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ABSTRACT 

Environmental contamination is one of the leading ways humans have impacted ecosystems 

globally. Growing human populations and resulting increases in energy demands have increased 

the contamination footprint of industry. This increase in industrial activity and energy production 

has, at times, introduced high levels of radionuclides into the environment that impact both 

humans and wildlife. Population persistence in such habitats relies on individuals’ ability to 

acclimate and populations to adapt, yet the health effects and mechanisms of adaptation to 

elevated ionizing radiation are not well described. In this dissertation I examine genomic, 

transcriptomic, and parasite infection patterns in two canids, gray wolves and raccoon dogs, from 

the Chernobyl Exclusion Zone (CEZ) and build a new model system for examining the effects of 

elevated levels of ionizing radiation. Canids are sentinel species, and ideal model organisms for 

extrapolating from individual effects to ecological effects, conservation implications, and human 

health effects. Here I describe population differentiation between wolves from the CEZ and those 

from northern Belarus. This differentiation, in addition to the negative impacts of elevated 



radiation exposure, suggest radiation in the CEZ may act as a selective force driving population 

level differences. To explore individual level implications of exposure, I also describe gene and 

endogenous retroviral expression patterns which identify regulatory differences associated with 

immune responses, DNA repair, and cell homeostasis. These patterns are associated with CEZ 

residency as well as internal radiocesium activity rates. Specifically, multiple genes and genome 

regulatory patterns are associated with oncogenesis. Interestingly I identified cellular 

homeostasis and DNA damage genes as genomic regions and candidate genes under selection.  

Additionally, micro- and macroparasite infection rates within raccoon dogs and wolves from the 

CEZ help describe the complexity of ecological interactions within a highly contaminated 

environment. Parasite diversity and prevalence differed between host, parasites, and radiation 

exposure rates, with only herpes virus and canine parvovirus showing positive correlations with 

internal radiation activity. Collectively, this work highlights the importance of immune 

responses, viral infections, and oncogenesis in both detrimental responses as well as potentially 

stimulating mitigating responses to radiation exposure.    
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CHAPTER 1 

INTRODUCTION 

We are currently in the proposed Anthropocene epoch (Subramanian, 2019), where 

human activity has become the dominating force shaping the structure and function of earth’s 

ecosystems (Vitousek et al., 1997). Contamination from industrial operations is one of the 

leading manners which humans impact ecosystems and is of significant concern to human health 

(Berg et al., 2001; Prasad, Cole, & Hasse, 2004; Reilly, 2003; World Health Organization, 2006), 

especially in under-resourced communities where a disproportionate amount of pollution is 

concentrated (Brook, 1998; Bullard & Wright, 1993; Lewis, Hoover, & MacKenzie, 2017). With 

a perpetually growing human population, the demand for energy production will continue to 

impact landscapes.  Searches for alternative energy solutions has led to nuclear power becoming 

a popular alternative energy solution with reactors being built worldwide (Gagarinskii et al., 

2005; World Nuclear Association, 2019).   

While the physical footprints of existing nuclear reactors are significant, the realized 

footprints are even larger given routine and unexpected releases of waste. Although there are 

strict protocols to protect human health and maximize environmental safety from radiation 

contamination associated with nuclear energy production, there is always a threat of nuclear 

disaster, as seen in Three Mile Island, Chernobyl and Fukushima. With many known benefits 

and ambiguous costs, nuclear energy remains controversial (Poumadère, Bertoldo, & Samadi, 

2011; Shkvyria & Vishnevskiy, 2012). The ecological and human health impacts of disasters can 
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be devastating and costly, thus it is critical to more thoroughly understand the implications of 

radiation exposure on surrounding communities and environments.  

Most of what we know about radiation exposure comes from acute exposure studies in 

human and lab models, however we know far less about the effects of chronic low dose exposure 

which is the most common form (Galván et al., 2014; Real et al., 2011). All organisms 

experience some degree of radiation exposure, either from natural or anthropogenic sources. 

Exposure from natural sources such as UV radiation, Uranium deposits, and radon releases occur 

regularly. However, the radiation exposure levels observed around nuclear test sites or nuclear 

reactors is at times magnitudes higher than any natural exposure occurring in the wild. Ionizing 

radiation from environmental sources has been shown to have significant effects at the individual 

(Ellegren et al., 1997; Møller, 2002; Morley, 2012) and community levels (Møller & Mousseau, 

2013; Møller, Barnier, & Mousseau, 2012; Romanoskaya et al., 1998). Yet mechanisms driving 

ecological changes or adaptation to these environments remain largely unexplored.  

Renewed interest in radioecological studies suggests that examining individual level dose 

responses in sentinel species, particularly while exploring ecologically relevant endpoints in situ, 

are needed to better understand the lasting implications of ionizing radiation exposure (Rhodes et 

al., 2020). To better understand the ecological and long-term health implications of radiation 

exposure we need a more appropriate model. Most of the work on chronic exposure has focused 

on birds (Einor et al., 2016; Møller & Mousseau, 2003; Ruiz-Rodriguez et al., 2017), small 

mammals (Jernfors et al., 2018; Kesäniemi et al., 2019; Matson et al., 2000), and invertebrates 

(Møller & Mousseau, 2018; Møller, 2002). Further, most previous studies have been challenged 

due to questions concerning methods, analyses, and estimation of exposure levels (Beresford & 

Copplestone, 2011; J. T. Smith, 2008). Studies often generalize radiation exposure to regional 
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environmental exposure estimates, despite the wide heterogeneous range of radiation described 

across the CEZ and individual dosimetry based studies are needed to describe true impacts of 

exposure (Smith J. T., 2008). Additionally, mammals are one of the most radiosensitive taxa 

(Whicker & Schultz, 1982), and long-lived mammals can bioaccumulate high internal levels of 

radioactivity (Møller & Mousseau, 2011) and potentially experience genotoxic impacts of 

exposure. There is a critical needed for longer-lived model species with robust genomic 

resources.  

