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Thesis Summary
Radiation is widespread in our daily lives. We are exposed to it from common
sources such as the foods we eat, cosmic rays, rays from the sun, and medical procedures
and imaging. One type of radiation, ionizing radiation, is of particular concern because it
is high energy and has the ability to free electrons from molecules and cause damage to
macromolecules in our body such as nucleic acids in DNA. The effects of high doses of
ionizing radiation are well understood from our knowledge of Acute Radiation Syndrome
(ARS) and other observations of atomic bomb survivors from Nagasaki and Hiroshima,
for example. However, less is known about the effects on organisms of low doses of
ionizing radiation that persist as radioactive contaminants break down over extended
periods of time.
Nuclear power plant disasters are of particular concern due to their widespread
release of radioactive contamination that can persist in their surrounding areas for
thousands of years into the future. In 1979 in Pennsylvania, a partial nuclear meltdown
occurred at the Three Mile Island nuclear power plant as a result of improper safety
precautions. The Chernobyl disaster in 1986 was also the result of poor adherence to
safety guidelines. More recently, in Fukushima, Japan in 2011, an earthquake and
subsequent tsunami damaged four nuclear power plant reactors. These types of nuclear
power plant disasters have been very common and will likely persist in the future.
Therefore, we need to study more about their potential long-term health and
environmental impacts.
In order to better understand how low-dose ionizing radiation can impact animal
populations, we studied voles, small rodents, which live within the Chernobyl Exclusion
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Zone in northern Ukraine, a 1,000 square mile area where human habitation is prohibited.
The Chernobyl Exclusion Zone is affected by radioactive contaminants that continue to
decay long after the initial disaster. By capturing voles from areas with varying external
radiation levels within this zone we hoped to better understand how a population can be
affected by long-term exposure to ionizing radiation.
The sites sampled within the Chernobyl Exclusion Zone were classified into two
groups based on external radiation levels: control and contaminated areas. Based on
previous studies, several hypotheses and predictions were generated related to vole
responses to radioactive contaminants in the Chernobyl region. It was predicted that voles
in the contaminated areas would have sex ratios skewed towards males, would show
more DNA damage, and would have lower white blood cell concentrations. The number
of males and females were assessed by counting trapped voles. To measure DNA
damage, the comet assay was used. This procedure involves breaking white blood cells
down to just their DNA components and running an electric current over them to form
tails that correspond to breaks in the DNA. White blood cell concentrations were assessed
by looking at the concentration of cells on slide areas that were used for the comet assay.
In all, we found no significant differences in the sex ratios, the proportion of cells
showing >5% damage, or the white blood cell concentrations between voles from control
and contaminated sites. These preliminary results suggest that the low-dose ionizing
radiation exposure is not associated with effects on these characteristics for these voles.
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Abstract
Much is known about the effects of high doses of ionizing radiation exposure, but
little is known about the effects of low doses of ionizing radiation over extended periods
of time. Nuclear power plant disasters, in particular the 1986 Chernobyl disaster, have led
to long-term radioactive contamination of their surrounding areas, and more research is
needed to learn about the effects of the contamination. In order to better understand the
impacts of low-dose ionizing radiation on animal populations, bank voles (Myodes
glareolus) from the Chernobyl exclusion zone were studied. Voles were captured from 64
sites throughout the exclusion zone, and capture areas were classified as either control or
contaminated. Blood samples were taken from the voles for further analysis. It was
expected that voles from contaminated areas would have higher male:female sex ratios,
greater DNA damage as assessed through a greater proportion of cells responding to the
procedure, the comet assay, and lower peripheral blood mononuclear cell (PBMC)
concentrations on slide areas compared to voles from control sites. However, statistical
analyses showed that low-dose ionizing radiation exposure was not associated with
significant effects on sex ratio, comet response, or PBMC concentration between control
and contaminated areas for the studied voles. Factors such as the adaptation of the voles
to the ionizing radiation, the radioresistant nature of the vole species, storage biases for
blood samples, the use of Proteinase K in the comet assay, and trapping biases could have
affected the results of the study.
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Introduction
Radiation is an inescapable part of everyday life. The radiation we experience can
be divided into two main types: non-ionizing and ionizing. Non-ionizing radiation does
not produce charged ions when it passes through matter, and it includes sources of energy
greater than 100nm such as UVA, UVB, visible, and infrared light as well as
microwaves, radio waves, and static electric and magnetic fields (Ng, 2003). Ionizing
radiation, on the other hand, has enough energy to free electrons from molecules to
produce charged ions (Ravanat & Douki, 2016). Natural sources of ionizing radiation
include cosmic rays and radioactive substances found in the ground, air, and the foods we
