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ABSTRACT 

 

The Chernobyl nuclear incident resulted in the release of high amounts of 

radionuclides into the environment.  Subsequently the Chernobyl exclusion zone (CEZ) 

was established to prevent human exposure to radionuclides. An expected consequence 

of exposure to chronic doses of ionizing radiation (IR) in Chernobyl wildlife is 

increased DNA damage and oxidative stress via reactive oxygen species (ROS) 

production. The mitochondrial DNA (mtDNA) is the main source of endogenous ROS 

production, and when damaged by IR it produces more ROS and a concomitant 

increase in oxidative damage. The molecular mechanisms for the maintenance of the 

mtDNA in wildlife inhabiting the CEZ is still poorly understood. This study examined 

key molecular pathways responsible for mtDNA maintenance in animals (bank voles) 

inhabiting the CEZ (elevated and low background radiation sites). I quantified the 

expression of two important genes Polg2 and Sod2 implicated in mtDNA repair, 

replication and ROS scavenging. My model was bank vole (Myodes glareolus) liver and 

brain tissues sampled in contaminated areas in the CEZ and from uncontaminated 

control sites outside the CEZ. I also quantified variation in mtDNA copies (a proxy for 

numbers of mitochondria) and proportion of damaged mtDNA in bank voles. Finally, 

I estimated potential rate of mitochondria mutations by quantifying the frequency of 

heteroplasmy using whole genome sequencing (WGS) data of bank vole muscle tissue 

from animal from contaminated areas in the CEZ and uncontaminated control sites. 

There was significant upregulation of Polg2 in the livers of bank voles captured from 

the CEZ. Sod2 in contrast was significantly downregulated in bank voles from the CEZ. 

There was a non-significant increase in mtDNA copy number in bank voles inhabiting 

the CEZ compared to bank voles from control sites. I also observed bank voles in the 

CEZ contained significantly less damaged mtDNA compared with control individuals. 

In bank vole brains, neither Polg2 nor Sod2 expression differed among contaminated 

and uncontaminated sites. There were significantly elevated mitochondria copies in 

bank voles inhabiting the CEZ. The brain data also revealed bank voles from low 

radiation sites in the CEZ had significantly more damaged mtDNA compared elevated 

radiation sites and control areas. I found no association between level of radiation 

exposure and frequency of heteroplasmy, although there was some temporal 

differences in heteroplasmy. This result suggests that expression of mtDNA repair gene 

and synthesis of new genomes is a key adaptive machinery for mtDNA maintenance in 

response to low dose ionizing radiation. I found evidence of tissue specific differences 

in mtDNA damage and repair pathways in bank voles inhabiting the CEZ. However, 

with no increase in heteroplasmy, more studies are needed to demonstrate high 

mutation rates in contaminated bank voles. 

 

Key words: Chernobyl, bank voles, Polg2, Sod2, mtDNA, IR, heteroplasmy. 
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Introduction  

1.1 Chernobyl Nuclear Power Plant (ChNPP) Disaster 

Accidental release of ionizing radiation can have detrimental consequences for plants, 

wildlife and humans  (Geras’kin, Fesenko, & Alexakhin, 2008; Lourenço et al., 2016; 

Møller & Mousseau, 2006).  Since the commercial utilization of nuclear power to meet 

growing energy demands, there have been three major nuclear accidents; at Three-mile 

Island (in 1979, USA), Chernobyl (in 1986, Ukraine) and Fukushima (in 2011, Japan). 

According to the International Atomic Energy Agency (IAEA), both the Chernobyl and 

Fukushima nuclear incidents were ranked highest on level 7 on the IAEA International 

nuclear and Radiological Event Scale (INES). Both nuclear incidents left a legacy of 

widespread contamination of land, water and biota, which will take decades to mitigate 

(United Nations Scientific Committee on the Effects of Atomic Radiation, 2008). 

The ChNPP disaster occurred on the 26th of April 1986 when one of the reactors suffered a 

nuclear meltdown. The subsequent fire and explosions resulted in a nuclear fallout causing 

an estimated release of 14 Exabecquerel (EBq) of radionuclides, including 1.8 EBq of 

131Iodine, 0.085 EBq of 137Caesium, 0.01 EBq of 90Strontium, and 0.003 EBq of 

239Plutonium radioisotopes with half-lives of 8.02 days, 30.2, 28.8 and 24,100 years 

respectively  (United Nations Scientific Committee on the Effects of Atomic Radiation: 

Fifty-sixth Session, 2008). The radionuclide release polluted large areas of Europe, but the 

most contaminated areas in former Soviet Union (present day Belarus, Russia and 

Ukraine). To limit human exposure to chronic doses of ionizing radiation (IR), a ~30km 

Chernobyl exclusion zone (CEZ) was established around the stricken reactor. Low dose 

radiation (LDIR) is the dose below which adverse biological health effects are not 

detected, usually <100mSv (National council on Radiation Protection, 1987). Hence, 

wildlife inhabiting the CEZ provides the best model of the biological effects of exposure to 

chronic low dose ionizing radiation (Møller & Mousseau, 2006).  

 

1.2 Biological impacts of Chernobyl nuclear disaster on plants and wildlife  

Wildlife in Chernobyl highlights the adverse effects of exposure to elevated ionizing 

radiation over several generations. However, the total effects for the local biota in the 

highly contaminated CEZ has in the long term been positive in the favor of biodiversity 
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and bio-density of wildlife (Sokolov et al., 1993). A consensus from long term ecological 

studies indicates that many plants survived and are capable of flowering even in the most 

radioactive areas.  In the aftermath of the accident, plants like Pine (Pinus sylvestris), Birch 

(Betula pendula), Aspen (Populus tremula), Alder (Alnus glutinmosa) and Oak (Quercus 

robur) regenerated even in the most radioactive areas, therefore ensuring natural recovery 

(Sokolov et al., 1993). Additionally, increased sightings of mammals like moose (Alces 

alces), roe deer (Capreol capreolus), wild boars (Sus scrofus), foxes (Vulpes vulpes), 

wolves (Canis lupus) and other small rodents have been observed within the CEZ (Baker 

& Chesser, 2000; Sokolov et al., 1993). However, the repopulation of the CEZ by wildlife 

likely reflect a lack of human activities (such as agriculture, hunting, deforestation and 

industrialization) in the CEZ which have encourage natural recovery of the ecosystem 

despite radioactive contamination (Deryabina et al., 2015; Sokolov et al., 1993). However, 

many opposing debates continues on the long-term health and fitness of the local biota 

within the CEZ. 

In contrast to the increase abundant of biota observed in the CEZ, early monitoring studies 

conducted on biota following the ChNPP accident suggests high variability in radiation 

effects among taxa. Ecological studies identified elevated health risks, increased mortality 

and reduced abundance in Chernobyl wildlife as a direct consequence of chronic exposure 

to LDIR (Grigorkina & Olenev, 2013; Møller & Mousseau, 2009; Sakata et al., 2012). 

Developmental instability and fluctuating asymmetry were also identified to be four times 

greater in three plant species sampled in the CEZ (Robina pseudoacacia, Sorbus aucuparia 

and Matricaria perforate) when compared with those from control areas. Barn swallows 

sampled from the CEZ displayed reduced levels of leukocytes, immunoglobulins and had 

smaller spleens compared to individuals outside the CEZ (Bowers et al., 1999).  A 40% 

decline in adult survival rate was observed in 16 bird species inhabiting different sites 

within the CEZ (Møller et al., 2012). Elevated radiation in the CEZ have been linked to 

increased abnormal brain development in 48 bird species sampled in the CEZ (Møller et 

al., 2011). Møller & Mousseau, (2009) observed a positive correlation between elevated 

amounts of background radiation in the CEZ and reduction in abundance of bumble-bees, 

butterflies, grasshoppers, spiders and spider webs. Snow track survey conducted by Møller 

& Mousseau, (2013) indicated less dense animal populations with increasing levels of 

radiation in sites within and just outside the CEZ. Increased aspermy and low sperm 

mobility in birds inhabiting contaminated sites have been documented (Møller et al., 
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2014). Similar reports of sperm abnormalities accompanied with embryo mortality after 

ChNPP accident was detected in house mouse (Mus musculus) trapped in different 

contaminated area. These studies highlight the negative effects of elevated ionizing 

radiation on Chernobyl wildlife.  

Chronic LDIR can also result in DNA damage, either by direct DNA lesions or via 

oxidative damage by reactive oxygen species (ROS) by the radiolysis of intracellular water 

(Einor et al., 2016; Ward, 1995). High rates of chromosomal aberrations were identified in 

the cells of freshwater snail embryos in contaminated lakes in the CEZ (Dzyubenko & 

Gudkov, 2009). Documented cases of DNA damage have been reported in wildlife and 

plants inhabiting contaminated areas in Chernobyl and Fukushima (Bonisoli-Alquati et al., 

2015; Fujita et al., 2014). Evidence of high frequency of germline mutations in barn 

swallows (Hirundo rustica) in the CEZ have been reported (Møller & Mousseau, 2001; 

Møller et al., 2013). 