The physiological mechanisms underlying an individual’s response to contaminant 

exposure are numerous and often result in subtle differences difficult to ascertain in wild free-

living individuals. Gene expression pathways associated with contaminant exposure allow for 

fine-scale investigation of these mechanisms as well as allow for the exploration of inter-

individual variation in response to contaminant exposure. Exposure to some contaminants, such 

as radionuclides, can result in genomic instability (Morgan, 2003) leading to increased mutation 

rates and detrimental health effects associated with altered genetic and epigenetic responses 

(Lourenço et al., 2013; Mavragani et al., 2017; Theodorakis et al., 2001). Not only can these 

effects be passed from cell to cell but also from parent to offspring, thereby resulting in 

numerous potential transgenerational effects (Ellegren et al., 1997; Pogribny et al., 2004; 

Tsyusko et al., 2007). With a better understanding of the genomic and regulatory patterns of 

individuals exposed to ionizing radiation, we can make sound predictions concerning the 

physiological impacts that can affect survival and reproduction. 

In this dissertation I explore ecological and evolutionary impacts of long-term ionizing 

radiation exposure as a result of a nuclear disaster while using two canid species, gray wolf 

(Canis lupus) and raccoon dog (Nyctereutes procyonoides), as new model species. 
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Understanding the mechanisms underlying these impacts across a variety of species is critical in 

predicting and mitigating potentially devastating consequences of radiation accidents in the 

future.     

Study system  

The Chernobyl disaster occurred in 1986, when the nuclear power reactor released 

thousands of tons of radioactive material into the atmosphere and surrounding environment, 

devastating local villages and neighboring ecosystems. Radionuclides were deposited in a 

heterogeneous manner across the landscape due to wind and rain patterns (Smith & Beresford, 

2005). The highest radiation concentrations fell in modern day Ukraine and Belarus, yet 

radioactive material fell across most of Europe and the Union of Soviet Socialist Republics.  

Following the disaster, a 4,762 km2 exclusion zone, the Chernobyl Exclusion Zone, (CEZ) was 

established around the most highly contaminated region, and more than 200,000 people were 

evacuated from the most contaminated areas. This resulted in a region solely inhabited by 

wildlife, which experience highly increased levels of environmental ionizing radiation exposure 

to this day.  

To date, most ecological work has been restricted to the Ukrainian side of the CEZ, 

leaving many ecological effects of the disaster unexplored across the larger and highly 

contaminated Belarussian region. This Belarussian portion of the CEZ is managed by the Polesye 

State Radiation Ecological Reserve (PSRER) and hosts wide spatial heterogeneity in radiation 

contamination distribution (soil contamination levels of 40 – >7000 kBq/m2). Further, the 

Ukrainian portion of the CEZ has maintained significant human impact through rebuilding of the 

sarcophagus and recent tourism operations, the PSRER has very minimal human impact. The 

combination of a wide contaminant gradient, lack of human activity, and diverse animal 
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communities provides an ideal habitat to investigate the long-term implications of living in a 

radioactively contaminated landscape.  

To incorporate samples from a region with background levels of environmental radiation 

exposure levels, I collaborated with researchers and hunting organizations in the north of Belarus 

(BLR). This region of Belarus is sparsely inhabited by humans and consists of mixed hard wood 

forests intermixed with freshwater systems, similar to habitats experienced in the CEZ.  

Chapter Summaries 

 In this dissertation, I used the CEZ as a model system to explore long-term evolutionary 

and ecological impacts of ionizing radiation contamination.  In particular I examine genomic 

signatures of population differentiation, genomic and regulatory divergence, parasite prevalence, 

and endogenous retroviral activation with relation to radiation exposure in the CEZ.  

Chapter 2 

 In chapter two, I examine different genomic attributes of gray wolf populations, including 

descriptions of population structure and gene regulatory networks in wolves exposed to a range 

of radiation in the CEZ. Here I examine RNA sequencing data of blood samples collected from 

wild free-ranging wolves from the CEZ and BLR. Importantly, I find strong indication of 

population differentiation between the CEZ and BLR. This is critical because it establishes that 

the wolves within the CEZ are likely a genetically distinct population that may have experienced 

selection over the past few decades. Additionally, to explore regulatory divergence in the CEZ, I 

analyze individual gene expression patterns, gene co-expression module architecture, and 

regulatory signatures of selection in modules and pathways altered by radiation exposure. Lastly, 

to examine possible physiological implications of chronic environmental radiation exposure, I 
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examined regulatory patterns across individual genes, gene modules, and pathways of interest 

associated internal radiocesium activity within the CEZ.  

Chapter 3 

 In chapter three, I examine patterns of parasite prevalence and intensity in both gray 

wolves and raccoon dogs to assess potential health impacts associated with exposure to radiation. 

I employ multiple techniques including fecal floatation, seroprevalence, quantitative PCR, and 

herpesvirus transcription rates to identify and describe >30 parasites in the wolves and raccoon 

dogs from the CEZ and BLR. Here I describe parasite diversity and prevalence is generally not 

related to radiation exposure, however two viruses did show a significant correlation with 

internal radiocesium activity.  These data help not only help describe the ecological differences 

between the radiation contaminated CEZ and the reference region of BLR, but also starts to 

explore long term health implications of environmental ionizing radiation exposure in these two 

canids from the CEZ.  

Chapter 4 

 In chapter four, I examine endogenous retrovirus activation patterns in wolves 

experiencing a gradient of ionizing radiation contamination. I find that wolves from the CEZ 

have significantly more expressed endogenous retrovirus elements than those from BLR. 

Further, within the CEZ, expression is positively correlated with internal radiocesium activity. I 

also find evidence of interactions of endogenous retroviral activity and immune response and 

oncogenic genes, as well as immune function and cancer related pathways. 

Chapter 5 

 In chapter five I examine genomic and regulatory patterns in raccoon dogs inhabiting the 

CEZ and BLR. Here I utilize RNA sequencing data to build a de novo transcriptome and 
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describe individual differential gene expression patterns associated with immune and cellular 

homeostasis. To describe potentially adaptive regulatory patterns in raccoon dogs from the CEZ I 

examine individual gene and gene co-expression module architecture and discuss potential 

ecological and natural history characteristics driving differences in regulatory patterns found in 

wolves (Chapter 2) and those described in raccoon dogs.  