eat. Ionizing radiation exposure can also come from man-made sources such as medical
imaging, nuclear explosions, and nuclear power production (United Nations Committee
on the Effects of Atomic Radiation, 1982). Since radiation exposure is so widespread,
studies on its effects are important.
Many of the impacts of ionizing radiation at high doses are understood. From
exposure to high doses of ionizing radiation over a short period of time, a human can
develop Acute Radiation Syndrome (ARS). Symptoms of ARS include damage of tissues
and organ systems, and ARS is associated with a high mortality rate (Ziemba, 2011). The
impacts of ionizing radiation in low doses over long periods of time, however, are less
understood with respect to direct effects on health in humans (Azzam et al., 2016).
There are two main mechanisms by which ionizing radiation can cause damage to
macromolecules in an organism. The first mechanisms is direct in which ionizing
radiation excites the atoms and molecules in biological tissues with the damage occurring
on a scale of minutes to years (Miller et al., 2012). The second mechanism is indirect in
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which ionizing radiation can generate reactive oxygen species (ROS) (Spitz et al., 2004).
Increases in levels of ROS can lead to oxidative stress that can damage macromolecules,
and oxidative stress is also associated with carcinogenesis (Ray et al., 2012). One major
impact of these mechanisms is damage to nucleic acids, which can lead to genetic
consequences in affected organisms.
One source of ionizing radiation that can have disastrous impacts on the
environment, people, and animals are radionuclides released by nuclear power plant
disasters. In the United States, inadequate emergency precautions led to the partial
nuclear meltdown in Pennsylvania known as the Three Mile Island accident (Behr, 1979).
In 1986, the Chernobyl nuclear power plant disaster released radionuclides such as
iodine-131, strontium-90, cesium-137, and plutonium-239 into the environment.
Radioactive contamination from the disaster affected the surrounding area of Russia,
Belarus, and Ukraine while traces of the contamination were found over 40% of Europe,
parts of Asia, Northern Africa, and North America (Yablokov et al., 2009). More recently
in Fukushima, Japan in 2011, a magnitude 9.0 earthquake and subsequent tsunami
damaged four reactors of the Fukushima Dai-ichi Plant causing the release of
radionuclides such as cesium-137, iodine-131, strontium-90, plutonium-238,239,240,
americium-241, and curium-242,243,244 (Yamamoto, 2015). These nuclear disasters
have all shown that they can be difficult to prevent. Therefore, there is increased interest
in learning more about their ramifications including the impacts of ionizing radiation on
populations as the radioactive contaminants decay over time.
Of interest for this study is the 1986 Chernobyl disaster. In terms of health effects
on humans, 400 million people were exposed to radiation from the disaster, and the
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radiation caused 9,000 deaths and 200,000 illnesses (Yablokov et al. 2009). Since 1986,
the male:female sex ratio increased in humans from countries significantly exposed to
radioactive contamination from the disaster (Grech, 2014). Acute exposure to radiation
from the disaster also had genetic impacts. Chernobyl clean-up workers experienced
increased rates of chromosome aberrations such as breaks, translocations, and inversions
(Lazutka, 1996). Micronuclei, which are indicators of chromosomal breakage or loss,
were found in the erythrocytes and lymphocytes of children exposed to the radiation.
(Fenech et al., 1997). It is apparent that the Chernobyl disaster had severe consequences
for affected people.
The radiation from the disaster also impacted animals from the area. Animal
populations experienced negative effects in terms of their fitness. For these populations,
there were increased rates of genetic damage and mutations (Mousseau & Møller, 2014).
In addition, many organisms have exhibited abnormalities such as increased deformities,
developmental issues, cataracts, and cancers (Mousseau, 2014). From the negative
impacts on fitness, there have been observable decreases in population sizes for many of
these organisms (Mousseau & Møller 2014). Several mammalian populations have
successfully lived in the area with some evidence suggesting the use of DNA repair
mechanisms to prevent damage from the low-dose ionizing radiation (Rogers et al., 2003)
The consequences from the Chernobyl disaster for animal populations are mixed in terms
of positive and negative outcomes.
Despite these observed consequences, research on the genetic effects of low-dose
ionizing radiation in affected populations such as those in Chernobyl is limited. In order
to further study the impacts of the Chernobyl disaster, bank voles (Myodes glareolus)
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from the Chernobyl Exclusion Zone were analyzed. Of note is that the voles are
suggested to be very radioresistant compared to other species of rodents such as lab mice
(Grigorkina, 2004).
The technique used for this study was single-cell gel electrophoresis, which is
also known as the comet assay. The comet assay is a method of measuring DNA strand
breaks and involves placing cells such as white blood cells lysed to their DNA
components in agarose gel on microscope slides where electric current is applied. The
negatively charged DNA migrates from the nucleoid structures toward the positive
electrode forming “tails” that are associated with the number of breaks in DNA (Collins,
2004). This technique is useful for this study because the comet assay can measure breaks
in DNA caused by ionizing radiation and oxidative stress and is a way to predict mutation
in an organism of interest (Collins, 2004).