Studies conducted in the aftermath of the nuclear disaster at Fukushima, Japan have 

revealed comparable biological effects of exposure to radionuclides, including elevated 

rates of mutation, DNA damage and reduced population sizes (reviewed by Lourenço et 

al., 2016).  Elevated levels of DNA strand breaks was reported in Earthworms 

(Megascolesidae) in contaminated sites near the Fukishima power plant (Fujita et al., 

2014). Wild Japanese monkeys (Macaca fuscata) studied in Fukushima had harmful 

hematological changes including significantly low white and red blood cells, hemoglobin 

and hematocrit when compared to other Monkeys sampled in control sites (Ochiai et al., 

2015). Remarkably, despite hundreds of studies documenting effects of radionuclide 

exposure, only a handful of studies quantify the gene expression and DNA repair activity 

in wildlife inhabiting contaminated areas around Chernobyl and Fukushima. 

 

1.3 Molecular response to low dose radiation 

When absorbed by living cells, ionizing radiation (IR) can induce direct lesions in 

chemical bonds resulting in DNA strand breakage and base modifications (Mahaney et al., 

2009). IR also induces the generation of reactive oxygen species (ROS) via radiolysis of 

intracellular water which causes direct or indirect ROS-mediated damage to biological 

macromolecules including proteins, nucleic acids and lipids (Apel & Hirt, 2004). To 
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ensure viability of the genome, DNA repair systems continually monitor the genome to 

repair damaged DNA, failure of which can result in blockage of transcription and 

replication, mutagenesis and cellular toxicity (Hoeijmakers, 2009). Therefore, 

radioactively exposed cells have evolved different pathways to repair DNA and prevent 

cell apoptosis. 

Different pathways are employed by cells to mitigate the deleterious effects of radiation 

exposure. Two central pathways principally employed to mitigate the effects of IR in 

exposed cells are: (1) use of DNA repair systems (Hoeijmakers, 2009; Maynard, et al., 

2015; Sasaki et al., 2002) and (2) use of antioxidants to protect cells under oxidative stress 

(Jarrett & Boulton, 2005). However, the capability and efficiency of DNA damage repair is 

dependent on several factors including cell type, degree of radionuclide contamination and 

site of damage (whether in the nucleus or mitochondria) (Knottenbelt et al., 2015). 

All animal cells are made up of two genomes; the nuclear genome (containing the vast 

majority of genes) and the mitochondrial genome. DNA repair mechanisms are well 

characterized for nuclear DNA, where they comprise of many checkpoint proteins and 

signaling cascades which are activated in response to DNA damage (Giglia-Mari et al., 

2011). However, the molecular apparatus of DNA repair system used by mitochondria is 

less understood. It was originally hypothesized that mitochondria lack DNA repair 

mechanisms, and that mitochondria with damaged DNA were simply degraded (Clayton et 

al., 1974). The mitochondria is an important cellular organelle responsible for energy 

generation within the cell. Therefore, lack of mtDNA repair can affect cellular process and 

cause cell injury. The existence of DNA damage repair has been recently documented in 

the mitochondria,  the mitochondria use pathways such as base excision repair, 

recombination repair and reactive oxygen scavenging to repair damaged DNA and to 

protect DNA from damage (reviewed by Martin, 2011). Therefore, highlighting the 

mtDNA repair mechanisms in radioactive exposed animals in Chernobyl is of critical 

importance in understanding the adaptive response to chronic radiation. 

 

1.4 The mitochondrial genome and effects of ionizing radiation 

The importance of the mitochondria in maintaining normal cellular functions cannot be 

overemphasized. Mitochondria  provide cellular energy (ATP synthesis) via oxidative 
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phosphorylation (Attardi & Schatz, 1988). The mammalian mitochondria is a circular 

(approximately 17 Kb), double stranded DNA (mitochondrial DNA, mtDNA) that encodes 

2 ribosomal RNAs, 22tRNAs and 13 polypeptides involved in electron transport chain and 

ATP synthesis. The mitochondria biogenesis and copy number is correlated with the 

energy demands of the cell (Candas & Li, 2014). Animal’s cells can contain up to 1000 

mitochondria copies, with each having between 5 to 10 copies of mtDNA per 

mitochondrion (Brown et al., 2011; Iborra et al., 2004). Replication of mtDNA does not 

depend on the cell cycle and thus can occur independently of nuclear DNA (nDNA) 

replication (Chinnery & Hudson, 2013; Cleaver, 1992). Protecting the mtDNA from 

radiation damage is therefore essential as mutations in mtDNA can result in damage and 

mitochondria dysfunction (Alexeyev et al., 2013; Holt, Harding, & Morgan-Hughes, 1988; 

Wallace et al., 1988).  

Due to the role of the mitochondria in metabolism, mitochondria are the main source of 

endogenous ROS in mammalian cells (Andreyev et al.,  2005). Therefore, if damaged by 

IR, it can lead to more ROS production which results in more damaged mitochondria. This 

makes the mDNA is particularly susceptible to oxidative damage than nuclear DNA. 

Oxidative damaged in the mtDNA has been linked to accelerated aging (Ames, Shigenaga, 

& Hagen, 1993; Schriner et al., 2005; Shigenaga, Hagen, & Ames, 1994; Wallace et al., 

1995), and onset of neuronal degeneration and cardiovascular disease (Tritschler & 

Medori, 1993). Vulnerability of the mtDNA to ROS damage also increases due to lack of 

protective histones which serve as a protective barrier against ROS (Kazak et al., 2012). 

Compared to nDNA, mtDNA has a less efficient DNA repair following oxidative damage 

(Yakes & Van Houten, 1997). Studies have shown a 3-10 fold higher mutation rate in the 

mtDNA than in nuclear DNA (Santos, Mandavilli, & Van Houten, 2002). It is therefore 

imperative to understand the molecular effects of increased oxidative stress in the CEZ on 

the mitochondrial genome. 

 

1.5 Mitochondrial copy number 

Damaged mtDNA if uncompensated via repair or biosynthesis of new genomes will lead to 

mtDNA depletion and more ROS production (Richter, 1995). Therefore, it is essential that 

mechanisms that maintain the mitochondrial genome when exposed to damaging agents 

are established. In cells exposed to high oxidative stress, mitochondria biogenesis does 
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occur at a significantly increased level (Lee et al., 2000; Nisoli et al., 2003; Wei et al., 

2001). This indicates that increase in mtDNA copies in mammalian cells is a functional 

response to oxidative damage (Evdokimovskiĭ et al., 2007; Liu et al., 2003). Exposure of 

HPv-G cells to 0.5Gy γ-radiation triggered up to a 2-fold increase in mitochondrial copy 

number followed by 96h of recovery (Murphy et al., 2005). Malakhova et al., (2005) also 

observed an increase in mtDNA copy number in the brain and spleen tissues of γ radiated 

mouse. The mouse small bowel and bone marrow tissues have also showed increases in 

mitochondria copies post irradiation period, with an observable linear relationship between 

dose (2, 4, 7Gy) and recovery time (24, 48h) (Gubina et al., 2010). Hence, maintenance of 

adequate number of functional mitochondria is essential for normal cell function (Montier, 

Deng, & Bai, 2009). These studies suggest that increased production of mitochondrial 

DNA copies in post irradiated cells is a major mechanism to compensate against mtDNA 

damage and for the maintenance of mitochondria function.  

 

1.6 Heteroplasmy 

One of mutagenic consequence of elevated radiation exposure is increased rates of 

mutation (Hallahan, Spriggs, Beckett, Kufe, & Weichselbaum, 1989; Little et al.,, 1997; 

Ward, 1995).. Given the exposure of wildlife in the CEZ chronic doses of IR, it is 

imperative to understand the molecular costs to the mtDNA. One of the main signals of 

mitochondria mutagenesis is heteroplasmy. Heteroplasmy reflects the high rates of 

mutations of the mtDNA and replication errors due to inefficient mtDNA repair (Kmiec, 

Woloszynska, & Janska, 2006). Mitochondria heteroplasmy represents the presence of 

multiple mtDNA haplotypes in a cell or individual (Li et al., 2010; Li, Schröder, Ni, 

Madea, & Stoneking, 2015). The frequency of heteroplasmic sites varies between cell type, 

tissues and during the life span of organisms (Jenuth et al., 1997; Sekiguchi et al., 2003). 

Heteroplasmy been previously exploited as a potential marker of mtDNA damage in 

Chernobyl wildlife, where exposure resulted in a non-significant increase in heteroplasmy 

in animals inhabiting the CEZ (Baker et al., 1999; Wickliffe et al., 2002). 