Chapter 6 

 In chapter six, I summarize my dissertation findings and go on to discuss directions for 

future research. I also reflect on how this work contributes to a general understanding of 

mechanisms driving ecological and evolutionary shifts observed in radiation contaminated 

landscapes. 
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ABSTRACT 

We continue to discover the impacts human activity has on ecological and evolutionary 

processes. In particular, energy production has led to global contamination of landscapes, yet we 

still lack understanding of the mechanisms driving ecological and evolutionary shifts as a result 

of this contamination. Here we examine genomic and regulatory implications of a nuclear 

disaster on a wild free-ranging canid species, the gray wolf (Canis lupus). We find wolves from 

the Chernobyl Exclusion Zone are genetically differentiated and possess four polymorphisms 

suggestive of genomic selection at genes associated with DNA and cell damage. Additionally, 

we find regulatory divergence between wolves with and without exposure to radiation, with 

evidence of adaptive regulatory evolution in gene co-expression modules associated with internal 

radiocesium activity. Further, immunological and oncogenic related pathways exhibit differential 

regulation in wolves from the Chernobyl Exclusion Zone. This study identifies genomic and 

regulatory mechanisms of local adaptation to ionizing radiation exposure as a result of a nuclear 

energy disaster.  

 

INTRODUCTION 

Humans have become such a dominating force in shaping the structure and function of 

Earth’s ecosystems (Vitousek et al., 1997) that a new Anthropocene epoch has been proposed 

(Subramanian, 2019). Environmental contamination from industrial operations is one of the 

leading ways habitats are affected and is of concern to both human and ecosystem health (Berg et 

al., 2001; Henderson et al., 2012; Møller et al., 2012; Prasad, Cole, & Hasse, 2004; Reilly, 2003; 

World Health Organization, 2006). Growing human populations continue to increase demand for 

resources and energy production and propel the search for additional low-carbon energy sources. 
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Nuclear power offers a low emission option, but it remains controversial due to the potential for 

nuclear accidents, as seen in extreme at Three Mile Island, Chernobyl and Fukushima. Scientific 

and public controversy remains over the ecological implications of radiation contaminated 

landscapes (Beresford & Copplestone, 2011; Smith, 2008). For wildlife populations, these 

landscapes can be attractive refugia that appear as suitable habitat, but in which survival, 

reproduction, and/or development are negatively affected (Møller et al., 2005; Willson & 

Hopkins, 2013). 

The Chernobyl disaster was one of the largest releases of radioactive material into the 

environment and is arguably the most well studied nuclear accident. Some research suggests the 

Chernobyl Exclusion Zone (CEZ) may act as one of the largest ecological sinks ever observed 

(Møller et al., 2012), and that there is reduced diversity, survival, and abundance of wildlife in 

the surrounding contaminated habitat (Møller & Mousseau, 2011). Yet, recent research has 

identified diverse and abundant mammal communities within the CEZ (Deryabina et al., 2015; 

Schlichting etal., 2019; Webster et al., 2016).  

All organisms are exposed to sources of radiation from natural sources such as UV 

radiation, Uranium deposits, and radon releases. Thus, ionizing radiation is not a novel exposure 

and species are likely to possess mechanisms of coping with exposure. However, the radiation 

exposure levels observed around nuclear test sites or nuclear accidents is at times magnitudes 

higher than any natural exposure occurring in the wild. Ionizing radiation from natural sources or 

nuclear accidents can be genotoxic (Ellegren et al., 1997; Møller & Mousseau, 2015) and alter 

individual morphology (Møller, 2002), population density ( Møller & Mousseau, 2013), and 

community composition (Møller et al., 2012; Romanoskaya et al.,1998). Consequently, in 

habitats such as the CEZ, the ecological impacts likely influence individual variation in survival 
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and reproductive success and may have led to selection at adaptive loci, and/or changes in 

genome wide genetic diversity (Bickham, 2011). Thus, populations inhabiting the CEZ provide a 

unique model for examining adaptation to environmental contaminants.  

Typically, the effects of contaminant exposure are based on population models 

constructed to infer how individual level effects translates to population level impacts (Bickham, 

2011). Recent examinations suggest that current ecological risk assessment models are failing to 

protect biodiversity and that additional data are needed. In particular, for radiological exposure 

we need data that link causal mechanisms of radiation impacts at the individual level to 

quantitative metrics that reflect ecosystem functions sensitive to radiological contaminants 

(Rhodes et al., 2020). Single organism assessments are informative in this endeavor, particularly 

when focusing on sentinel species (Rhodes et al., 2020).  

Here we investigate the mechanisms by which exposure to radiation can drive ecological 

and evolutionary change in a wild free-ranging sentinel species, the gray wolf (Canis lupus). 

Mammals are one of the most radiosensitive taxa (Whicker & Schultz, 1982), and long lived 

mammals can bioaccumulate high internal levels of radioactivity (Møller & Mousseau, 2011) 

while also potentially accumulating detrimental genotoxic impacts of exposure. The gray wolf is 

an ideal model for this system given its longer life span than species previously examined, high 

trophic level, and because its close relative, the domestic dog, is a focal species for 

understanding environmental influences on human health and oncogenesis. We utilize the robust 

genomic data from the domestic dog to explore signatures of selection to elevated ionizing 

radiation levels in gray wolves. We address genomic signatures of population structure and 

candidate genes under selection, while also examining individual and gene network expression 
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patterns to gain a better understanding of mechanisms and gene targets of radiation induced 

selection.  

 

METHODS 

Study site description and sample collection 

In 1986, the Chernobyl nuclear reactor exploded, releasing over 45,300 kgs of ionizing 

radiation into the atmosphere. Much of the radiation settled over Eastern and Central Europe, 

with the highest concentrations falling in modern day Ukraine and southern Belarus (Wu et al., 

2001). This large release of radioactive material was devastating to local villages and 

surrounding ecosystems. In an effort to mitigate the impacts of the irradiation, a 4,762 km2 

exclusion zone (CEZ) was established and more than 200,000 people were evacuated from the 

most highly contaminated regions. The Polesye State Radiation Ecological Reserve (PSRER) 

serves as the managing entity of the largest portion of the CEZ, found on the Belarus side, and 

hosts wide spatial heterogeneity in radiation contamination distribution (soil contamination 

levels of 40 – >7000 kilobecquerel (kBq)/m2 Cs-137, Figure 1a). This contaminant gradient, a 

diverse mammal community (Deryabina, Kuchmel, Hinton, et al., 2015; Schlichting et al., 2019; 

S.C. Webster et al., 2016), and lack of human activity provide an ideal habitat to investigate the 

long-term implications of highly mobile species living in a radioactively contaminated 

landscape.  