Figure 1: Comet Examples from Different Organisms. The “tail” emerging from the
nucleus forms a structure that looks like a comet, which is the reason for technique’s
name. This “tail” results from double strand breaks to the chromatin which generates
many small DNA fragments which migrate from the nucleus when subject to an electric
current. This figure shows four different classes of comets ranging from an intact nucleus
without a tail in Class 0 to less-defined nucleus and large comet tail in Class 3.
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Applications of the technique are diverse. The comet assay has been used to
assess DNA integrity in a variety of organisms. For example, the comet assay was
applied to barn swallows (Hirundo rustica) to show that swallows living around
Chernobyl had higher levels of DNA damage compared to swallows living in sites with
lower radiation (Bonisoli-Alquati et al., 2010). The comet assay has even been used to
study insects such as grasshoppers, butterflies, flies, and beetles (Augustinyiak et al.,
2016). The technique has also been used for measuring rates of DNA repair in which
cells treated with a DNA damaging agent were assessed over periods of time to see how
quickly breaks in DNA were repaired (Wong et al., 2005). Future directions for the comet
assay include using fluorescence in situ hybridization (FISH) to assess DNA damage and
repair on the scale of specific genes and DNA sequences (Shaposhnikov et al., 2011).
The cells analyzed by the comet assay for this study were peripheral blood
mononuclear cells (PBMCs), a subclass of white blood cells. PBMCs include cells such
as lymphocytes and monocytes and their macrophage derivatives. These types of cells are
terminally differentiated and do not divide after leaving their sites of production in the
red bone marrow (Fox, 2016). Lymphocytes have a life span in vivo of weeks to months
while monocytes circulate for 10 to 20 hours in the blood (Guyton & Hall, 2006). There
are typically three times as many white blood cells in the bone marrow than in circulation
at any given time (Guyton & Hall, 2006). Through the use of the comet assay on PBMCs,
the genetic consequences of low-dose ionizing radiation on the voles can be uncovered.
A first expectation of the results of this study involves physiological change
in the voles. As mentioned previously, humans exposed to radiation from the Chernobyl
disaster experienced a change in sex ratio, and we predicted the voles could experience a
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similar change. Males exposed to radiation tend to produce more sons while females
exposed to radiation tend to produce more daughters (James, 1997). Therefore, there may
be a skewed sex ratio as a result of differential exposure to long-term ionizing radiation.
One possibility is that if the male voles have larger territories than the females, they may
be exposed to more radioactive contamination leading to higher male:female sex ratios.
An alternative hypothesis might be that females suffer higher mortality rates because of
the energy costs of reproduction. Female mammals experience increased needs for
energy and nutrients compared to males and may divert resources from defense against
radiation effects to reproduction with negative consequences for survival (Speakman,
2008). This balance of reproductive cost and radiation burden could lead to higher
mortality rates in females and an overall higher male:female sex ratio in areas with higher
radiation levels. Assuming differential exposure and reproductive costs for females, it is
hypothesized that voles in contaminated areas will have a higher male:female sex ratio
than the voles in control areas.
The second part of this study predicted that we would see increased levels of
genetic damage to PBMC’s as measured by broken DNA using the comet assay. Higher
levels of radiation exposure produce more DNA damage such as breaks detected by the
comet assay, therefore it is hypothesized that voles from contaminated areas will have a
higher proportion of PBMCs showing >5% damage than voles from control areas.
A final expectation from this study relates to PBMC concentration of voles.
Ionizing radiation can impair the ability of hematopoietic stem cells to self-renew and can
also trigger their apoptosis (Shao et al., 2014). In addition, chronic stress, such as the
oxidative stress that the voles experience from ionizing radiation, is associated with
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decreased immune response and therefore potentially lower PBMC concentrations
(Dhabhar, 2002). In order to assess changes in PBMC concentration, the concentration of
cells on a slide area was used as a relative measure of concentration to compare between
individuals. The PBMC concentrations in voles from contaminated areas are
hypothesized to be lower in voles from contaminated areas than in voles from control
areas.
We anticipated that this study would provide important insights to the effects
of low-dose ionizing radiation on voles living in the Chernobyl region related to
physiological and genetic responses to chronic low-dose ionizing radiation.
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Methods
Vole Capture
Voles were captured according to procedures outlined by Boratyński et al.
(2014). Voles were captured from 68 locations within the Chernobyl Exclusion Zone.
They were captured during one expedition in 2013, two expeditions in 2014, and two
expeditions in 2015. Soil radiation levels at capture sites were measured using hand-held
dosimeters (Inspector, SE International, Inc, Summertown, TN, USA) Radiation levels of
sites where voles were captured ranged from 0.01 to 34.69𝜇Sv/hour. For convenience
related to statistical analysis, sites with levels lower than 1.9𝜇Sv/hour were classified as
controls, and sites with levels greater than 1.9𝜇Sv/hour were classified as highly
contaminated. Internal burden of radiation in the voles was measured with a radioactive
