxide into hydrogen peroxide (H2O2) (Gill & Tuteja 2010). 


Catalase (CAT) and  peroxidase  (POD)  also  play major roles  in  cell detoxification of H2O2 and 
 thus  protect  cellular  components  such  as  proteins  and  lipids  from  oxidation  (Wi  et  al.  2007). 


Previous  studies  showed  POD  induction  in  gamma-exposed  pumpkin  cells,  and A.  thaliana 
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 showed POD, ascorbate peroxidase (APX), CAT and SOD induction (Kim et al. 2011; Van Hoeck 
 et al. 2015). Another study of A. thaliana showed increased capacities of SOD and APX in roots 
 of  gamma irradiated plants but decreased activities of CAT, syringaldazine peroxidase (SPX) and 
 guaiacol peroxidase (GPX), while leaves showed only enhanced level of GPX (Vanhoudt et al. 


2014). 


Figure  2.  Primary  and  secondary  reactive  oxygen  species  produced  by  ionizing  radiation  after 
 (Esnault et al. 2010).  


1.11 Hormones in growth regulation and stress responses 


Plant  hormones  (phytohormones)  play  a  key  role  in  controlling  developmental  processes  and 
 signalling  plant  response  networks  to  a  broad  spectrum  of  biotic  and  abiotic  stresses.  The 
 phytohormones salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) are 
 known to play a significant role in regulating the response of plant defence to multiple pathogens 
 and  abiotic  stresses  such  as  wounding,  drought,  frost  and  ozone  exposure  (Verma  et  al.  2016). 


Other phytohormones such as auxin (AUX), gibberellins (GAs) and brassinosteroids (BR) are best 
known as  growth regulators along longitudinal axes and influence the stature and organ size of 
plants.  Cytokinins  (CKs)  mainly  affect  plant  cell  differentiation,  leaf  senescence  and  other 
important  developmental  processes,  but  it  is  also  known  that  elevated  cytokinin  levels  cause 
drought tolerance (Reguera et al. 2013; Sakakibara 2006).  
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The main objective of this study was to improve the understanding of how gamma radiation affects 
 seedlings of different plant species a the organismal, cellular and molecular level. 


The specific objectives and hypotheses were: 


•  To compare the sensitivity to gamma radiation on the organismal, cellular and molecular 
 level in Norway spruce, Scots pine and A. thaliana under standardized exposure conditions 
 (Paper I). In this respect the following hypothesis was tested: Differential radiosensitivity 
 depends on difference in DNA repair capacity or differences in systems for DNA damage 
 protection. 


•  To investigate whether effects of gamma irradiation may be modified by UV-B radiation 
 in a radiosensitive conifer species, using Scots pine as a model system (Paper II). In this 
 respect the following hypotheses were tested: 


o  Pre-exposure to UV-B may prime defence mechanisms contributing to enhanced 
 tolerance to gamma radiation. 


o  Simultaneous UV-B and gamma exposure may have a cumulative negative effect. 


•  To investigate the molecular mechanisms behind the response to gamma radiation and to 
establish  a  dose  response  connection  to  adverse  phenotypic  effects  in  seedlings  of  a 
radiosensitive conifer species, using Norway spruce as a model species (Paper III). This 
work aimed at testing the hypothesis that the radiosensitivity is reflected in transcriptome 
changes  in  response  to  different  gamma  radiation  levels  in  the  sense  that  such  a 
radiosensitive  conifer  species  does  not  mobilize  protective  and  repair  systems  very 
efficiently. 
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  3. Materials and methods 


Pre-growing conditions 


Norway spruce, Scots pine and A. thaliana were sterilized and sown on ½ MS medium in Petri 
 dishes.  Thereafter, the seeds were germinated for 6 days at 20°C under a photon flux density of 
 30 μmol m-2 s-1 at 400-700 nm (TL-D 58W/840 lamps, Phillips, Eindhoven, The Netherlands) in 
 a 16 h photoperiod (See paper I, II and III). The irradiance was measured at the top of the Petri 
 dishes  with  a  Li-Cor  Quantum/Radiometer/Photometer  (model  LI-250,  LI-COR,  Lincoln,  NE, 
 USA).  