To incorporate reference samples from a region with background levels of radiation, we 

collaborated with hunting organizations in northern Belarus, ≤400 Km from the CEZ, to serve as 

a reference population (BLR) (Figure 1b). These samples were collected from sites characterized 
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by limited human activity, mosaics of mixed hardwood and coniferous forests, with freshwater 

systems dispersed throughout, and exhibiting habitat similar to what is found in the CEZ. 

Internal radiocesium activity quantification 

Lifetime radiocesium exposure was calculated differently depending on whether the 

sample was collected from live-trapped or hunted wolves. For wolves live-trapped within the 

CEZ, we conducted Cs-137 body burden counts using a portable Cd-Zn-Te spectroscopy system 

placed directly under the rear flank muscle as described in Hinton et al.(2019). For samples 

collected by hunting organizations, we quantified Cs-137 in lyophilized, homogenized muscle 

tissues using a Packard Cobra II auto-gamma counter (Model Cobra II 5003; Packard 

Instruments Co., Meriden, CT, USA) in a single 3-inch through-hole NaI detector. We used a 

ROI of 580e754 kiloelectron-Volts (keV) centered around 662 keV and conducted auto-

calibration daily during the sample analysis using a traceable Cs-137 source (SREL-0113). We 

derived counter yield from matrix-specific standards quantities as described in Kennamer et al., 

(2017). We also conducted background corrected Cs-137 counts on each sample with 60 minutes 

counts. To assess minimum detectable concentrations (MDCs, Bq/g, dry mass) for each sample 

we followed methods described by Currie (1968). Lastly, we converted dry activity 

concentrations (Bq/g, dry weight) to wet activity concentrations (Bq/g, wet mass) using wet:dry 

tissue mass ratios.  

Sample collection and preservation 

We collected blood samples from the CEZ wolves (N = 9) during trapping events for a 

simultaneous study in the fall of 2014 (Hinton et al., 2019) and immediately transferred samples 

to RNAlater for stabilization of cellular RNA. Blood samples from BLR wolves (N = 9) were 

collected and preserved in RNALater immediately after wolves were hunted. After collection 
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and preservation, all samples were stored at -20°C until transfer to the University of Georgia 

Savannah River Ecology Lab where samples were transferred to -80°C until RNA isolation 

occurred. 

RNA- sequencing & transcriptome filtering 

For total RNA purification from blood samples we used the RiboPure Blood Kit (Life 

Technologies, 2011). We sequenced the full blood transcriptomes from 18 wolves with varying 

internal radiocesium activity (IRA) rates. Transcriptome library preparation and 150 bp paired-

end sequencing were performed at the Georgia Genomics and Bioinformatics Core using 

Illumina NextSeq PE75 with all samples run across four lanes. We screened all reads for quality 

control using FastQC and filtered reads using Trimmomatic (Bolger, Lohse, & Usadel, 2014) to 

remove low quality reads and adapters. We then mapped quality controlled reads to the 

CanFam3.1 genome using a two-pass approach in STAR v.2.7.1a (Dobin et al., 2013) and 

quantified read counts with htseq-counts (Anders, Pyl, & Huber, 2015). Genes were considered 

expressed if they had ≥ 20 average counts. To identify differentially expressed genes we utilized 

edgeR (Robinson, McCarthy, & Smyth, 2009) while normalizing read counts by library size 

using the cpm function.  

Identification of expression modules associated with internal radiation activity 

 We performed weighted gene correlation network analysis (WGCNA) using the 

WGCNA package in R  (Langfelder & Horvath, 2008). To identify outlier samples, we 

compared mean pairwise correlations between samples. We then used a soft thresholding 

approach to approximate a scale free topological network to compare an adjacency matrix. Given 

our sample sizes and the low thresholding observed in our samples, we used the recommended 

power of 18 (Langfelder & Horvath, 2008).  We then used topological overlap to create a cluster 
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dendrogram with signed correlations while implementing a minimum cluster size of 50 genes 

and merging closely correlated modules (R2 = 0.75).  

  To confirm candidate modules associated with the CEZ (FDR < 0.05), we applied linear 

mixed effect models using module eigengenes and collection location and IRA. Given the 

potential for IRA to be confounded by sample location we also examined module associations 

specifically with IRA using linear models and only samples from within the CEZ. Once 

candidate modules were identified, we examined gene enrichment in modules of interest using 

gProfileR (Reimand et al., 2016) in R to identify gene ontology categories.  

Identification of candidate genes under selection 

 To explore genomic regions exhibiting significant differentiation across the CEZ barrier, 

we utilized the quality controlled CanFam3.1 genome aligned transcriptome reads described 

above. SNPs were called from alignments with the GATK HaplotypeCaller and GenotypeGVCF 

(McKenna et al., 2010) using the recommended RNAseq parameters and with PCR duplicates 

removed with the MarkDuplicates function. We then filtered SNPs with VCFtools for a depth ≥ 

10, quality ≥ 20, and reads with either < 20% missing data or no missing data. To perform 

population differentiation analysis we used the Bayesian clustering approach to perform 

assignment tests in FastSTRUCTURE 2.1 (Raj, Stephens, & Pritchard, 2014).  We then 

calculated individual SNP statistics using the Populations program from Stacks v.2.52 (Catchen 

et al., 2013) and calculated SNP Fst values using the AMOVA method (Weir, 1996). To identify 

putative targets of selection, we examined the blood transcriptome for loci exhibiting significant 

differentiation (empirical p < 0.001) and differential gene expression in individuals from the 

CEZ.  
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Correlating internal radiocesium activity and transcription patterns 

To explore patterns of expression within pathways associated with mitigating genotoxic 

and cellular damage as a result of radiation, we assessed transcription patterns within the CEZ 

wolves. We performed false discovery rate corrected spearman correlations between gene 

transcripts from each pathway and individual wolf IRA using psych package in R (Revelle, 

2019).  

 

RESULTS AND DISCUSSION 

Population Structure 

To explore genomic patterns of population differentiation in gray wolves from the CEZ, 

we examined structure between wolves from the CEZ and BLR, a reference population in 

northern Belarus ~400 Km from the CEZ (Figure 1a). We used RNA-sequencing data from 18 

wolves, nine from each sampling location, to initially determine if these sites represented distinct 

genetic populations. Our Bayesian population structure analyses (Raj et al., 2014) clearly 

demonstrate CEZ and BLR to be separate populations with most wolves showing low signs of 

admixture and only one wolf from the CEZ exhibiting equal genomic ancestry from both 

populations, with 50% assigned to BLR and CEZ (Figure 1b). In addition, wolves from the CEZ 

had significantly higher IRA compared to those from BLR (Figure 1d. t-test: t = 4.6472, p-value 

= 0.00165), with some CEZ individuals exhibiting > 90 times the IRA as reference individuals. 