isotope identification instrument (Berkeley Nucleonics SAM 940).
Blood Collection and Storage
Blood samples were taken from the voles through the ocular vein within a day
of capture. The blood samples were preserved in RNAlater® at a 1:10 dilution and stored
at -70℃.
The Comet Assay
Slides for the comet assay were prepared in advance by submerging them in a
1% agarose solution and allowing them to dry. A solution of 1% low melting point
(LMP) agarose with phosphate-buffered saline (PBS) was prepared and maintained at
40℃. The blood samples were resuspended in the LMP agarose by pipetting 20𝜇L of
each blood-RNAlater suspension into a microcentrifuge tube containing 200𝜇L of the
LMP agarose solution. 0.015𝜇L of a 20𝜇g/mL stock solution of Proteinase K was also
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added to each of the suspensions in microcentrifuge tubes to enhance lysis in samples
from 2014 and 2015. The suspensions were incubated at 37℃ for 10 minutes before
pipetting them onto the prepared slides. For each sample suspension, two replicates were
made by pipetting 100𝜇L of the suspension onto the slides. A single slide contained two
100𝜇L suspension that were each covered by glass coverslips. After placing coverslips on
all of the suspensions on the slides, the slides were moved to a 10℃ incubator to allow
the suspensions to solidify. After the suspensions solidified, the glass coverslips were
carefully removed from the slides. Next, the slides were placed into a freshly prepared
lysis solution (2.5M NaCl, 100mM Na2-EDTA, 10mM Tris, pH=10, 1% Triton added
immediately before use) and left overnight in the 10℃ incubator.
Next, the slides were transferred to an alkaline solution (1mM Na2-EDTA,
300mM NaOH, pH>13) for 10 minutes in the 4℃ incubator. During these 10 minutes, the
slides were transferred to an electrophoretic rig containing the same alkaline solution.
After the 10 minutes passed, the electrophoretic rig was turned on for 10 minutes. The
electrophoretic field density was 0.8V/cm. After 10 minutes in the electrophoretic rig,
slides were immediately transferred to a neutralizing solution (0.4M Tris, pH=7.5) and
incubated for 15 minutes. The neutralizing solution was discarded and replaced by new
neutralizing solution every 5 minutes.
Drying and Staining
First, the slides were submerged for drying in 70% ethanol for 5 minutes.
Then, the slides were stained with a SYBR Gold solution diluted 1:30,000. 100𝜇L of the
SYBR Gold solution was pipetted onto each of the suspension squares on the slides and
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spread using a plastic coverslip. The slides were left to stain for 5 minutes and then
washed with water.
Scoring
After drying, slides were moved to a microscope for scoring with the
program, Metafer4. The microscope automatically scanned the slides for comets, but
manual confirmation was needed to confirm that the program correctly identified each
comet. Cell concentration was determined by dividing the number of cells on a slide by
the slide area. Metafer4 provided information on %DNA damage of comets. Cells
showing >5% damage were classified as responding to the comet assay.
Statistical Analysis
The data was transferred to a Microsoft Excel document and analyzed with
the programs, R and SAS. Graphs were generated with the program, ggplot.
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Results
Sex Ratio
There was tremendous variation among sites and years in the observed
secondary sex ratios of the voles. In 2013, there were 20 males and 29 females captured
from control sites, and 30 males and 21 females were captured from contaminated sites.
In 2014 there were two expeditions in which a total of 200 males and 208 females were
captured from control sites, and 120 males and 121 females were captured from
contaminated sites. In 2015 there was one expedition in which a total of 217 males and
117 females were captured from control sites, and 130 males and 62 females were
captured from contaminated sites. There was another expedition in August 2015 in which
140 males and 92 females were captured from outside of the Chernobyl Exclusion Zone.
Put into ratios, in 2013, the sex ratio (male:female) of control sites was 0.69,
and the sex ratio of contaminated sites was 1.43 (Figure 2a).In the June expedition of
2014, the sex ratio of control sites was 1.29, and the sex ratio of contaminated sites was
1.56. In the September expedition of 2014, the sex ratio of control sites was 0.88, and the
sex ratio of contaminated sites was 0.90 (Figure 2b). In the May/June expedition of 2015,
the sex ratio of control sites was 1.74, and the sex ratio of contaminated sites was 2.10. In
the outgroup August expedition of 2015, the sex ratio of the voles was 1.52 (Figure 2c).
There was no significant difference found between the sex ratios of control
and contaminated areas. There was also no significant difference found between sex
ratios of the same types of areas (control or contaminated) from different expeditions in
the same year (Table 1).
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Figure 2a: Sex Ratio of Voles in 2013
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Figure 2b: Sex Ratio of Voles in 2014
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Figure 2c: Sex Ratio of Voles in 2015
The August 2015 expedition is an outgroup of voles not within the Chernobyl Exclusion
Zone.
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Table 1: Chi Square Comparisons of Sex Ratios
The cutoff for a significant difference between sex ratios was P<0.05
Sex Ratio
Comparison
Control and
Contaminated
Sites in 2013
Control and
Contaminated
Sites in June
2014
Control and
Contaminated
Sites in
September 2014
Control and
Contaminated
Sites in
May/June 2015
Control Sites in
June and
September 2014
Contaminated
Sites in June and
September 2014
Control Sites in
May and June
2015
Contaminated
Sites in May and
June 2015