Detection of mitochondria heteroplasmy occurring at low frequency (less than 5%) can be 

difficult using conventional techniques. The inability to detect low frequency heteroplasmy 

using techniques such as sanger capillary sequencing (Baker et al., 1999; Irwin et al., 

2009), invader assay (Mashima et al., 2004), pyrosequencing (Ballana et al., 2008) and 
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temporal temperature gradient gel electrophoresis (Wong, Chen, & Tan, 2004), could be 

due to limitations in technology.  However, next generation sequencing (NGS) is well 

suited for detecting heteroplasmy due to its high depths of coverage, allowing robust 

detection of mitochondria heteroplasmies at very low depths of coverage. 

 

1.7 Aims and objectives 

In this study, I investigated bank voles in Chernobyl to quantify the molecular mechanisms 

associated with mitochondria maintenance when exposed to chronic low doses of radiation 

using three tissues (liver, brain and muscle). To achieve this, I analyzed the effect of 

chronic exposure to IR in bank voles using the following assays: 

1. mtDNA repair 

2. mtDNA copy number 

3. mtDNA damage 

4. Tissue differences in mtDNA maintenance 

5. heteroplasmy 

The expression of mtDNA repair genes have been well documented in post-irradiated cells 

(Epperly et al., 2003; Oberley et al., 1987; Zhang et al., 2011). Hence, I hypothesize that 

exposure of bank voles to chronic doses of IR will elicit the upregulation of mtDNA repair 

genes as a molecular mechanism for mtDNA maintenance.  

Alongside overexpression of mtDNA repair genes, increased synthesis of more mtDNA 

copies have been previously identified in cells exposed to oxidative stress (Belokhvostov, 

Lebedev, & Sherlina, 1987; Liu et al., 2003.; Wei et al., 2001). Therefore, I suspect that as 

a functional response to oxidative stress in the CEZ, mtDNA copy number is significantly 

increased to compensate for the effects of IR in increasing mtDNA damage. 

Radiation induced.mtDNA damage includes single and double strand breaks, abasic sites 

and base damages have been well documented (Roots et al., 1985; Yakes & Van Houten, 

1997). Loss of mtDNA genome fragments therefore should be more pronounced in bank 

voles inhabiting radioactive contaminated sites in the CEZ when compared to control.   

The different cell and tissue type of multicellular organisms have specialized physiological 

requirements which influences their metabolic profile and energy demands (Alston et al., 

2017; Jayashankar et al., 2016; Kunz, 2003). Tissue specific differences in gene 
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expression, mtDNA replication and damage has been previously documented (Herbers et 

al., 2018; Johnson et al., 2007), with higher of mtDNA damage observed in high metabolic 

tissues like the brain, heart and skeletal muscle (Herbers et al., 2018). Therefore, exposure 

to elevated IR should elicit marked differences in mtDNA maintenance and mtDNA 

damage in bank vole liver and brain tissues, as both tissues show differential sensitivity to 

IR (Rubin & Casarett, 1968).  

One hallmark of elevated radiation exposure in increased mutagenesis (Hallahan, Spriggs, 

Beckett, Kufe, & Weichselbaum, 1989; Little et al. 1997; Ward, 1995; Møller & 

Mousseau, 2015). However, debates continue whether chronic doses of radiation in the 

CEZ increases mutation rates in wildlife. Baker et al., (2017) suggested that chronic low 

doses of ionizing radiation in the CEZ may have resulted in increased mutagenesis in bank 

voles over the last 25 years. This report is in contrast with their previous studies (Baker et 

al., 1999; Wickliffe et al., 2002) which document lack of significant association between 

mutation rates in bank voles and level of environmental contamination in the CEZ. 

However, these studies estimated mutation rates from genetic diversity which is plagued 

by population history which determine if mutation rates is incorporated into the population 

at a detected frequency. Therefore, estimation of heteroplasmy which is a measure of 

mutation within an individual, will allow for enhanced detection of mitochondria 

heteroplasmy. This will promote the use of heteroplasmy as a molecular marker of 

oxidative damage in cells. 

 

Materials and Methods 

2.1 Study site 

The nuclear fallout after the ChNPP disaster led to widespread contamination of the land, 

air and water. Most of the radioactive isotopes with long half -lives (137Cs, 90Sr, and 239Pu) 

were deposited on the top soil resulting in over 1.48 x 1012Bq radionuclide contamination 

(Dubrova et al., 1996). Small mammals inhabiting the most radioactive areas of the CEZ, 

such as the Red forest (51023.040’N, 30003.780’E), receive chronic doses of ionizing 

radiation ranging from 0.4 to 60 mSv/d (Baker et al., 2017; Chesser et al., 2001). This level 

of radiation is equivalent to 4-600 chest x-rays or approximately eight CT scans per day. 
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2.2 Study specie 

The bank vole (Myodes glareolus) is a small rodent with a wide range in the Palaearctic 

which stretches from the British Isles through continental Europe, Russia to Lake Baikalis 

(Shenbrot & Krasnov, 2005). It inhabits deciduous and mixed forests, woodland, scrub, 

parkland, and hedges (Amori et al., 2008). It is a quite common and found throughout the 

CEZ. The bank vole also represents one of the first mammals to recolonize the accident 

site (Baker et al., 1996). Bank voles can also accumulate very high internal doses of 

radioactive Cesium (Cs) compared with other small animals in the CEZ (Chesser et al., 

2000),  hence serves as a good model for studying the mammalian response to 

radionuclides contamination (Baker et al., 2017; Boratyński et al., 2014; Meeks et al., 

2009; Rodgers & Baker, 2000,; Wickliffe et al., 2002). 

 

2.3 Sample collection and study area  

Bank voles were captured with Ugglan Special 2 live traps (Grahnab, Sweden), using 

sunflower seeds and potato as bait from locations within and outside the CEZ (Figure 1) 

during summer 2015.  

 

Figure 1: Bank vole trapping sites in the Chernobyl exclusion zone (CEZ). Low background 

radiation intensity is shown as green circles (<1.0µGy/h) and elevated levels with orange and red (1 

to 12.3µGy/h). Blue cycles represent the control locations, Brody, Korostyshev and Lubny.   The 

figure was created using in R v.3.3.3 (R Core Team, 2014) using GGMAP v. 2.6.1 (Kahle & 

Wickham, 2016). Spatial Visualization with ggplot2 (Wickham & Kahle, 2016)in R v 3.3.3 (R 

Core Team, 2014). 
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At each trapping location, traps were set with an inter-trapping distance of about 10m.  

Traps were placed for one night and checked in the morning. Hand held dosimeters 

(Inspector, International Medcom inc, Sebastpol, CA, USA) calibrated to measure in 

sieverts (Sv) were used to measure soil radiation at each trap site (1 cm above ground 

level). Areas within the CEZ had relatively elevated, and low levels of ambient 

background radiation. Samples of bank voles from within the CEZ were divided into two 

groups based on the recorded level of ambient background radiation; (1) elevated radiation, 

where the background soil radiation was >1µSv/h (mean=5.21 µSv/h, SD=2.71) and (2) 

low radiation were animals were caught from areas with <1µSv/h background radiation 

(mean=0.19 µSv/h, SD=0.11). A third group of bank voles were caught in locations 

outside the CEZ, where no elevated levels of radiation have been recorded; (1) Brody 

(50.083141°N 25.147651°E), (2) Lubny (50°01′N 33°00′E) and (3) Korostyshev 

(50.083141°N 25.147651°E) with mean background radiation recorded as 0.13 µSv/h, 0.15 

µSv/hand 0.13 µSv/h respectively. 

Animals were euthanized humanely, and tissues collected and stored at -80oC in Allprotect 

Tissue Reagent (Qiagen) until RNA extraction. Overall, I measured 144 bank vole liver 

tissues (72 males &72 females) and 180 bank vole brain tissues (86 males & 94 females). 

 

2.4 Selection of mtDNA repair genes 

In the aftermath of oxidative stress, ROS induces the upregulation of intrinsic mtDNA 

maintenance genes to protect against IR induced ROS damage (Guo et al., 2003). Chronic 

exposure to LDIR induces an adaptive response that enhances the cell’s tolerance to IR 

toxic effects (Ahmed & Li, 2008; Fan et al., 2007; Guo et al., 2003). This study will focus 

on two important genes identified as crucial components of mtDNA repair and replication 

(Polg2), and ROS scavenging pathways (Sod2). Both Polg2 and Sod2 have been 

implicated in mtDNA maintenance after radiation injury (Epperly et al., 2003; Graziewicz 

et al.,2005; Oberley et al., 1987; Zhang et al., 2011). Therefore, deficiencies in gene 

expression can result in mtDNA dysfunction, mutations and mtDNA damage (Humble et 

al., 2013; Van Remmen et al., 2001). 