All of the wolves in this study were sampled within a geographic range of < 450 Km2, much 

smaller than the 850 Km2 sampling range that results in spatial autocorrelation for other 

European wolf populations (Hindrikson et al., 2017). Taken together, our results show elevated 

levels of radiation exposure experienced within the CEZ and clear population differentiation 
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between the two locations. This may suggest that radiation within the CEZ acts is acting  as a 

selective pressure on CEZ populations, and could be indicative of local adaptation potentially 

resulting in a barrier to gene flow.  

Regulatory Divergence Associated with the CEZ and IRA 

To explore divergent regulatory patterns potentially contributing to adaptive responses to 

radiation, we next explored transcriptome wide patterns of gene expression divergence between 

CEZ and BLR wolves. Blood samples were collected from individuals during non-lethal trapping 

events for a separate study (Hinton et al., 2019). We used blood as the focal tissue both due to 

non-lethal sampling techniques and its key role in immune system responses that can be strongly 

affected by ionizing radiation exposure (Kusunoki & Hayashi, 2008; Manda et al., 2012) and 

impact individual health. In total, we identified 4,418 differentially expressed genes (Appendix 

material Figure 1a) and divergent global regulatory patterns (Appendix Figure 1b) between the 

CEZ and BLR wolves.  

To assess additional gene expression patterns across the wolf blood transcriptomes, we 

used WGCNA (Langfelder & Horvath, 2008) to evaluate co-expression gene modules and 

identified eight co-expression modules within the blood transcriptome (identified as Modules 1–

8, Figure 2). Each of these modules likely represents groups of genes which interact in the same 

functional/regulatory networks. Two of the identified modules, modules 1 and 6, were identified 

as significantly correlated with site of origin (CEZ vs BLR, Figure 2.2b; linear mixed effects 

model, p < 0.025), and module 3 was significantly correlated with IRA in wolves from the CEZ 

(Figure 2.2b and linear model, p = 0.027). Within these three modules of interest, we enriched 29 

biological processes which associate with viral infections, cellular ion transport, immune system 

function, cellular apoptosis, DNA repair, and metabolic processes (Appendix Table 1). 
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Additionally, site of origin associated modules (modules 1 and 6) contained disproportionally 

more differentially expressed genes (Fisher’s exact test: CEZ DE, p-value < 2.2e-16) as 

compared to the other modules. This suggests these modules may be involved in resistance to the 

negative impacts of radiation, potentially conferring mitigating effects of radiation exposure. 

Regulatory differences associated with collection location and IRA may be confounded by the 

strong relationship between IRA and location (Figure 1d). However, many of the biological 

processes highlighted in modules associated with collection location (modules 1 and 6) contain 

genes with dynamic or no dose response to IRA, with some genes increasing and maintaining 

expression at particular radiation exposure levels (Hu et al., 2005; Kusunoki & Hayashi, 2008), 

suggesting elevated IRAs may still drive divergent expression patterns within these modules.   

Within module 3, the differentially expressed genes exhibited disproportionally higher 

module connectivity (t-test: t = 2.1559, df = 21.337, p = 0.04265) than the non-differentially 

expressed genes. More highly connected module genes are often transcriptional regulators such 

as transcription factors and thus may play an important role in gene regulation (Liu et al., 2019) 

and selection within regulatory networks. This connectivity bias and linear correlation with IRA 

implies possible regulatory adaptation within these networks.  

 Signatures of radiation induced regulatory divergence within adaptive pathways 

After establishing differences in transcription patterns across a broad range of IRA, we 

focused on the CEZ wolves to assess fine scale pathway expression patterns correlation with 

IRA. We characterized select KEGG pathway expression by using the first principal components 

(PC1) of regulatory variation within each pathway and then tested for correlations between 

expression and IRA. To perform these analyses we selected six pathways based on their role in 
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maintaining genome integrity and mitigating cellular responses to ionizing radiation (Fritzell et 

al., 1997; Kriegs et al., 2010).  

To assess potential signals of detrimental genotoxicity induced DNA damage repair and 

immune responses we examined base pair mismatch repair (KEGG: map03430) and cytokine-

cytokine receptor interaction (KEGG: map04060) pathways. Additionally, genotoxicity and 

cellular damage stemming from ionizing radiation exposure can result in carcinoma 

development. So, to explore signals of oncogenesis in wolves from the CEZ, we examined 

pathway regulation associated with oncogenesis in four pathways (transcriptional misregulation 

in cancer (KEGG: map05202), chemical carcinogenesis (KEGG: map05204), chronic myeloid 

leukemia (KEGG: map05220), acute myeloid leukemia (KEGG: map05221). Each of these six 

pathways showed significant positive correlation with IRA (Appendix table 2, p < 0.0002), 

implying that individuals with higher IRAs also exhibit increased DNA damage and higher rates 

of oncogenesis.   

Genomic signatures of selection  

To assess candidate genes under selection, we conducted Analysis of Molecular Variance 

to calculate FST for each variable site (N = 7,989) between the CEZ and BLR wolf populations. 

We identified four genes located in the trailing edge of the distribution of these FST values 

(empirical p < 0.001, Figure 3a,b) that were significantly upregulated in CEZ wolves 

(ENSCAFG00000002154 "TLN1", ENSCAFG00000049795 "H2BC21", 

ENSCAFG00000017943 "ANXA6", ENSCAFG00000032529 "COTL1"). These genes are 

associated with platelet activation, Human T-cell leukemia virus 1 infection, Rap1 signaling 

pathway, and focal adhesion, which participate in cytoskeleton organization and cellular and 

DNA damage responses, well-recognized effects of radiation exposure (Kanehisa, 2019). Two of 
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these genes ("TLN1" and "COTL1") are actin assembly and binding genes that play an important 

role in cell migration and tumor growth (Godoy et al., 2013; Singel et al., 2013; Xia et al., 2018). 