Degrees of
Freedom
1

Chi Square
Value
3.2413

P value
0.0718

Fisher’s Exact
Test P Value
0.1091

1

0.2468

0.6193

0.706

1

0.023

0.8795

0.9278

1

0.4072

0.5234

0.5667

1

2.65

0.1036

0.1261

1

2.4715

0.1159

0.1261

1

0.0161

0.8991

0.907

1

0.4522

0.5013

0.5313

.
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Radiation Exposure and Burden
The average external radiation exposure for male voles in 2013 was
0.267±0.419 𝜇Sv/hour in control sites and 14.693±12.504 𝜇Sv/hour in contaminated
sites. For females in 2013, the average external radiation exposure was
0.224±0.393 𝜇Sv/hour in control sites and 18.310±10.915 𝜇Sv/hour in contaminated
sites. In 2014, the average external exposure for males was 0.436±0.559 𝜇Sv/hour in
control sites and 7.046±6.576 𝜇Sv/hour in contaminated sites, while the average
external exposure for females was 0.413±0.523 𝜇Sv/hour in control sites and
7.683±7.555 𝜇Sv/hour in contaminated sites. In 2015, the average external exposure for
males was 0.438±0.560 𝜇Sv/hour in control sites and 26.209±45,893 𝜇Sv/hour in
contaminated sites, while the average external exposure for females was
0.349±0.428 𝜇Sv/hour in control sites and 15.733±34.370 𝜇Sv/hour in contaminated
sites (Table 2).
Data on the average internal burden from radiation exposure was available for
the years 2014 and 2015. In 2014, the average internal burden for males was
12.171±27.678 Bq/kg in control sites and 156.558±342.556 Bq/kg in contaminated
sites, while the average internal burden for females was 12.233 ±31.019 Bq/kg in control
sites and 154.268±325.014 Bq/kg in contaminated sites. In 2015, the average internal
burden for males was 114.359±115.326 Bq/kg in control sites and
5317.176±3652.608 Bq/kg in contaminated sites, while the average internal burden for
females was 176.104±148.640 Bq/kg in control sites and 8179.856±10282.332 Bq/kg in
contaminated sites (Table 2).
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There was a strong association between internal burden and external exposure
(Figure 3a.) There was no significant difference in internal burden found between males
and females in either control sites or contaminated sites (Figure 3b, Table 3). A
significant difference was found in internal burden between control and contaminated
areas for both sexes. (Figure 3b, Table 3).
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Table 2: Average External Exposure and Average Internal Burden Data for Different
Expeditions. Data is represented as the mean±SD.
Date
2013

June
2014

September
2014

Average External Exposure
(𝝁Sv/hour)
Males (control): 0.267±0.419
Males (contaminated):
14.693±12.504
Females (control): 0.224 ± 0.393
Females (contaminated):
18.310 ± 10.915

Average Internal Burden (Bq/kg)

No data

No data

Males (control): 0.555±0.700
Males (contaminated):

Males (control): 12.171±27.678
Males (contaminated):

7.261±7.121

156.558±342.556

Females (control): 0.580±0.682
Females (contaminated):

Females (control): 12.233 ±31.019
Females (contaminated):

6.901 ±8.095

154.268±325.014

Males (control): 0.389±0.493
Males (contaminated):

No data

6.990±6.463
Females (control): 0.372 ± 0.470 No data
Females (contaminated):