 

 

https://tools.wmflabs.org/geohack/geohack.php?pagename=Brody&params=50.083141_N_25.147651_E_type:city(23713)_region:UA-46
https://tools.wmflabs.org/geohack/geohack.php?pagename=Lubny&params=50_01_N_33_00_E_region:UA_type:city
https://tools.wmflabs.org/geohack/geohack.php?pagename=Brody&params=50.083141_N_25.147651_E_type:city(23713)_region:UA-46
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2.4.1 Manganese Superoxide Dismutase (Sod2) 

One pathway for the prevention of the deleterious effects of ROS in cells is by expression 

of antioxidant genes that help in ROS scavenging (Koehler, Beverly, & Leverich, 2006). 

Among these antioxidant enzymes, Sod2 is the primary mitochondrial antioxidant enzyme 

that protects cells from oxidative stress (Zelko et al., 2002). Sod2 is a nuclear-encoded 

enzyme but primarily expressed in the mitochondrial (Weisiger & Fridovich, 1973). Sod2 

scavenges superoxide produced as a by-product of continuous oxidation-reduction 

reactions that occurs in the mitochondria (Beck et al., 1987; Beckman et al., 1973). Sod2 

performs this function by catalyzing the conversion of toxic superoxide radicals (O2-) to 

hydrogen peroxide and molecular oxygen (2O2
- + 2H+ = H2O2 + O2) in the mitochondria.  

This conversion ability allows Sod2 to clear buildup of toxic ROS in the mitochondria 

(Zelko et al., 2002). The upregulation of Sod2 expression after radiation exposure have 

been well documented. Expression of Sod2 increased in mouse heart tissue after 250kVp, 

30Ma X-radiation.(Oberley et al., 1987). Sod2 is localized in the 17th chromosome in the 

mouse (Mus musculus) genome. It has a length of 10,281bp with one splice variant. Sod2 

contains a total of 5 exons and 4 introns (Figure S1).  

 

2.4.2 Mitochondrial DNA polymerase catalytic subunit (Polg2) 

As the sole DNA polymerase enzyme found exclusively in the mitochondria, Polg2 is 

responsible for replication and repair of the mitochondrial DNA (Copeland & Longley, 

2003).  Although Polg2 is a nuclear encoded enzyme, it is localized exclusively in the 

mitochondria. The importance of Polg2 in mtDNA maintenance was highlighted by 

Humble et al., (2013), Polg2 knock out in mouse resulted in embryonic lethality, mtDNA 

dysfunction and mtDNA deletion.  Mutant D257A mouse deficient in Polg2 accumulate 

mutations and accelerated aging (Kujoth et al., 2005). Polg2 is localized in chromosome 11 

in the mouse genome (Mus musculus) with a length of 25,191bp. It has 6 transcripts, with 

23 exons and 22 introns (Figure S2).  

 

2.5 Primer to amplify mtDNA repair genes in bank vole 

Sod2 and Polg2 primers to amplify the mtDNA repair genes were designed using 

Primer3web v.4 (Untergasser et al., 2012). The PCR amplicon size are 103bp and 114bp 
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for Sod2 and Polg2 respectively (Table 1). Different strategies were employed to prevent 

amplification of genomic DNA. Primers to span two separate exons and another to span 

two exons separated by a large (~1 kb) intron. The intron-exon boundaries of Polg2 and 

Sod2 were identified using sequences from draft bank vole genome (GCA_001305785). A 

gradient PCR was employed to select the best possible primers. PCR test for each primer 

was completed in 10 µl reactions volumes that contained 1ng cDNA, 500nM forward and 

reverse primers, 5µl ThermoFisher DreamTaq PCR master mix and 3µl PCR grade water. 

PCR cycling was set to 95oC for 1min, 95oC for 30s, 60 oC (or 62oC) for 30s for each 

primer, and 72oC for 7mins. The PCR products was examined on a 1% agarose gel and 

thereafter optimal primers were selected. Myodes glareolus gene sequences from Genbank 

(https://www.ncbi.nlm.nih.gov/genbank/) were aligned using default parameters in 

nucleotide blast (BLASTn) (Altschul et al., 1990) against homolog mRNA sequences of 

the target genes in the prairie vole (Microtus ochrogaster) genome available in Genbank: 

Polg2 (XM_005350419.2) and Sod2 (XM_005363390.2). 

To normalize expression of quantitative gene expression, two reference genes was utilized; 

Beta-actin (Actb) and Endoplasmic reticulum sorting receptor 1 (Rer1) with 1.91bp and 

1.99bp amplicon length respectively (Table 1). Actb primers were designed using 

conserved mouse sequence (Mus musculus) while primers for Rer1 was designed from 

bank vole (Myodes glareolus) genome (Jernfors et al., 2018). Primer qPCR efficiency 

(Table 1) were calculated by means of standard curves analysis (Figure S3 & S4). 

 

Table 1: Primers sequences (forward and reverse) and amplicon lengths of mtDNA 

candidate genes used in qPCR 

        

Gene Primer Sequence (5' ->3') 

PCR amplicon 

size (base 

pairs) 

qPCR Efficiency 

          

Sod2  F ACCGAGGAGAATACCACGA 103 1.97 

 R GGGCTCAGGTTTGTCCAGAA   
Polg2 F GGGATAATCTGGCTGAGCTG 114 1.86 

 R CCCTGTTCAAGACAGTGCTTC   
ActB F TGCGTGACATCAAAGAGAAG 197 1.91 

 R GATGCCACAGGATTCCATA   
Rer1 F GGCCGATCCTGGTGATGTAC 132 1.99 

  CCACGTCCTCCTTCCCTTTG   
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2.6 RNA extraction and cDNA synthesis 

Total RNA was extracted from liver and brain samples using the RNeasy Mini Kit 

(Qiagen) according to manufacturer’s protocol. The quality and quantity of extracted RNA 

was estimated using a NanoDrop ND-1000 spectrophotometer (Thermoscientific, 

Waltham, USA). cDNA was prepared with iScript cDNA synthesis kit (Bio-rad) according 

to manufactural protocol, using 400 ng of total RNA in the reaction. 

 

2.7 Quantitative PCR (qPCR) 

Quantitative PCRs (qPCR) were performed using a Roche Light cycler 480 (Roche 

Molecular Diagnostics). Each 15 µl qPCR mix contained 3ng of cDNA, 1x HOT FIREPol 

EvaGreen qPCR Mix Plus (Solis BioDyne), 375nM of reverse and forward primers. 

Thermal cycling conditions were 95oC for 15 mins, followed by 35 cycles of 95oC for 15s, 

60oC for 20s for annealing and 72oC for 20s for elongation. Three technical replicates were 

done for each sample. Order of samples for each tissue was randomized across qPCR 

plates to prevent any potential bias. Ct values was derived from the mean of replicates of 

each sample. Samples were reanalyzed if the Ct value standard deviation was above 0.3. 

 

2.8 Statistical Analysis 

The qPCR raw data was imported into GenEx v. 6.1 software (MutiD Co. Götebory, 

Sweden) to correct for variation in PCR efficiencies (𝐶𝑞 = 𝐶𝑞E
log 1+𝐸

log 2
 where CqE is the 

uncorrected Cq value and E is the PCR efficiency). Each sample was normalized against 

the harmonic mean of two internal reference genes ActB and Rer1 (𝐶𝑞norm = 𝐶𝑞GOI −

1

𝑛
∑ 𝐶𝑞RG𝑖)𝑛

𝑖=1  to control for outliers (Vandesompele et al., (2002). The Cq values was 

averaged between the technical replicates and then compared to the standard positive 

control. Fold changes as calculated using the Pfaffl formula (Pfaffl, 2001) implemented in 

GeneEx. The relative data of the individual samples was then log2 transformed. 

To quantify processes associated with significant variation in gene expression, I utilized a 

general mixed model (GLM) in R v. 3.3.3. (R Core Team, 2013). I examined site (location) 

and sex as possible factors that affect gene expression. Initial analyses considered 3 

locations: (1) areas within the CEZ with elevated radiation dose where the background 
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radiation was >1µSv/h, (2) areas within the CEZ ambient radiation dose was low; <1µSv/h 

background radiation, (3) Control sites (outgroups) outside the CEZ; Brody, Korostyehev 

and Lubny with 0.13 µSv/h mean background radiation. Notably, areas of low background 

radiation in the CEZ and the control sites have no significantly different background level 

of radiation. 

 

2.9 Degradation and maintenance of mtDNA and copy number in bank voles 

The amount of damaged mtDNA and copy number differences in bank voles was measured 

using primers designed by Kesäniemi et al., (unpublished). The mtDNA copy number and 

damage assay is based on qPCR amplification of three fragments and amplification of a 

nuclear locus as the reference gene (N) (87bp length). The mtDNA fragments amplified are 

a short mtDNA fragment (SF) (72bp length), and a larger mtDNA fragment (LF) (3252bp 

length (Table 2).  The relative mitochondrial DNA copy number (CN) was calculated as a 

relative ratio of a short mitochondrial fragment and the genomic fragment (SF/N). 