Specifically, the Cotl1 protein is said to be a strong cancer-associated antigen and overexpression 

is shown to upregulate tumor-suppressor genes as well as inhibit the growth-promoting TGFβ 

pathway in humans (Xia et al., 2018). The TLN1 gene facilitates integrin interactions with 

extracellular matrixes and is associated with the release of acute myeloid leukemia cells from the 

bone marrow into circulation (Badie et al., 2016) and metastasis in cancers (Sakamoto et al., 

2010).  Annexin A6 (Anxa6) up regulation leads to activation of extracellular signal-regulated 

kinase and has been reported to be a PU.1 target in leukemic cells (Badie et al., 2016; Iseki et al., 

2009). Lastly, the H2B clustered histone 21 (H2BC21) gene can be activated with herpes virus 

infection and is associated with viral carcinogenesis (Kanehisa, 2019). Interestingly, as a 

separate part of our study (Chapter 4) we find increasing herpesvirus transcription with 

increasing IRA in these wolves. Collectively, differential expression of these genes may reflect 

functional differences in immune and cellular maintenance systems.  

 

CONCLUSION 

This study presents evidence that contamination from the Chernobyl nuclear disaster may have 

led to regulatory divergence and adaptation within gene networks associated with internal 

radiocesium activity and identifies candidate genomic polymorphisms under selection in the 

long- lived gray wolf. The observed evidence of selection at genes associated with actin 

structure, cell migration, and histone regulation, suggest fundamental cell and genome structural 

apparatuses are at the center of mitigating radiocesium induced cell deformities. Additionally, 

gene module networks suggest virus and radiocesium interactions may be simultaneously driving 
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divergent patterns in immune function with increased radiocesium exposure, potentially with 

additive cellular apoptotic effects. Further study is needed to understand how hosts, viruses, and 

ionizing radiation interreact with host immune systems. As the blood tissue examined here is 

characterized by numerous cell types, particularly many facilitating immune function, these data 

represent a cumulative examination of expression across potentially variable cell compositions. 

Additional study is not only needed to assess differences in blood cell type with radiation 

exposure, but also to understand how divergent regulatory networks identified here influence 

individual variation in raidiocesium sensitivity. In conclusion, our findings suggest that 

environments affected by nuclear accidents can drive population structure and evolutionary 

responses at the genetic and regulatory level.  
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FIGURES 

 

Figure 2.1: (a) PSRER within the Chernobyl Exclusion Zone and (b) the country of Belarus 

contain a gradient of ionizing radiation contamination. Wolves from northern Belarus (red 

points, N=9) and the Chernobyl Exclusion Zone (blue points, N = 9) represent (c) distinct 

genetic populations and those from the PSRER. (d) Wolves from the PSRER have 

significantly higher and more variable internal radiocesium (Cs-137) activity rates. (Maps 

adapted from Agate et al., 2008 and Hinton et al., 2019). 
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Figure 2.2: Regulatory modules associated with internal Cs-137 activity in wolves. (a) Gene 

expression correlation patterns within the gray wolf blood transcriptome depicted in a cluster 

dendrogram where each branch represents a single gene. Groups of highly correlated genes are 

then clustered and identified by Module Colors. Wolf internal Cs-137 Activity Concentration 

depicts correlation between each gene and individual variation in internal Cs-137 activity, red 

indicates a positive correlation and blue a negative correlation. (b) Hierarchical clustering 

dendrogram of each of the eight individual module eigengenes. The correlation of these 

eigengenes with internal radiocesium (Cs-137) activity rates is depicted in the heatmap, which is 

color-coded by correlation value and corresponds to the bar to the right of the graph. Each grid 

contains the eigengene correlation value with internal Cs-137 activity (top) and Pearson’s R for 

significant correlations (p < 0.05, bottom).  
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Figure 2.3: Genomic signals of candidate genes under selection (a) Assessment for genetic 

differentiation using an Fst outlier (<0.001) approach between wolves from the CEZ and BLR 

identified four candidate genes under selection. (b) Expression differences between CEZ and 

northern Belarus wolves at SNP Fst outliers in wolves from the Chernobyl Exclusion Zone. 
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CHAPTER 3 

DIVERSITY AND PREVALENCE OF PARASITES IN TWO CANIDS, RACCOON 

DOGS AND GRAY WOLVES, FROM THE CHERNOBYL EXCLUSION ZONE2 

 

 

 

 

 

 

 

 

 

 
2 Love CN, SC Webster, D Shamovich, ME Byrne, PE Schlichting, JC Beasley, TG. Hinton, and SL Lance. To be 
submitted to International Journal for Parasitology. 



 

ABSTRACT 

 Acute exposure to radiation is widely recognized to cause morbidity and mortality in 

wildlife as well as influence immune response and host-parasite interactions. However, robust 

information is lacking regarding the impacts of chronic radiation exposure on parasitism rates in 

situ. Radiation exposure can impact parasite prevalence and intensity in multiple ways, including 

altering host exposure to parasites and susceptibility, as well as parasite reproduction and 

infectivity. Here we examine parasite diversity and prevalence in gray wolves and raccoon dogs 

exposed to elevated levels of ionizing radiation in the Chernobyl Exclusion Zone. Carnivores are 

at higher risk for accumulation of contaminants due to their high trophic level and long life span, 

and thus provide good model species. We used fecal floatation to describe 11 gastrointestinal 

parasites and observed no difference in parasite diversity or prevalence between hosts or 

estimated radiation exposure. Serological testing showed evidence of Borrelia burgdorfi, 

Dirofilaria immitis, and canine parvovirus in wolves, with canine parvovirus significantly 

associated with internal radiocesium activity. We further examined 28 blood-borne parasite 

species using a qPCR technique in wolves or raccoon dogs and found no correlation of radiation 

exposure and parasite prevalence. Finally, we found clear correlations of Herpesviridae 

transcription and internal radiocesium activity. Collectively these data help describe the 

complexity of parasite infection interactions with elevated radiation exposure and these data 

inform future and ongoing examination of ecological impacts of chronic radiation exposure.  
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INTRODUCTION 

Exposure to contamination can have numerous impacts on wildlife, including altering 

parasitism rates (Marcogliese et al., 2005; Marcogliese & Pietrock, 2011; Morley, Lewis, & 

Hoole, 2006). Most of this research has focused on contaminants associated with agricultural 