7.802 ±7.503
May
2015

Males (control): 0.399±0.516
Males (contaminated):

Males (control): 114.359±115.326
Males (contaminated):

15.734 ±18.569

5317.176±3652.608
Females (control): 176.104±148.640

Females (control): 0.458±0.521
Females (contaminated):
June
2015

Females (contaminated):

10.83±19.530

8179.856±10282.332

Males (control): 0.471 ±0.598
Males (contaminated):

No data

32.756±55.790
Females (control): 0.247 ±0.292
Females (contaminated):

19.516±42.355

No data
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Figure 3a: Association Between Internal Burden of Radiation and External Exposure to
Radiation in Voles. The r2 value of the association between internal burden and external
exposure was 0.48.
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Figure 3b: Difference in Internal Radiation Burden in Voles Between Control and
Contaminated Areas
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Table 3: Internal Burden in Voles Compared by Sex and Area for 2013, 2014, and 2015
The cutoff for a significant difference was P<0.05.
Comparison

Degrees of

in Internal

Freedom

Type III SS

Mean

F Value

P Value

Square

Burden by:
Sex (Male and

1

0.114

0.114

0.08

0.7721

1

98.060

98.060

76.62

<0.0001

Female)
Area (Control
and
Contaminated)
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Comet Response of PBMCs
Cells were classified as showing significant damage if the comet assay estimated
>5% damage. In 2013, the fraction of cells showing significant damage for males from
control areas was 0.192±0.096 and 0.244±0.228 for males from contaminated areas,
while the fraction of cells showing >5% damage for females from control areas was
0.169±0.147 and 0.239±0.187 for females from contaminated areas. This difference
between “control” and highly contaminated areas was as predicted. However, in 2014,
the fraction of cells showing >5% damage for males from control areas was 0.580±0.275
and 0.522±0.260 for males from contaminated areas, while the fraction of cells showing
>5% damage for females from control areas was 0.540±0.270 and 0.542±0.225 for
females from contaminated areas. In 2015, the fraction of cells showing >5% damage for
males from control areas was 0.843±0.210 and 0.833±0.220 for males from
contaminated areas, while the fraction of cells showing >5% damage for females from
control areas was 0.773±0.262 and 0.777±0.273 for females from contaminated areas
(Table 4, Figure 4). There was a clear trend in overall damage frequency with damage
being relatively low on average in 2013 and steadily increasing with each year of the
study. This systematic change is likely to have masked any radiation-induced differences
that may be of relevance for this study.
The use of Proteinase K (PK) in the samples from the years 2014 and 2015 led to
increased sensitivity of the procedure as shown by a larger mean yield of damaged DNA
compared to in samples from the year 2013 (Figure 5). However, this change in protocol
may have introduced a systematic bias that makes uncovering other factors difficult.
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Table 4: Fraction of Cells Showing >5% damage by Expedition
Data is represented as Mean±SD.
Date
2013

June
2014

September
2014

May
2015

June
2015

Fraction of Cells Showing >5% damage
Males (control): 0.192±0.096
Males (contaminated): 0.244±0.228
Females (control): 0.168±0.147
Females (contaminated): 0.239±0.187
Males (control): 0.719±0.257
Males (contaminated): 0.609±0.177
Females (control): 0.664±0.265
Females (contaminated): 0.673±0.200
Males (control): 0.523±0.263
Males (contaminated): 0.504±0.272
Females (control): 0.508±0.264
Females (contaminated): 0.522±0.223
Males (control): 0.811±0.222
Males (contaminated): 0.838±0.154
Females (control): 0.769±0.261
Females (contaminated): 0.813±0.150
Males (control): 0.974±0.041
Males (contaminated): 0.828±0.263
Females (control): 0.796±0.276
Females (contaminated): 0.727±0.393
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Figure 4: Response of Vole PBMCs to Comet Assay from 2013-2015
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Table 5: Differences in Comet Response by Area (Control and Contaminated)
The cutoff for a significant difference was P<0.05.
Date

Degrees of

Type III SS

Freedom

Mean

F Value

P Value

Square

2013

1

0.0891

0.0891

2.94

0.0900

June 2014

1

0.0395

0.0395

0.68

0.4122

September

1

0.0005

0.0005

0.01

0.9329

May 2015

1

0.0321

0.0321

0.64

0.4235

June 2015

1

0.1601

0.1601

2.88

0.0939

2014
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Figure 5: Median Comet Yield Compared by Sample Expedition Year
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Repeatability Analysis for the Comet Assay