Exposure of the seedlings to gamma radiation from a 60Co source 


Six  days  old  seedlings  of  Norway  spruce,  Scots  pine,  and A.  thaliana  were  exposed  to  gamma 
radiation with different gamma dose rates ranging from 1 to 540 mGy h-1, using the FIGARO low 
dose gamma irradiation facility (60Co; 1173.2 and 1332.5 keV γ-rays) at Norwegian University of 
Life Sciences (Lind et al. 2018). Scots pine and Norway spruce seedlings were exposed to gamma 
radiation for 144 h (Paper I and II), while A. thaliana seedlings got 144 h or 360 h of exposure 
(Paper I). In another study (Paper III) Norway spruce seedlings were exposed to gamma radiation 
for 48 h. The seedlings were grown in the Petri dishes during the entire gamma exposure period, 
and to reduce dose variability between irradiated samples, the Petri dishes were rotated 180° in the 
middle of each experiment. Petri dishes with unexposed control seedlings were placed outside the 
radiation sector behind  gamma radiation-shielding lead walls. The room temperature was set at 
20˚C±1°C with a 12 h photoperiod with a photon flux density of 55 μmol m-2 s-1 (400-700 nm, 
red:far (R:FR) ratio 3.5) provided by high pressure metal halide lamps (HPI-T Plus 250W lamps, 
Phillips) mounted above the Petri dishes (paper I and III). In the work in Paper II, Petri dishes with 
Scots pine seedlings were kept in growth chambers at 20˚C under a 12 h photoperiod with a photon 
flux density of 200 μmol m-2 s-1 and a R:FR ratio of 1.9 using white LED lights (PCB1E, Evolys, 
Oslo, Norway) and incandescent lamps (Osram,  Munich, Germany). One growth  chamber with 
Petri dishes was placed in front of the collimator with the 60Co source and another growth chamber 
with  Petri  dishes  was  placed  outside  the  radiation  sector  behind  the  lead  shields.  The  growth 
chambers, which were manufactured by Norwegian University of Life Sciences (Ås, Norway), did 
not have metal in the front and side walls. In all experiments, the irradiance of the photosynthetic 
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 nm sensor (Sky Instruments, Powys, Wales, UK). 


Experiments with UV-B and gamma exposure with or without UV-B pre-treatment 


In  Paper  II,  Scots  pine  seedlings  were  co-exposed  to  UV-B  and  gamma  radiation  in  one 
 experimental series, and in another series of experiments the seedlings were pre-treated with UV-
 B  prior  to  the  combined  gamma  and  UV-B  exposure.  In  the  experiments  without  UV-B  pre-
 treatment, 6 days old seedlings were exposed to gamma radiation for 6 days (144 h) with gamma 
 dose  rates  of  20.7,  42.9  and  125  mGy  h-1 with  or  without  10  h  of  daily  UV-B  exposure  at  an 
 irradiance of 0.35 W m-2 in the middle of a 12 h photoperiod. The gamma radiation was provided 
 using the FIGARO UV and low dose rate gamma irradiation facility (described above). The UV-
 B irradiation was obtained from UV-B fluorescent tubes (UVB-313, Q-Panel Co., Cleveland, OH, 
 USA). To block UV-wavelengths shorter than 290 nm, cellulose diacetate foil (0.13 mm, Jürgen 
 Rachow, Hamburg, Germany) was placed on top of half of the petri dishes in each growth chamber.  


UV-blocking polycarbonate filters were placed on top of the rest of the petri dishes to provide non-
 UV-B-exposed controls.   


In the experiments including UV-B pre-treatment, the exposure conditions were the same as in the 
 experiments  with  combined  UV-B    and  gamma  exposure  without  UV-B  pre-treatments,  except 
 that the gamma dose rates were 10.8, 20.7 and 42.9 mGy h-1 and the 6 days old seedlings were pre-
 treated for 4 days with UV-B at an irradiance of 0.35 or  0.52 W m-2.  Both types of experiments 
 were conducted in the growth chambers with the conditions described above.  


Post-irradiation growing conditions 


After the gamma exposure, seedlings were transferred to pots with fertilized peat (7.5 cm diameter 
and 7 cm height for A. thaliana; 5 cm diameter and 5 cm height for Norway spruce and Scots pine) 
and cultivated in growth chambers (manufactured by Norwegian University of Life Sciences). In 
paper I experiments, four plants of A. thaliana and two plants of Norway spruce and Scots pine 
were cultivated per pot, whereas in the experiments with Scots pine in paper II and Norway spruce 
in  paper  III,  one  plant  per  pot  was  used.  The  temperature  was  set  to  20˚C  and  the  relative  air 
humidity (RH) was adjusted to 78%. For A. thaliana, the daily light period was initially 12 h with 
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 an initial photon irradiance of 50 µmol m-2 s-1 (HPI-T Plus 250W, Phillips), increasing to 100 µmol 
 m-2 s-1 within 7 days. The R:FR-ratio was adjusted to 1.7 with incandescent lamps (Osram, Munich, 
 Germany).  Thereafter  the  photoperiod  was  reduced  to  8  h  to  slow  down  the  reproductive 
 development, aiming at making it easier to distinguish differences between the gamma treatments. 