Amplification of the long mtDNA fragment was used to estimate the relative amount of 

undamaged intact mitochondria, based on the principle that elevated IR damages mtDNA 

fragments and therefore long PCR will fail (no template) (Hunter et al., 2010). Therefore, 

the ratio of the long mitochondrial fragment and the nuclear fragment (LF/N) was used as 

indicative of intact mitochondrial genomes, providing estimates of mitochondrial DNA 

damage. 

 

Table 2: mtDNA copy number and damaged primers indicting size and efficiency 

scores for the nuclear gene, short and long mtDNA fragment.  

Locus Primer 
 

Sequence (5’ – 3’) 
Product 

size (bp) 
Efficiency 

36b4 (N, nuclear) F  GTCCCGTGTGAAGTCACTGT 87 0.97 

 R  AGCGGTGTTGTCTAAAGCCT   

mt_short (SF) F  ACACTGATTCCCACTATTCACA 72 0.92 

 R  GGCTCATGGTAGTGGTAGG   

mt_long (LF) F  ATAGTAGAAGCAGGGGCTGGA 3252 0.88 

 R  TGGGTTGGAACTAGGCTTGAGT   
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I analysed mtDNA copy number and mtDNA damage in samples of brain and liver from 

bank vole trapped in contaminated sites in the CEZ and uncontaminated sites near 

Chernobyl (Figure 1). In total, I measured mtDNA copy number and damage in 53 brain 

samples (28 males and 25 females), with 33 samples from the CEZ and 20 from control 

locations. The liver data has 27 samples (14 males and 13 females), with 12 samples from 

the CEZ and 15 from control locations. 

 

2.10 Estimating heteroplasmy frequency using NGS data 

To investigate whether exposure to environmental radiation increases heteroplasmy 

frequency in bank voles from the CEZ (Kesäniemi et al., 2018), I analysed  NGS sequence 

data from a study by Baker et al., (2017). Baker et al., (2017) performed a whole genome 

sequencing of bank voles from the CEZ to determine the impact of environmental 

contamination on mutation rates. The study inferred that the higher level of mitochondria 

genomic diversity in the contaminated bank vole may be a direct result of increased rates 

of mutation due to chronic radiation exposure. However, Baker et al., (2017) estimated 

mutation rates from population genetic diversity statistics, which can be affected by the 

bank voles demographic and population dynamics. Hence, I quantified heteroplasmy 

frequency which focus on individual mutations independent of demography.  

Read data from the whole genome sequencing of 122 bank voles (out of 131 described by 

Baker et al., 2017) were downloaded from the NCBI's sequence read archive 

(https://www.ncbi.nlm.nih.gov/sra/; project accession SRX2515630) and converted to 

FASTQ format using SRA toolkit (available in CSC – IT Center for Science, Finland). The 

NGS consisted of whole genome sequencing (including mitochondrial DNA) of bank vole 

muscle tissue obtained from two contaminated (Red forest and Glyboke lake) and three 

control sites in Ukraine (Nezamozhnya, Nedanchychy and Oranoe). No metadata were 

provided for the SRA archive, so individuals were assigned to locations using the statistics 

provided by Baker et al., (2017). Quality control was performed using FastQC 

(http://www.bioinformatics.babraham.ac.uk-projects/fastqc) and removed poor reads using 

TRIMMOMATIC v.0.35 (Bolger, Lohse, & Usadel, 2014) (minimum length = 90, quality 

score = 20, sliding window size = 5). Paired end reads were mapped against a reference 

bank vole mitochondria genome (GenBank accession NC_024538) using BOWTIE2 

v.2.2.9 (Langmead & Salzberg, 2012) (Parameters: -D 5 -R 1 -N 0 -L 22 -i S,0,2,50). 

https://www.ncbi.nlm.nih.gov/sra/
http://www.bioinformatics.babraham.ac.uk-projects/fastqc
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Mapped data were sorted and converted into a MPILEUP data format utilizing SAM tools 

v.1.4 (http://samtools.github.io/hts-specs/SAMv1.pdf). Heteroplasmic sites were called 

using VARSCAN v.2.3.9 (Koboldt et al., 2012) based on a minimum read frequency of 

1%, a minimum read depth of 500, and when 10% of the reads mapped to the alternate 

strand to reduce the number of false positives arising arising from potential PCR errors 

(Scarcelli et al., 2016). Also, because fewer reads mapped at the ends of the contig, 

potential heteroplasmic sites were called between positions 220 and 15, 793. Seven 

individuals yielded very low coverage (less than 500x on average) across the reference 

mitochondria genome, leaving a final sample size of 115 individuals (n= 46 and 69 from 

contaminated and control sites, respectively).  

Statistical analyses for variation in heteroplasmy between contaminated and control 

individuals was performed using a Student’s t-test implemented in IBM SPSS v.24 (IBM 

Corp. Armonk NY, 2013). Further estimation of heteroplasmic variation was conducted 

using generalized linear mixed models (GLMM) implemented by GLMER function in 

LME4 (Bates et al., 2015) analysed in R.v.3.1.1. (R Core Team, 2014). A binomial error 

distribution was used to analyse models that examined whether an individual has a 

heteroplasmic site (Hp) or not (Proportion of Hp individuals), while models examining the 

number of heteroplasmies present within each individual (Hp sites/individual) was 

analysed using a Poisson distribution. Sampling year (1998, 2011) and contamination (yes, 

no) were represented as fixed factors. 

 

Results 

The gene expression, mtDNA copy number and proportion of damaged mtDNA assays 

used bank voles captured from three sites; (1) Elevated radiation site in the CEZ, (2) Low 

radiation sites in the CEZ and (3) Control areas. My testing compared; (1) all three sites 

(elevates, low and control sites) (2) elevated versus low radiation sites in the CEZ (3) CEZ 

versus control sites.  When the level of gene expression did not differ in the CEZ (elevated 

versus low radiation sites) (Table 3), I pooled the CEZ and compared with control sites. I 

also examined possible sex effects in gene expression among samples within the CEZ and 

control individuals. Non-significant effects were removed, and the final model analysed 

again using GLM function in LME4 (Bates et al., 2015) analysed in R.v.3.1.1. (R 

CoreTeam, 2014). 

http://samtools.github.io/hts-specs/SAMv1.pdf).%20Heteroplasmic
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3.1 Gene expression and mitochondrial copy number in bank vole liver tissue. 

Expression of Polg2 did not significantly differ in bank vole liver tissues from individuals 

within the CEZ. The expression of Polg2 significantly differed between samples from the 

CEZ and the control locations (p< 0.05), with an almost 3-fold (2.99) increase in 

expression in the CEZ (Figure 2A). 

As with Polg2, expression of Sod2 did not differ in the liver tissue of bank voles inhabiting 

the CEZ (Table 3). However, significant downregulation of Sod2 was observed in 

individuals from the CEZ compared with the control sample (Figure 2C), with a fold 

change of -1.225 (p<0.05). Also, I found no sex differences in expression of both mtDNA 

repair genes (Table S1). 

Samples of bank voles from the elevated and low radiation sites had more copies of 

mitochondrial DNA than did samples from control areas, although this difference was not 

statistically significant (Figure 3A). However, bank voles from the elevated radioactive 

sites had less damaged mtDNA (i.e. more intact mtDNA genome copies) than did bank 

voles from the low radioactive sites in the CEZ and control individuals (Figure 3C).  

 

3.2 Gene expression and mtDNA copy number in bank vole brain tissue. 

Neither of the two candidate genes associated with repair of mtDNA significantly differed 

in expression in bank vole tissue in any of the sampling sites (elevated and low radiation 

sites in the CEZ and control) (Table 3). Although, Sod2 showed slight upregulation in the 

control compared with samples from the CEZ (Figure 2B&D). As with the liver, relative 

expression of both genes did not differ among males and females (Table S1) 

Bank vole brain tissue of individuals from high and low radiation sites in the CEZ had 

significantly more mitochondrial DNA copies compared with brains of individuals from 

control locations (Figure 3B). However, control samples had significantly more intact 

copies of mtDNA and hence lesser damaged mitochondrial genomes than did the samples 

from the CEZ (Figure 3D). 
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Table 3: Summarized results of general linear models testing the gene expression differences, 

amount of damaged mtDNA and copy number in Bank voles (Myodes glareolus) sampled in 

elevated and low radiation sites in the CEZ and control locations 

Values marked with bold and asterisk indicate significant change in gene expression. (p-

significance levels: *p< 0.05, **p < 0.01, *** p< 0.001). 