Figure 6a: Repeatability Analysis for Mean DNA Yield of Comet Slide Replicates
The r2 value for the association between the mean yield of comet DNA on slides A and B
is 0.80.
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Figure 6b: Repeatability Analysis for PBMC Concentration of Comet Slide Replicates
The r2 value for the association between PBMC concentrations on slides A and B is
0.5011
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PBMC Cell Concentration
In 2013, the average PBMC concentration on a slide for males from control
areas was 0.521±0.361 cells/mm2 and 0.553±0.497 cells/mm2 for males from
contaminated areas, while the average PBMC concentration for females from control
areas was 0.593±0.330 cells/mm2 and 0.387±0.421 cells/mm2 for females from
contaminated areas. In 2014, the average concentration for males from control areas was
1.429±1.022 cells/mm2 and 1.632±1.214 cells/mm2 for males from contaminated areas,
while the average concentration for females from control areas was 1.720±1.220
cells/mm2 and 1.788±1.308 cells/mm2for females from contaminated areas. In 2015, the
average concentration for males from control areas was 0.729±0.550 cells/mm2 and
0.787±0.716cells/mm2for males from contaminated areas, while the average
concentration for females from control areas was 0.754±0.623 cells/mm2 and
0.477±0.593 cells/mm2 for females from contaminated areas (Table 6, Figure 7).
There was no significant difference found between cell concentrations in
voles between control and contaminated areas (Table 7).
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Table 6: PBMC Cell Concentration on a Slide for Voles by Expedition
Data are represented as the mean ±SD.
Date
2013

June
2014

September
2014

May
2015

June
2015

PBMC Cell Concentration on a Slide (Cells/mm2)
Males (control): 0.521±0.361
Males (contaminated): 0.553±0.497
Females (control): 0.593±0.330
Females (contaminated): 0.387±0.421
Males (control): 1.048±0.799
Males (contaminated): 0.978±0.827
Females (control): 0.892 ±0.857
Females (contaminated): 1.291 ±1.080
Males (control): 1.559±1.061
Males (contaminated): 1.774 ±1.241
Females (control): 1.917±1.214
Females (contaminated): 1.868 ±1.327
Males (control): 0.637±0.545
Males (contaminated): 0.405 ±0.314
Females (control): 0.664 ±0.519
Females (contaminated): 0.226±0.120
Males (control): 1.089±0.409
Males (contaminated): 1.089±0.802
Females (control): 1.165±0.888
Females (contaminated): 0.823 ±0.806
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Figure 7: Average Vole PBMC Concentration from 2013-2015
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Table 7: Differences in PBMC Concentration on a Slide by Area (Control and
Contaminated). The cutoff for a significant difference was P<0.05.
Year

Degrees of

Type III SS

Freedom

Mean

F Value

P Value

Square

2013

1

0.166

0.166

0.99

0.3221

2014

1

2.230

2.230

1.59

0.208

2015

1

0.499

0.499

1.35

0.246
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PBMC Cell Concentration and Comet Response
There was a weak positive correlation that was not statistically significant
between PBMC cell concentration and comet response. (Figure 8, Table 8).

Figure 8: Relationship Between PBMC Concentration and Total Comet Response
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Table 8: R2 Values for the Relationship Between Comet Response and PBMC
Concentration by Expedition Date
Date