(Buck et al., 2015; King et al., 2010; Zuther et al., 1999) and industrial (Bichet et al., 2013; Love 

et al., 2016; Thielen et al., 2004) operations, but there has been a lack of work focusing on 

ionizing radiation, despite the ubiquitous nature of radiation exposure. While all wildlife 

experience radiation exposure naturally from UV radiation (Acevedo-Whitehouse & Duffus, 

2009; Martin, 2001), some populations experience additional natural exposure from Uranium or 

radon deposits (Sazykina & Kryshev, 2006), and others are exposed to dramatically elevated 

levels from anthropogenic contamination (Lourenço, Mendo, & Pereira, 2016; Lourenço et al., 

2013). Landscapes can be contaminated with ionizing radiation as a result of industrial practices, 

nuclear testing, or nuclear disasters (Eisenbud & Gesell, 1997). Exposure to radiation can cause 

sublethal effects on individual physiology (Bonisoli-Alquati et al., 2010; Møller et al., 2011) and 

result in altered life histories (Adamovich, 1998) and population densities (Møller & Mousseau, 

2013). Concurrently, all organisms are subjected to infections from an array of parasites which 

can affect host ecology, immunology, and physiology and consequently may be a source of 

additional stress for organisms. Thus, exposure to radiation is likely to alter host-parasite 

interactions. In fact these host-parasite-environment interactions are increasingly recognized as 

regulating factors in how animals respond to contaminated environments (Morley, 2012). The 

interactive effects of elevated ionizing radiation exposure and parasitism rates are of increasing 

interest particularly as nuclear power is expanding worldwide .  
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One of the most likely ways exposure to ionizing radiation could impact rates of 

parasitism is through direct effects on host immune function and behavior. Animals living in 

radiation contaminated environments exhibit depressed immunity, possibly as a result of 

radiation-reduced immune function (Camplani, Saino, & Møller, 1999). Many immune response 

mechanisms can be affected by radionuclide exposure including the production of leukocytes 

(Gridley et al., 2001; Dainiak et al., 2003), antibodies (Agate et al., 2008), and cytokines 

(Schröder et al., 2018). In some cases the immunological effects of ionizing radiation are 

consistent across exposure levels, such as attrition of T lymphocyte function and other key 

players in cell-mediated adaptive immune responses (Manda, Glasow, Paape, & Hildebrandt, 

2012). However, some inflammatory responses, such as macrophage activity, show stimulation 

at low exposures (<0.1 Gray (Gy)) of radiation and suppression at high exposures (> 2 Gy) (Liu, 

2003). In the wild, birds in the Chernobyl Exclusion Zone have decreased immune function 

(Camplani et al., 1999), depressed leukocyte and immunoglobulin levels and smaller spleens 

(Camplani et al., 1999), and show ranges of specific antimicrobial activity of individual hosts 

and radiation levels (Ruiz-Rodriguez, Møller, Mousseau, & Soler, 2017). 

Aside from impacting host immune function, there are many ways that ionizing radiation 

could affect parasite transmission rates. A change in the health of a host could alter feeding and 

movement patterns leading to changes in contact rates between hosts and pathogens. This may be 

caused by either increased or decreased contact between hosts and/or changes in the production 

and deposition of contaminated bodily fluids (i.e. mucus, feces, or vomit). For example, 

exposure to radiation can cause Daphnia species to alter feeding and shoaling behavior 

(Mothersill et al., 2006) and decreases activity in neonatal rats (Wallace, Daniels, & Altman, 

1972). Additionally, dramatic ecological shifts have been observed in natural environments 
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following nuclear disasters. After the Chernobyl disaster, plant (Mousseau et al., 2013), 

invertebrate (Møller & Mousseau, 2009), and vertebrate (Møller & Mousseau, 2013) 

communities changed and decomposition rates were altered (Bonzom et al., 2016; Mousseau et 

al., 2014). These community level changes can affect resource availability across a landscape 

and drive changes in host movement patterns. This was seen in barn swallows from Chernobyl 

who dispersed further when foraging than those in reference regions (Møller et al., 2006). 

Altered resource availability and community structure can also affect indirect transmission via 

mechanical or biological vectors if host body condition and/or the presence and abundance of 

intermediate hosts is changed. All of these elements may impact host pathogen contact rates.  

Radiation exposure may also influence host-parasite interactions through direct impacts 

on parasites. Helminths can bioaccumulate more radionuclides than their host species (Booth & 

Schulert, 1968; Nansen et al., 1976) and exhibit decreased survival and reproduction (Chai et al., 

1995). In fact, irradiation experiments have shown decreased growth and host infection rates of 

Angiostrongylus larvae in humans (Ishii et al. 1986). Thus, in radiation contaminated regions 

helminth infection rates may be regulated by radionuclide accumulation in, and associated 

detrimental impacts on, the parasites. Altered virulence has also been observed with ionizing 

radiation exposure in protozoans. For example, Trypanosoma gambiense exhibits decreased 

growth and multiplication at low doses (12 kr, Halbertaedter 1938). Trypanosoma cruzi shows a 

similar initial reduction in growth, however resumes normal growth 120 hours post exposure. 

This resumption of growth is associated with a shift in protein isoform translation (Vieira et al., 

2014), potentially suggesting rapid physiological adaptation to ionizing radiation exposure. This 

finding suggests that radiation may not only impact hosts’ increased susceptibility and exposure 
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to pathogens, but also that hosts’ increased parasite susceptibility may be negated by negative 

impacts of exposure on parasites. 

There is renewed interest in the potential ecological impacts of ionizing radiation on the 

environment and a need to integrate ecological sciences with radioecology (Rhodes et al., 2020). 

The Chernobyl Exclusion Zone (CEZ) has served as an outstanding model for examining the 

effects of chronic radiation exposure on wildlife. However, there are limited field studies 

exploring parasite infection loads in regions with radiation contamination. There have been a few 

studies conducted in areas with naturally elevated background levels of radiation (Maslov 1967, 

1972) or in areas surrounding Uranium mines (Waite et al 1988), but these areas have much 

lower levels of radiation than parts of landscapes contaminated with radiocesium due to nuclear 

reactor releases, such as the CEZ and Fukushima. Within the CEZ, Aguileta et al. (2016) found 

decreased prevalence of a plant fungal pathogen in the more highly contaminated regions, yet 

they did not observe differences in viability or fertility of the pathogen. In the only CEZ study of 

parasites in a mammalian host, Kesäniemi et al. (2019) found no evidence of altered viral 

prevalence, load, or virulence in voles as a result of environmental contamination level.  