 

 

 

 

 

 

 

 

 

          

Coefficients Estimate  Standard error T value P value 

     

Polg2 liver     

Intercept  0.702 0.3212  2.185 0.0341* 

Control -0.159 0.3748 -4.244 0.0001*** 

Sod2 liver     
Intercept -0.999 0.1917 -5.213 <0.0001*** 

Control  0.501 0.2237  2.240   0.0301* 

Polg brain     
Intercept  1.777 0.4391  4.048 0.0002*** 

Control -0.057 0.5072 -0.112 0.9109 

Sod brain     

Intercept -0.574 0.4748 -1.209 0.2320 

Control  0.277 0.5483  0.505 0.6160 

mtDNA copy number (liver)     

Intercept  2.308 0.716  3.224 0.0024** 

Low_Radiation  0.097 0.568  0.171 0.865 

Control -0.923 0.468 -1.971 0.055 

Damaged mtDNA (liver)     

Intercept  0.448 0.061  7.369 <0.0001*** 

Low_Radiation -0.209 0.050 -4.168   0.0001*** 

Control -0.196 0.040 -4.918 <0.0001*** 

mtDNA copy number (brain)     
Intercept  2.030 0.340 5.965 <0.0001*** 

Low_Radiation  1.246 0.460 2.710   0.0092** 

Control -1.145 0.394 2.904   0.0055** 

Damaged mtDNA (brain)    

Intercept  0.555 0.096  5.759 <0.0001*** 

Low_Radiation -0.330 0.130 -2.530   0.0147*** 

Control  0.568 0.112  5.083 <0.0001*** 



21 
 

 
Figure 2: Relative expression of target mtDNA genes in the liver (A&C) and brain (B&D) of bank voles 

samples in Chernobyl (Elevated radiation sites = >1µSv/h, Low radiation sites = <1µSv/h) and Outgroups 

outside the CEZ (Control). Gene expression profiles was analyzed using GLM in R. 
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Figure 3: Comparative analysis mtDNA copy number and intact mtDNA genome using qPCR in the liver 

(A&C) and brain (B&D) of bank voles samples in Chernobyl (Elevated radiation sites = >1µSv/h, Low 

radiation sites = <1µSv/h) and Outgroups outside the CEZ (Control).  

 

3.3 Effect of ionizing radiation on the frequency of heteroplasmies in bank vole 

muscle tissues. 

There was no significant difference in frequency of heteroplasmic sites between 

contaminated (pooled samples from Glyboke lake and Red forest) and control sites 

(students t-test, n=115; df= 8; t=-0.29; p =0.782) (Table S2). There was also no significant 

difference on average proportion of heteroplasmic individuals based on site (Figure S5), 

with 0.609 in contaminated sites and 0.627 (0.6389 including outliers) in uncontaminated 

control sites. The average number of heteroplasmic sites per individual was 0.91 in the 

contaminated samples and 1.02 in the uncontaminated samples (1.64 including outliers). 

Two individuals had unusually high numbers of heteroplasmic sites.  Both outliers were 

sampled in 1998 (Nezamozhnya =26 sites; Oranoe =19 sites). After visualizing the read 
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mapping of these bank voles using TABLET v. 1.14.11.07 (Milne et al., 2010), it seemed 

unlikely that the heteroplasmic sites in the outlier individuals were a result 

of PCR errors or due to amplification of NUMTs since read pairs mapped to 

the mitochondrial genome with appropriate insert sizes. Overall, we identified 72 (63%) 

individuals with at least one heteroplasmic site, with a sub-total of 28 (61%) individuals 

from contaminated sites and 44 (64%) individuals in uncontaminated sites having 

heteroplasmy in their mtDNA genomes (Table 4). Heteroplasmic sites was detected at 131 

positions in the bank vole mitochondria (90 positions without outliers) with two outliers 

included There was a reduction of heteroplasmy (proportion of heteroplasmic individuals 

and amount of heteroplasmic sites per individual) in the voles from contaminated sites and 

a temporal reduction of heteroplasmy (from 1998 to 2011), although these patterns were no 

longer significant if the two individuals from uncontaminated control sites were removed 

(Table S3) 

 Table 4: Heteroplasmy (Hp) estimates in the bank vole samples from contaminated and 

control sites 

Values in parentheses include the outlier individuals. NB = original sample size from Baker et al., 2017, NHp 

= sample size in the present analysis. In the average frequency of all heteroplasmies, frequency of a 

heteroplasmic allele was calculated separately for each heteroplasmy site within individuals. 

 

Locality 

Year NB NHp 
Proportion of 

Hp individuals 

 
Hp 

sites/individual 

Average frequency of 

heteroplasmies 

  

 Uncontaminated 

Nedanchychy 1998 11 11 0.727  1.182 0.134 

Nedanchychy 2011 12 12 0.750  1.250 0.076 

Nezamozhnya 1998 12 11(12) 0.636 (0.667)  1.000 (3.083) 0.031 

Nezamozhnya 2011 12 10 0.500  0.900 0.110 

Oranoe 1998 15 12(13) 0.583 (0.615)  0.833 (2.231) 0.083 

Oranoe 2011 14 11 0.545  0.909 0.134 

In total   76 67(69) 0.627 (0.638)  1.015 (1.638) 0.078 

 Contaminated 

Glyboke Lake 1998 15 14 0.571  0.929 0.032 

Glyboke Lake 2011 3 3 0.667  1.000 0.070 

Red Forest 1998 20 18 0.722  1.167 0.055 

Red Forest 2011 17 11 0.455  0.455 0.062 

In total   55 46 0.609  0.913 0.050 
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Discussion  

Biological flora and fauna in the CEZ are one of most studied organisms in regard to the 

effects of long term exposure to ionizing radiation. However, the effects in wild animals 

are poorly understood, because most studies on the effects of ionizing radiation use high 

acute doses of ionizing radiation that induce mutations and other negative effects. Many of 

such studies are conducted using cell lines (human and animals) relevant to cancer 

therapies (Hallahan et al., 1989; Little et al., 1997; Tucker et al., 2005; Ward, 1995). 

However, much is unknown about effects of chronic low doses of radiation on wildlife, 

this is in part due to the difficulty in implementing an experimental design for testing 

generational effects of doses of ionizing radiation in natural wildlife populations. The 

ChNPP disaster therefore offers an opportunity to assess the long term ecological and 

molecular effects of chronic exposure to low dose radiation. In this study I examined the 

effects of chronic low doses of ionizing radiation on bank voles inhabiting the CEZ.  I 

found significant expression of mtDNA repair gene Polg2, and down regulation of 

mitochondria antioxidant gene Sod2 in the liver tissue of bank voles from the CEZ, 

compared to bank voles from control locations. I also determined that bank vole livers 

from contaminated sites had more mtDNA copies compared with control locations, though 

this difference was not significant. Individuals from elevated radiation sites in the CEZ 

sites also had the least damaged mtDNA in the liver compared with low radiation sites and 

control. Surprisingly, neither candidate mtDNA repair genes were differentially expressed 

in the bank vole brain tissue. However, bank voles from the CEZ had more mtDNA copies 

in comparison with brains of samples from control site. Nevertheless, control individuals 

had more significant intact mitochondrial genomes than did bank voles from the CEZ.  

Additionally, whole mitochondrial genome analysis did not detect any significant increase 

in mitochondria heteroplasmy due to radionuclide contamination. 

The radionuclide release from the ChNNP nuclear fallout was heterogeneously distributed 

in the CEZ (Møller & Mousseau, 2015). The free mobility of bank voles within the 

accident site and uneven distribution of radionuclides within the CEZ implies that animals 

sampled in elevated radiation sites could have been colonized by bank voles originally 

from low radiation locations in the CEZ or vice-versa voles (Kozakiewicz et al., 2007). 

The unrestricted range of bank voles in the accident site might explain why there was few 

differences between elevated and low radiation sites within the CEZ. 
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4.1 Effects of radiation contamination on the mtDNA maintenance in the liver tissue 

of bank voles 

The liver is one of the largest internal organs, crucial in detoxification and production of 

blood clotting proteins (Sallie et al., 1991). Liver mtDNA maintenance is crucial for 

maintaining the liver metabolic functions which helps prevent radiation induced liver 

diseases (Pan et al., 2010). Compared to other tissues, the liver is known to be quite 

effective in DNA repair and fairly radio-resistant (Goth & Rajewsky, 1974). 