2013
June 2014
September 2014
May 2015
June 2015

R2 Value for Relationship Between
Comet Response and PBMC
Concentration
0.0571
0.0502
0.0410
0.0184
0.1529
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Discussion
The main findings of this study were that there were no observed overall
relationships between levels of radioactive contaminants in the environment and sex
ratios of populations, measures of genetic damage as indexed by the comet assay, or
concentrations of white blood cells. However, there were very large differences among
study years that likely reflected changes in the protocol used to preserve and process
samples that may have overwhelmed any underlying signals of contamination effects.
When examining the finings for samples collected from 2013, there are highly suggestive
tendencies in the data the indicate that both sex ratio and genetic damage may have been
influenced by radiation as predicted by our initial hypotheses (i.e. sex ratio skew towards
males, and higher levels of genetic damage in more radioactive locations). Unfortunately,
our main finding appears to be that the method used to process cells in advance of the
comet assay (i.e. treatment with Proteinase K (PK) to aid in DNA unraveling) may have
introduced a systematic bias. For samples collected after 2013, the addition of Proteinase
K (PK) treatment to the comet assay procedure was used to enhance perceived damage in
comets in the samples. PK is an enzyme that enhances lysis by breaking down the
chromatin scaffold in the PBMCs. It is important to note that PK did not induce artifacts
in the comet assay results since the comet assay measures DNA strand breaks, and PK
does not cause breaks in DNA. The use of PK in the years 2014 and 2015 increased the
sensitivity of the procedure as shown by a higher mean yield of DNA in the comet assay
compared to the year 2013 (Figure 5). However, it is very possible that the use of PK
may have induced other artifacts that have masked any underlying effects of radiation
such as those that were observed in the 2013 samples.
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In terms of the validity of the procedure of the comet assay, the repeatability
analysis showed a high r2 value (r2=0.80) for the relationships of mean yield of DNA
between replicates (Figure 6a). There was a higher degree of unexplained variation
shown in the relationship between PBMC concentrations between replicates (r2=0.50)
(Figure 6b). In addition, the relationship between PBMC concentration and comet
response was examined to determine whether cell concentration could influence the size
of the response. This relationship was examined to rule out biases such as microscope
selection of cells and sample storage effects. The relationship between PBMC
concentration and total comet response was weakly positive but not statistically
significant (Figure 8, Table 8). Therefore, there was no evidence found that PBMC
concentration on slides could influence the comet response.
In terms of radiation measurements, the degree of association between
internal burden and external exposure was found to be strong, which means that the
captured voles were representative of the radiation levels of their capture sites (Figure
3a). Also, it was shown that male and female voles captured from contaminated sites had
significantly higher levels of internal body burdens of radionuclides than their
counterparts captured from control sites (Figure 3b, Table 3). This result lends confidence
to the validity of the using direct ambient environment radiation measurements for
studies such as these. In other words, on average, radiation dose to voles can be estimated
using simple measurements of ambient radiation levels.
In this study we predicted that there would be a higher male:female sex ratio
in the voles from contaminated areas compared to the voles from control areas. This
prediction was formed on the basis of other studies on birds in the region (Møller et al.
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2012) and unpublished data on voles (Mappes et al., pers. Comm.). In addition, life
history theory suggests that in mammals, birds, and other groups where the female makes
large and expensive investments in offspring, the stress of reproduction, especially when
combined with other environmental stressors (e.g. radiation) could lead to differentially
higher mortality rates in females than males. Here, it was found that the male:female sex
ratio tended to be higher in contaminated sites than in control sites, but the difference in
sex ratios between control and contaminated sites was insignificant (Figures 2a-c, Table
1). Despite the insignificant difference, the slightly higher sex ratio in contaminated sites
could be explained by several possibilities. One possibility is that the male voles had
larger territories than female voles and were exposed to higher doses of radioactive
contamination leading to more male progeny as shown by populations experiencing a
change in sex ratio due to differential exposure to ionizing radiation (James, 1997). It is
also possible, however, that there was a trapping bias where if males were more
adventurous they would simply be more likely to be captured. Another possibility is that
females exposed to ionizing radiation experienced a higher mortality rate than males due
to their high energetic cost of reproduction and therefore lower ability to handle the stress
of radiation.
The second prediction of the study was higher genetic damage in voles from
contaminated areas compared to control areas. It was found that voles from control and
contaminated areas did not differ in the proportion of cells showing >5% damage (Figure
4, Table 5). It was expected that voles from contaminated areas would have a greater
comet response since the low-dose ionizing radiation can cause damage to DNA and be
detected by the comet assay, but no association between area type and DNA damage was
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found for most of the samples. However, as noted above, there was high suggestive
differences between control and contaminated areas see for the 2013 samples prior to the
use of PK for comet processing. Further study is needed to assess the importance of this
factor as a potential source of bias in our analyses.
The third prediction of the study was decreased PBMC concentrations in
samples obtained from voles from contaminated sites compared to voles from control
sites. This prediction was largely based on the hypothesis that voles under stress would
show depressed immune system responses. However, there was no significant difference
found in PBMC concentration in voles between control and contaminated sites (Figure 7,
Table 7).
For both comet and PBMC analyses, storage biases could have had an effect
our findings. How the samples were stored and the time from collection to procedures in
the lab could have potentially altered the results. It is also possible that the voles have
adapted over time to the burdens of low-dose ionizing radiation, and voles that could not
handle the burdens may have been selected against. In other words, it is possible that
natural selection may have promoted adaptive responses over the past three decades
resulting in populations that are adapted to ambient radiation levels. Recent studies by
Møller and Mousseau (2016) suggest that although data are still largely inconclusive,
there are many studies that have suggested that plants, animals and microbes may show
signs of evolved adaptive responses.
One shortcoming of this study was that it was an ecological study as opposed
to an experimental manipulation. Voles from many different sites with varying levels of
were sampled, but this strict ecological approach is limited in that it can show correlation
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but not causation. An experimental manipulation where voles from control areas are
moved to either control or contaminated areas and then followed through multiple
generations would be a better approach at studying the effects of radiation exposure.
Even experimental manipulations of laboratory populations would be very helpful in
disentangling the various sources of variability and error that are likely to be of relevance
in such studies.
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