In one of the experiments, A. thaliana plants were cultivated in a different type of growth chambers 
 (Conviron growth chambers, Controlled Environments Ltd., Winnipeg, Canada) with a different 
 type  of  main  light  (fluorescent  light  tubes  (60W  lamps,  Phillips)  and  incandescent  lamps)  as 
 compared  to  the  experiments  mentioned  above.  Norway  spruce  and  Scots  pine  plants  were 
 cultivated in separate chambers of the same type mentioned above, but under a 24 h photoperiod 
 with a 12 h main light period (metal halide HPI-T Plus, Phillips and incandescent lamps), followed 
 by 12 h day extension with low-intensity light from incandescence lamps. The irradiance of the 
 main light period was gradually increased from 50 m-2 s-1 to 180 µmol m-2 s-1 during 7 days. These 
 light  parameters  were  provided  to  ensure  sustained  growth  after  the  first  period  following 
 germination when they are less sensitive to photoperiod and irradiance. In experiments with UV-
 B pre-treatment prior to combined UV-B and gamma irradiation, Scots pine plants were transferred 
 to  a  greenhouse  compartment  at  NMBU,  Ås,  Norway  (59°39´N.10°47´E)  two  months  after  the 
 irradiation and grown for additional 5-6 months. The temperature was set to 21°C and RH to 75%, 
 and in addition to the natural light, supplementary light at 165 µmol m-2 s-1 provided 16 h a day 
 from HQI (Powerstar HQI-T 400 W, Osram, Munich, Germany) and high-pressure sodium (HPS 
 400 W Master PIA, Phillips) lamps (1:1 ratio). 


Growth parameter recordings and histological studies 


After the irradiation treatments, shoot and root lengths of Norway spruce and Scots pine (scanned 
on  transparent  sheaths  with  a  scale)  were  measured  using  the  Image  J  software  (US  National 
Institutes of Health, Bethesda, MD, USA; http:/imagej.nih.gov/ij/) (Paper I, II, III). In A. thaliana, 
the number of lateral roots were counted at the end of the gamma exposure (Paper I). At this stage 
the conifer species did  not  have any lateral  roots, but  the number of lateral  roots were  counted 
during the post-irradiation period (Paper I).  In A. thaliana the fragile root system did not allow 
counting  of  lateral  roots  during  the  post-irradiation  growing  period.  During  the  post-irradiation 
period the number of needles was counted and the plant height, and plant diameter were recorded 
in time courses in Norway spruce and Scots pine (Paper I, II, III). Plant height was measured with 



(33)a ruler from  the rim  of the pot  to  the shoot apical  meristem  (SAM) and the cumulative growth 
 calculated.  Shoot  diameter  from  needle  tip  to  needle  tip  across  the  plant at  the  shoot  apex  was 
 calculated  from  two  perpendicular  measurements  per  plant.  In A.  thaliana  plants  (Paper  I),  the 
 number of rosette leaves before appearance of flower buds and the number of plants with visible 
 flower buds were recorded during the post-irradiation period. The percentage of plants with flower 
 buds and elongating inflorescence stem were then calculated. In the comparative study of all three 
 species  (Paper  I),  the  number  of  dead  plants  of  Norway  spruce  and  Scots  pine  was  counted, 
 whereas in A. thaliana no mortality was observed.  


To evaluate effects of gamma and UV-B irradiation on the histology, histological studies of 
 shoot and root apical meristems and leaves/needles were performed according to Lee et al. 2017 
 (Paper  I,  II  and  III). Materials  of shoot and root tips and leaves  fixed in  4%  formaldehyde  and 
 0.025% glutaraldehyde in sodium phosphate buffer (PBS, pH 7.0) were embedded in LR White 
 resin  (London  Resin  Company,  London,  UK)  and  sectioned  using  a  microtome,  followed  by 
 staining with toluidine blue O and inspection by light microscopy.  