Polg2 been the only polymerase enzyme localized in the mitochondria plays an important 

role in mtDNA replication and repair (Copeland & Longley, 2003). Upregulation of Polg2 

in Chernobyl bank voles is consistent with the hypothesis of compensatory synthesis of 

new mtDNA to replace mitochondrial genomes damaged by radiation and to help maintain 

mitochondria homeostasis in the liver. A review by Graziewicz et al., (2005) implicated 

mitochondrial polymerase γ in mtDNA repair, proving the pivotal role of Polg2 in 

maintenance of mitochondrial genomes. Upregulation of mitochondrial polymerases in 

response to acute doses of radiation have been observed in laboratory settings in different 

tissues previously. 2Gy whole body radiation of murine intestine resulted in significant 

expression of Polg and increase in mtDNA copies, alongside upregulation of Polg2, there 

was downregulation of transcription factor A mitochondria (TFAM), which acts to prevent 

the replication of damaged mtDNA (Zhang et al., 2011). Therefore, Polg2 upregulation in 

the liver, indicates that replication and repair of damaged mtDNA is an important adaptive 

molecular tool in maintenance of the mitochondrial genome in bank voles inhabiting 

contaminated sites. 

Sod2 is considered an important protein in ROS detoxification (Zelko et al., 2002), and 

increased expression in response to oxidative stress was theorized.  However, while Polg2 

was upregulated, the exact reasons for Sod2 downregulation is unclear. Nonetheless, the 

importance of Sod2 in tissue protection against ROS damage is well documented. 

Increased expression of Sod2 in mouse epithelial tissues protected the cells from IR 

oxidative damage (Epperly et al., 2003). Sod2 overexpression in HeLa cell lines post γ-

radiation is acknowledged to help reduce injurious effects of oxidative stress by repressing 

superoxide generation in the mitochondria (Hosoki et al., 2012). Sod2 knockout mice 

resulted in cardiomyopathy and neonatal lethality (Van Remmen et al., 2001). This 

indicates that Sod2 expression plays an active role in cellular defense against ROS damage, 
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preventing cellular toxicity by eliminating accumulation of ROS. Therefore, 

downregulation of Sod2 expression in bank voles livers might have some negative 

consequences for bank voles and increases the risk of mtDNA oxidative damage. 

Ultimately, if efficient replication of new mtDNA by Polg2 mitigates the effects of IR 

induced oxidative damage in the liver tissue of bank voles from the CEZ, then significant 

ROS build up might be prevented. This might enhance cell survivability even with 

downregulation of Sod2. It is also possible that the bank voles from the control sites 

experienced some level of oxidative stress in their habitat which could be via 

environmental contaminants like pesticides, herbicides and fertilizers from agricultural 

practices. Hence, further research is required to understand the comprehensive molecular 

mechanisms for Sod2 expression in response to chronic doses of IR. The possibility of 

other pathways involved in ROS detoxification in radioactive exposed cells should be 

considered, such as glutathione peroxidase enzyme. The role of dietary antioxidants in 

ROS detoxification in bank voles residing in the CEZ should be further studied. The 

quantification of the amount of ROS in contaminated cells is also of critical importance 

going forward. 

The main source of endogenous ROS in animal cells is the mitochondria (Alexeyev et al., 

2013; Yakes & Van Houten, 1997), therefore, mtDNA is more susceptible to more ROS 

produced by IR (Alexeyev et al., 2013; Santos et al., 2006). When damaged by IR, mtDNA 

depletion can occur and results in mitochondria malfunction which can result in ATP 

deficiency (d’AMOURS et al., 1999). Therefore, it is important that cells establish 

protective mechanisms to perform mtDNA maintenance in radioactive exposed cells. One 

such mechanisms employed by cells to compensate for depleted mtDNA is production of 

more mtDNA copies (Belokhvostov et al., 1987; Liu et al., 2013). The non-significant 

increase in mtDNA copy number in the liver of bank voles inhabiting the CEZ fits our 

hypothesis, that compensatory production of more mtDNA to replace damaged ones is a 

molecular machinery for mtDNA maintenance in irradiated cells and tissues.  

An expected consequence of radiation is single and double strands breaks (Roots et al., 

1985; Yakes & Van Houten, 1997). Lesions in the mtDNA will impede the progression of 

polymerase enzyme, hence lower PCR products. Bank voles from the CEZ had similar 

amounts of mtDNA, but with less damaged was surprising, I assumed that due to elevated 

IR exposure in the CEZ, bank voles from the CEZ might have bigger proportion of 

damaged mtDNA genomes. The presence of more intact mtDNA in CEZ bank voles could 
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be because of effective repair of damaged mtDNA via the overexpression of Polg2. 

Effective repair by Polg2 ensures the lack of breaks in mtDNA and minimal errors in 

replication. Another theory why bank voles contained more intact mtDNA could be 

effective degradation of damaged mitochondrial genomes by mitophagy. Mitophagy is the 

selective degradation of dysfunctional mitochondria following oxidative stress or damage 

(Lemasters et al., 1998; Twig et al., 2008). Mitophagy serves as an adaptive metabolic 

response to reduce ROS accumulation in damaged mitochondria which prevents cell 

apoptosis (Twig et al., 2008). Therefore, autophagic degradation of mtDNA serve as a 

useful mechanism in preventing accumulation of damaged mitochondrial. The presence of 

more intact mtDNA in the liver tissue of contaminated bank voles indicates an efficient 

mtDNA biogenesis and repair. The upregulation of Polg2 supports the essential role of this 

enzyme in mtDNA maintenance in the liver. Likewise, other mtDNA pathways like 

mitophagy may play additional roles in effective degradation of damaged mtDNA.  

 

4.2 Radiation induced mtDNA maintenance in the brain tissue of bank voles 

The brain is composed of post-mitotic (neurons) and dividing (glial) cells. It is also a high 

energy tissue with high requirements for ATP. The impacts of radiation with neurological 

damage have been previously reported. Direct evidence has been found linking radiation to 

impairment in nervous system development (Hladik & Tapio, 2016) and development of 

smaller brains in birds in Chernobyl (Møller et al., 2011). Therefore, maintaining mtDNA 

fidelity and mitochondrial function in the brain is essential for proper neurogenic function. 

The lack of increased expression of Polg2 and Sod2 mtDNA repair genes in contaminated 

bank voles suggest that if the mitochondria in the brain tissue are negatively affected by 

the radiation exposure, bank voles may have impaired ability to response to the stress, for 

example by synthesis of new mtDNA genomes or repair damaged mtDNA. This result 

agrees with previous studies showing lower ability to repair ionizing radiation induced 

oxidative damage in brain tissues, which is thought to reflect the lack of cell proliferation 

in post-mitotic cells (Goth & Rajewsky, 1974). Further correlation between post-mitotic 

cells and decreased DNA repair was illustrated by Hamilton et al., (2001), who reported a 

~4 fold higher levels of oxidative damage in the brain and heart tissue in mouse after 

exposure γ-irradiation. The study showed a 40-50% more reduction in 8-Oxo-2'-

deoxyguanosine (Oxo8dG) levels in the liver compared to the heart and brain tissues. The 
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higher amounts of oxidative damage were theorized to be because of the higher metabolic 

activities and utilization of more oxygen and ATP in brain cells. 

The brain has high energy requirements (Shay et al., 1990). Therefore, any depletion of 

mtDNA due to IR damage can have a detrimental effect on ATP synthesis. mtDNA copies 

has been shown to increase in response to IR in previous studies (Evdokimovskiĭ et al., 

2007; Liu et al., 2003). Increase in mtDNA was observed in mouse brain and spleen cells 

after exposure to 1.5Gy/min γ radiation (Malakhova et al., 2005). The increased mtDNA 

copy number is probably necessary to compensate for energy deficiency in the tissues of 

irradiated bank voles. However, the lower amount of intact mtDNA suggests lower effort 

to repair damaged mitochondrial genome or lower mitophagy. This is supported by other 

studies showing reduced capacity to repair oxidative damage in brain cells (Goth & 

Rajewsky, 1974; Hamilton et al., 2001).  

 

4.3 Tissue differences in mitochondrial maintenance in radionuclide contaminated 

bank voles 

The relative effects of IR in producing molecular changes in biological tissues suggests a 

tissue specific response (Brush et al., 2007; Ferroux & Regaud, 1927). Wildlife in 

Chernobyl are constantly exposed to chronic doses of radiation, but the magnitude of IR 

induced oxidative damage varies among species with significant heterogeneities in 

antioxidant response (reviewed by Einor et al., 2016). Tissue type and age also play a 

significant role in susceptibility to oxidative damage and antioxidant protection (Einor et 

al., 2016). Therefore, when studying the effects of chronic radiation exposure in the wild, 

tissue specific analyses of tolerance to oxidative stress are needed. 