Analyses of DNA damage by the COMET assay 


In all the studies the DNA damage (single and double strand breaks) after the gamma exposure 
 was  measured  using  the  COMET  assay  performed  according  to  Gichner  et  al.  2003  with  some 
 modifications (Gichner et al. 2003). The principle of the analyses is that damaged DNA moves out 
 the cell nuclei during electrophoresis of lysed cells/cell nuclei in an agarose gel, and visualisation 
 of the DNA is done by fluorescence microscopy. Nuclei with DNA damage then get  elongated 
 (COMET-like) in contrast to nuclei with undamaged DNA that retain a circular appearance. The 
 intensity and length of the elongated cell nuclei (COMETS) due to the DNA damage is quantified 
 relative to the head.   


Analyses of gene expression by qPCR and RNA sequencing 


To investigate the effect of gamma irradiation on transcript levels of specific genes related to DNA 
repair, antioxidants, cell cycle control and defence, shoots of young seedlings of Norway spruce, 
Scots pine and A. thaliana were harvested after 144 h of gamma exposure. As described in paper 
I, total RNA was extracted from each sample and transcript levels were analysed using qPCR.  
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 To  investigate  the  early  molecular  events  (transcriptomic  changes)  in  response  to  gamma 
 irradiation in seedlings of a radiosensitive conifer using Norway spruce as a model species, shoot 
 samples for RNA sequencing was harvested after 48 h of gamma radiation (Paper III). The total 
 RNA was extracted, and RNA sequencing performed as described in Paper III. Further analyses 
 including  estimation  of  the  transcript  abundances,  differential  expression  analyses  and  gene 
 ontology (GO) term enrichment and KEGG pathway analysis were done as described in Paper III. 


In addition, due to the relatively poorly characterised Norway spruce genome (Nystedt et al. 2013), 
 a  comprehensive  manual  inspection  of  genes  in  specific  groups  were  performed.  These  gene 
 groups were selected on basis of the results  of the GO  term  and KEGG analysis as well as the 
 seedling phenotype and knowledge from other studies. 


ROS measurements and analyses of flavonoids and total antioxidant capacity 


In the work in Paper II, ROS production (H2O2) was assessed in Scots pine seedlings after gamma 
 and UV-B irradiation, using 2′,7′-dichlorofluorescein diacetate (H2DCFDA) that upon oxidation 
 is  de-esterified  to  the  highly  fluorescent  2′,7-dichlorofluorescein  (H2DCFD)  (Razinger  et  al. 


2010).  The  fluorescent  signal  for  each  of  the  samples  was  measured  by  a  microplate  reader 
 (Fluoroskan Ascent FL, Thermo, Vantaa, Finland) with excitation and emission wavelengths of 
 480 nm and 530 nm, respectively. 


Analyses of phenolic compounds were performed as described in Paper II. This included extraction 
 in  MeOH  and  analyses  by  HPLC  using  a  50  ×  4.6  mm  ODS  Hypersil  column  (Thermo  Fisher 
 Scientific Inc., Waltham, MA, USA). The samples were eluted at a flow rate of 2 ml min−1 using 
 a MeOH: water gradient according to Nybakken et al. (2012) (Nybakken et al. 2012). 


Total antioxidant capacity was analysed using the OxiSelect Ferric Reducing Antioxidant Power 
(FRAP) Assay Kit (Cell Biolabs, San Diego, USA) according to the manufacturer`s instructions 
(Paper II). 



(35)Photosynthesis-related measurement 


Twenty-eight days after gamma irradiation, A. thaliana plants were placed in the dark for 15 min. 


Thereby,  to  measure  the  optimal  PSII  efficiency,  a  modulated  fluorometer  (PAM-2000,  Walz, 
 Effeltrich, Germany) was used and Fv/Fm was calculated by Fv/Fm = (Fm - Fo)/Fm (Paper I).  


Statistical analyses 


For the different growth and developmental parameters, DNA damage, relative transcript levels, 
 ROS (H2O2) levels, contents of different phenolic compounds and total antioxidant capacity the 
 effect of gamma radiation was assessed by analyses of variance (ANOVA; one-way for gamma 
 only experiments (Paper I and III) and two-way for UV-B and gamma experiments (Paper II)) in 
 the general linear model mode and by regression analysis using the Minitab statistical software 
 Minitab  statistical  software  (Minitab  18,  Minitab  Inc.,  PA,  USA)  (p  ≤  0.05).  For  the  post-
 irradiation growth parameters, the results from the final time point when the differences between 
 the treatments were the largest were analysed. To test for differences between means, Tukey’s post 
 hoc  test  was  used.  When  results  from  repeated  experiments  were  available,  the  final  statistical 
 analyses included all these results. These individual experiments were first analysed separately to 
 confirm equal responses.  


Statistical  analysis  for  the  RNAseq  analysis  (Paper  III)  involved  estimation  of  transcript 
abundances  by  using  Salmon  read  mapping  software.  Differential  expression  was  done  using 
DESeq2 (version 1.18.1). Samples from different dose rates were compared to the control samples 
and genes were classified as differentially expressed genes if the False Discovery Rate adjusted p-
values  were  <  0.05.  Functional  annotations  were  downloaded  from 
ftp://plantgenie.org/Data/ConGenIE/Picea_abies/v1.0/Annotation/  database  and  gene  ontology 
(GO)  was obtained from the file Pabies1.0-gene_go_concat and A. thaliana orthologs to Norway 
spruce genes from the file piabi_artha_BEST_DIAMOND. Enrichment of GO and KEGG terms 
was performed using topGO (version 2.34.0) and limma package (version 3.38.2).  
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 4. Main results and discussion  


Previous studies  have demonstrated that  ionising radiation  such as  gamma  radiation  may  cause 
 adverse changes in plant growth and development, damage to DNA and other macromolecules, as 
 well as  altered metabolism (Esnault et  al. 2010;  Hamideldin & Hussien 2013; Kim et al. 2004; 


Kovacs  &  Keresztes  2002;  Kovalchuk  et  al.  2007;  Vandenhove  et  al.  2010;  Wi  et  al.  2005). 


Furthermore, plant responses to gamma irradiation may differ between species and may depend 
 on cultivar, developmental stage, tissue architecture, genome organisation and exposure scenario 
 (De  Micco  et  al.  2011).  Interaction  of  ionizing  radiation  with  other  kinds  of  stressors  and 
 environmental  factors  in  nature  should  also  be  taken  into  consideration,  such  as  UV-radiation, 
 particularly UV-B due to its short wavelengths, temperature, humidity, salt stress, pathogens etc. 


So  far,  effects  on  plants  exposed  to  acute  high  doses  have  been  best  understood  based  on;  (a) 
 controlled field experiments b) field studies immediately after nuclear accidents, and (c) controlled 
 laboratory  experiments  (Caplin  &  Willey  2018).  However,  few  controlled  experiments  that 
 examined the impacts on plants of low doses have been reported (UNSCEAR 1996). Also, there 
 is  limited  information  about  differences  in  radiosensitivity  from  systematic  comparisons  of 
 different plant species under standardized conditions.  


In the present thesis, sensitivity to gamma radiation at the organismal, cellular and molecular level 
in the two conifers Norway spruce and Scots pine and the herbaceous A. thaliana was compared 
under controlled conditions (Paper I). Also, interactive effects of gamma and UV-B radiation were 
investigated  in  the  radiosensitive  Scots  pine  (Paper  II).  Furthermore,  molecular  mechanisms 
behind  the  response  to  gamma  radiation  in  the  similarly  radiosensitive  conifer  species  Norway 
spruce was studied using an RNA sequencing approach (Paper III). Norway spruce was used in 
this study since this species has the best developed molecular resources of the two conifers, which 
both have very large genomes. Although knowledge about full-length sequences and the number 
of genes is still incomplete, a genome sequence of Norway spruce has been published (Nystedt et 
al. 2013) in contrast to Scots pine. 



(37)4.1 Effects of gamma radiation on plant growth and development, histology and mortality 
 Young Norway spruce and Scots pine seedlings showed a dose-rate dependent growth inhibition 
 after exposure to 144 h of gamma radiation 7-12 days after sowing, with reduced shoot and root 
 lengths at dose rates ≥ 40 mGy h-1, representing total doses ≥ 5.8 Gy (Paper I and Paper II). It 
 could be noted that while Norway spruce showed reduced elongation growth at 40 mGy h-1 (paper 
 I), there was variation in the response of Scots pine to this rate (paper I and II).  


In one experimental series in the study in Paper II, significantly reduced shoot length was observed 
 in response to 42.9 mGy h-1, while there was no effect of 40 and 42.9 mGy h-1 in the study in Paper 
 I and another experimental series in Paper II, respectively. The reason for this variation remains 
 elusive.  Gamma  irradiation  of  Norway  spruce  seedlings  for  48  h  from  day  7  after  sowing  also 
 resulted in reduced shoot growth at the highest tested dose rates of 100 and 290 mGy h-1 (total 
 doses 4.8 and 13.9 Gy), but root growth was not affected (Paper III). 