The differences found in mitochondria expression of Sod2 and Polg2 may be due tissue 

specificity in mtDNA maintenance pathways. Upregulation of Polg2 expression observed 

in the liver of bank voles from the CEZ suggests an increased effort in mitochondrial 

genome maintenance, possibly via repair and synthesis of new mtDNA. Compared to the 

liver, post-mitotic tissues like the brain have a low radiosensitivity (Rubin & Casarett, 

1968). Hence, increased mtDNA copies observed in the brains of bank voles from the CEZ 

could be an adaptive response to ensure low radiosensitivity to IR. However, the lack of 

significant expression of neither mtDNA maintenance genes (Polg2 & Sod2) in the brain 
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tissue of bank voles could have significant negative effects on brain development. This 

assumption is supported by reports of reduced brain size during development in several 

bird species sampled in contaminated sites in the CEZ (Møller et al., 2011). 

The differential ability of tissues to respond to oxidative stress could also reflect the 

antioxidant potential of the different tissues. The production of antioxidant can neutralize 

free radicals produced by the effect of radiation exposure. Studies of birds species exposed 

to chronic doses of radiation in Chernobyl showed adaptation by increased production of 

antioxidants which associated with decrease in oxidative stress and DNA damage (Galván 

et al., 2014). The brain tissue is more susceptible to oxidative stress than the liver, 

displaying a lower efficiency in ROS detoxification (Goth & Rajewsky, 1974; Margison & 

Kleihues, 1975), and a relatively low antioxidant defense system (Matés, 2000). In-vivo 

studies conducted on mouse liver and brain tissues after exposure to an oxidative agent 

(dimethoate) resulted in significant increases in lipid peroxidation and oxidative damage, 

with more damage recorded in the brain than the liver. Measurement of antioxidant 

production found lesser antioxidant activation in the brain indicating increased 

vulnerability of the brain to oxidative damage (Sharma et al., 2005). 

Going forward I propose further investigations in tissue specific differences and comparing 

the mitochondria maintenance machinery in post-mitotic (heart & muscle), mitotic (Skin, 

kidney & spleen) and sex cells (testis and ovaries). I also recommend more studies 

measuring the antioxidant potential of the liver and brain tissues. 

 

4.4 Effects of radionuclide contamination on heteroplasmy in bank voles  

Understanding the molecular effects of exposure to chronic low doses of radiation in 

Chernobyl wildlife is important as increased use of nuclear energy for civil and military 

uses had resulted in vast radionuclide contamination of the environment (Lourenço et al., 

2016). Reports of increased rates of mutation in many taxa after the Chernobyl nuclear 

disaster (Geras’kin et al., 2008) has serious implications of the health of local wildlife 

populations inhabiting the CEZ. These response to elevated radiation is thought to vary 

across different species (Møller & Mousseau, 2015), however, there is still a gap of 

knowledge on the effects of low dose radiation and mutation rates in animals. Baker et al., 

(2017) raised the possibility of accelerated rates of mutations in bank vole due to exposure 
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to chronic radiation doses. This is however in sharp contrast to previous studies on 

mitochondrial diversity in bank voles suggesting that greater genetic diversity in the CEZ 

reflected the unique population histories rather than exposure to radiation (Meeks et al., 

2007; Wickliffe et al., 2006).  The use of NGS data in heteroplasmy analysis with its high 

coverage depth in detecting low frequency mutations can help infer mutation rates from 

populations whose demographic histories are unknown. This study found no evidence of 

increased heteroplasmy in bank voles due to radionuclide contamination, which is crucial 

as low-frequency intra-individual mutation form the basics of formation of mutations seen 

in many species in Chernobyl as reported by Møller & Mousseau, (2015). More studies are 

thus required to demonstrate increased mutations rates in bank voles inhabiting 

contaminated sites in the CEZ. However, there was a non-significant temporal pattern of 

reduced heteroplasmic in bank voles between 1998 and 2011 in contaminated sites. This 

suggest that the temporal reduction in heteroplasmies cannot be positively associated with 

chronic exposure to radiation 

In conclusion, I have examined diverse pathways in mitochondrial DNA maintenance and 

demonstrated that regulation of mtDNA repair genes play an important role in repair and 

turnover of depleted mitochondrial genomes in bank vole exposed to chronic doses of 

ionizing radiation. I have also shown a variation in mtDNA maintenance in tissues. 
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Supplementary Information 

Selection of mtDNA repair genes  

Sod2 

 

   10.28kb                                        Forward strand  

               

 

Sod2-201> 

Protein coding 

Figure S1: Schematic representation the gene structure of Sod2-201 transcript 

(ENSMUST00000007012.4) mtDNA repair genes. The gene span 10.28kb on chromosome 7 

in the moue (Mus musculus) genome. 

 

Polg2 

   7.837bp  Forward strand                                       

 

         
        
        

Polg2-201 

Protein coding 

 

Figure S2: Schematic representation of the gene structure of Polg2-201 transcript 

(ENSMUST00000073889.13) mtDNA repair gene. The transcript span 7,837bp on chromosome 11 

in the mouse (Mus musculus) genome. 
 

 

PCR primer optimization 

Primers designed for Polg and Sod2 (three primer pairs per gene) gene expression qPCR 

were tested using gradient PCR. 

The efficiency of the primers (E = 10^ (-1/slope)) were determined using qPCR array using 

cDNA serial dilutions from 1/3 to 1/243-fold series. The standard curves and the mean Ct 

values of the target genes were quantified.  

The standard curves produced by Roche light cycler 480 program (Fig S1&S2) shows 

polymerase gamma had an efficiency value of 1.859, while Sod2 had an efficiency score of 

1.971 suggesting good efficiency of the primers. The reference genes Actb and Rer1 has 

efficiencies of 1.906 and 1.986 respectively (data not shown).  
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Figure S3: DNA standard curve for absolute quantification generated by software provided in 

Roche Light cycler 480 for Polg2. The y-axis shows the Ct values. And the x-axis shows the log 

Co values. 

 

 

  

Figure S4: DNA standard curve for absolute quantification generated by software provided in 

Roche Light cycler 480 for Polg2. The y-axis shows the Ct values. And the x-axis shows the log Co 

values.  

 

 

 

 

 

 

 

 

Table S1: Sex differences in the expression of Polg2 and Sod2 in in bank vole liver and 

brain tissues sampled in contaminated sites in the CEZ and uncontaminated control sites 
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Coefficients Estimate  
Standard 

error 
T value Pr(>/t/) 

Polg2 liver     

Intercept 0.702 0.3212 2.185 0.0341* 

Control -0.159 0.3748 -4.244 0.0001*** 

Sex 0.5874 0.3718 1.499 0.140882 

Sod2 liver     

Intercept -0.999 0.1917 -5.213 <0.0001*** 

Control 0.501 0.2237 2.24   0.0301* 

Sex 0.056689 0.2219 0.256 0.7988 

Polg brain     

Intercept 1.777 0.4391 4.048 0.0002*** 

Control -0.057 0.5072 -0.112 0.9109 

Sex -0.17046 0.50745 -0.336 0.738168 

Sod brain     

Intercept -0.574 0.4748 -1.209 0.232 

Control 0.277 0.5483 0.505 0.616 

Sex 0.2223 0.5486 0.405 0.687 

     

 

 

 

Figure S5: Number of variable heteroplasmic sites in bank vole muscle tissue from contaminated 

(Glyboke lake &Red forest) and uncontaminated sites (Nedanchychy, Nezamozhnya and Oranoe). 

 

 

 

Heteroplasmy in bank vole muscle tissue from contaminated and uncontaminated 

sites 
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Table S2: Statistical test for significance in number of variable heteroplasmic sites 

between contaminated and uncontaminated sites using SPSS v.24 

                      

   Independent Student T-test     

    Levene's Test for Equality of variance         

      T-test for equality of means   

                  

95% 

Confidence 
Interval of the 

Difference 

    F Sig t df 

Sig. (2-

tailed) 

Mean 

Difference 

Std. 

Error Lower Upper 

No. of 

heteroplasmic 

sites 

Equal 

variance 

assumed 0.1 0.76 

-

0.29 8 0.782 -0.0197 0.0689 

-

0.1786 0.139 

Equal 
variance 

not 

assumed   

-

0.28 5.8 0.792 -0.0197 0.0714 

-

0.1959 0.156 

                      

           

 

 

Table S3: Summarized results of generalized mixed models (GLMM) testing the effects of 

sampling year and amounts of radioactive contamination on the levels of heteroplasmy (Hp) in 

bank voles from contaminated sites in the CEZ and uncontaminated control sites. 

         

          

  n=115   n=113   

Proportion of Hp individuals     

Effect Estimate p Estimate p 

Intercept 0.765 0.018 0.0697 0.033 

Contaminated site -0.196 0.625 -0.145 0.719 

Year 2011 -0.406 0.308 -0.353 0.377 

 
    

Hp sites/individuals 
    

Effect Estimate p Estimate p 

Intercept 0.777 <0.001 0.0094 0.534 

Contaminated site -0.697 <0.001 -0.137 0.493 

Year 2011 -0.727 <0.001 -0.167 0.401 

     
  

  