The growth inhibition in response to the 144 h of gamma irradiation persisted post-irradiation with 
 reduced shoot elongation, shoot diameter (i.e. length of needles) and number of needles in both 
 Norway spruce and Scots pine at dose rates ≥ 40 mGy h-1 (Paper I) and ≥ 20 mGy h-1 when tested 
 in Scots pine (Paper II). It could be noted that although the plant length in Scots pine was not in 
 all cases affected at the end of the irradiation with 40 or 42.9 mGy h-1, growth inhibition (for at 
 least some growth parameters) was then generally observed post-irradiation (recorded up to day 
 44). Also, although no effect of 20.7 mGy h-1 on growth in Scots pine was observed at the end of 
 the  gamma irradiation,  growth  inhibition  was  observed  post-irradiation  at  least  for some of the 
 growth parameters in each of the two experimental series performed in the work in Paper II. The 
 delay  in  growth  inhibition  implies  that  the  negative  effect  of  such  gamma  dose  rates  may  take 
 some time to be manifested. Like at the end of the gamma irradiation, there was also some variation 
 in the post-irradiation growth responses, with e.g. Norway spruce showing significantly reduced 
 number of needles but not reduced shoot diameter at a dose rate of 40 mGy h-1. 


 A possible explanation of the variation in the responses between experiments/experimental series 
may be  genetic variation since population  materials  were used.  Also, it may be speculated that 
different types of DNA damage had occurred to slightly different extents in different experiments 
and that these involve different types of DNA repair mechanisms. Difference in PAR during the 
gamma irradiation between the work in Paper I (55 µmol m-2 s-1) and Paper II (200 µmol m-2 s-1) 
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 may be another reason for differences in growth responses at the same dose rate for Scots pine. On 
 the other hand, although we used the same PAR in the two series of experiments in Paper II, the 
 growth responses varied for the same dose rate.  


In the experiment with 48 h of gamma irradiation of Norway spruce seedlings, growth inhibition 
 persisted post-irradiation with reduction of shoot diameter and number of needles at the same dose 
 rates that affected growth at the end of the irradiation, i.e. 100 mGy h-1 and 290 mGy h-1 (highest 
 tested  dose  rates).  In  these  plants,  no  changes  in  the  shoot  elongation  was  then  observed  post-
 irradation (recorded for 58 days; Paper III).  


Since  shoot  elongation  and  needle  formation  and  growth  depend  on  cell  division  and  cell 
 elongation in the shoot apical meristem (SAM)/shoot tips/leaf initials, it follows that the gamma 
 irradiation affected these (either or both) basic growth processes (discussed further below). It could 
 be noted that the growth inhibition in response to 144 h of gamma radiation was no longer visible 
 7-8 months post-irradiance when Scots pine seedlings exposed to up to 40 mGy h-1 were cultivated 
 further, indicating that cell division and cell elongation then had been normalised (Paper II). 


Although the conifer seedlings did not have any lateral roots at the end of the 144 h of gamma 
 irradiation, the post-irradiation results showed reduced number of lateral roots and reduced total 
 root  length  at  dose  rates  40  mGy  h-1  and  100  mGy  h-1  for  Scots  pine  and  Norway  spruce, 
 respectively (at day 44; Paper I). Reduced number of lateral roots post-irradiation was probably 
 associated with a negative effect of the gamma irradiation on cell division activity in the pericycle 
 that is the origin of lateral roots. Similarly, the reduced total root length might have been due to a 
 negative effect of the gamma radiation on cell division in the shoot apical meristem and/or reduced 
 cell elongation.  


Cancelation of the apical dominance in young Scots pine trees in Chernobyl, and in Japanese red 
pine  and  Japanese  fir  in  the  Fukushima  zone  was  observed  under  chronic  radiation  conditions 
(Yoschenko et al. 2018). However, no such impact in the gamma-exposed Scots pine and Norway 
spruce seedlings was noted in the current work (Paper I, II, III). Also, abnormally long needles 
were  observed  in  Scots  pine  after  the  Chernobyl  accident  (Goltsova  et  al.  1991).  Furthermore, 
some  studies,  have  reported  growth  stimulation  in  crops  exposed  to  low-doses  of  ionizing 
radiation; increased callus fresh weight and dry weight in carrot (Daucus carota) and increased 
fruit yield weight in tomato (Lycopersicon esculentum) (Al-Safadi & Simon 1990; Sidrak & Suess 
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