Given the detrimental impacts of radiation exposure described here on intermediate hosts, 

we might expect lower indirectly transmitted parasite infections in high radiation regions. 

Additionally, interactions of increased susceptibility and negative impacts of radiation observed 

in some gastrointestinal parasites (Chai et al.,1995) may suggest that we would not expect large 

differences in gastrointestinal parasite infection patterns. But, to better understand the potential 

impact of radiation exposure on rates of parasitism, we need data from wild hosts with individual 

level radiation accumulation exposure measurements. Previous field studies generalize radiation 

exposure to group or population exposure estimates, observing infection differences between 
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groups or populations, while not taking into account more precise individual level exposure 

estimates which may help describe individual exposure and endogenous factors influencing 

parasite infections. The aim of this study was to characterize a suite of macro- and micro-

parasites with varying modes of transmission among two canids, the gray wolf (Canis lupus) and 

the raccoon dog (Nyctereutes procyonoides) to better understand infection patterns and potential 

health impacts to mammals inhabiting the CEZ. 

 

METHODS 

Site Description 

The Chernobyl disaster occurred in 1986 devastating local human and wildlife 

communities and the surrounding ecosystems. The Chernobyl reactor explosion released over 

>45,000 kgs of radioactive material, much of which settled over a large portion of Europe and 

the Union of Soviet Socialist Republics, with the highest concentrations falling in what is now 

northern Ukraine and southern Belarus. In an effort to mitigate further damage from the disaster, 

a 4,762 km2 exclusion zone (CEZ) was established around the reactor and the most highly 

contaminated regions, displacing more than 200,000 people. The area in Belarus is now managed 

by the Polesye State Radiation Ecological Reserve (PSRER) and is solely inhabited by wildlife 

and visiting PSRER employees who rotate their time on and off the CEZ. The soils within the 

PSRER have wide spatial heterogeneity in radiation contamination (soil contamination levels of 

40 – >7000 kBq/m2 Cesium-137 (Cs-137)). This contaminant gradient, a diverse mammal 

community (Dharmarajan et al., 2009; Schlichting et al., 2019; Webster et al., 2016), and lack of 

human activity in the zone provide an ideal habitat to investigate the long-term implications of 

highly mobile species living in a radioactively contaminated landscape.  
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We also included samples from a region with background levels of radiation. To do so, 

we collaborated with hunt clubs in a reference region in northern Belarus. The samples from this 

location were collected from sites characterized by habitats with similar forests and freshwater 

systems as what is found in the CEZ. 

Sample Collection 

We live trapped wolves and raccoon dogs using foothold traps across the contamination 

gradient found in the PSRER. Animal capture and handling was carried out in accordance with 

University of Georgia Animal Care and Use protocol A2015 05–004-Y2-A1. Ages were 

estimated upon trapping using tooth ware and wolf age estimates ranged from 1.5 - 9 years old. 

Raccoon dog estimated ages ranged from 1 – 5 years old. Wolf and raccoon dog samples were 

collected from both males and females. While processing trapped individuals, we collected blood 

samples, preserved them in RNAlater (Thermo Fisher Scientific) or RNAprotect (Qiagen), and 

stored samples at -20°C until transferred to the University of Georgia’s Savannah River Ecology 

Lab, USA where they were stored at -80°C until processing. To obtain blood samples from hosts 

living in habitats with background radiation levels, we collaborated with hunting organizations in 

northern Belarus to collect fresh samples. These blood samples were collected and stored in the 

same manner as stated above. Muscle and liver tissue samples were also collected from these 

individuals and stored at -20°C.     

For gastrointestinal parasite analysis, we collected fecal samples from wolves and 

raccoon dogs along road transects. Before initiating scat surveys, we cleared all scat samples 

from targeted roadways, and then performed surveys every five days for a total of six collection 

days (Gese, 1998). Only samples estimated to have been deposited within 24 hours of collection 
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were used for parasite quantification. Samples were stored at -20°C until parasite analyses were 

performed. 

Radiocesium Quantification  

We calculated host Cs-137 exposure differently depending on whether the sample was 

scat, blood from trapped wolves, or blood from hunted wolves. To estimate individual host 

radiation exposure for each scat sample, we calculated area-weighted means of soil Cs-137 

contamination from a 1000m radius around each fecal collection location. UTM coordinate 

identified collection locations were referenced against geo-referenced CEZ Cs-137 soil 

contamination maps (Izrael and Bogdevich 2009; Webster et al. 2016). Geo-referenced Cs-137 

soil contamination maps are described by eight radiation ranges, from the lowest radiation levels 

(40-75KBq/m2) to the highest radiation levels (³7500 KBq/M2). We designed our transects to 

occur within regions with lower and higher levels of contamination and after collection we 

estimated the exposure rates from our scat samples. Based on these analyses we end up with two 

regions that we call the “low” (40-600Kbq/m2) and “high” ( ³ 2,500 KBq/m2). radiation regions.  

Samples tested for microparasite quantification were collected from both trapped and 

hunted wolves and raccoon dogs. For wolves and raccoon dogs in the CEZ we estimated 

calculated area-weighted means as described for the fecal samples above. These estimates were 

calculated from 50m areas around the trap location of each individual. For a subset of trapped 

individuals we directly estimated Cs-137 body burdens using a field Cd-Zn-Te spectroscopy 

system to calculate internal radiocesium activity for each individual as detailed in Hinton et al. 

(2019). We prepared muscle and liver samples for direct Cs-137 quantification from all hunted 

individuals. We lyophilized, homogenized, and packed each sample into a scintillation tube and 

recorded wet and dry mass values prior to and post sample preparation. Dry-tissue radiocesium 
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counting was performed on a Packard Cobra II auto-gamma counter (Model Cobra II 5003; 

Packard Instruments Co., Meriden, CT, USA) as described in Chapter 2 with a NaI detector and 

using a ROI of 580e754 kiloelectron-Volts (keV) centered approximately on 662 keV, with daily 

auto-calibration during analysis using a traceable Cs-137 source (SREL-0113). On each sample 

we performed 60 minute counts and 60 second background counts on blank scintillation tubes to 

conduct background corrected Cs-137 counts for each sample. Counter yield was derived from 

matrix-specific standards with known Cs-137 quantities (Kennamer et al., 2017). Minimum 

detectable concentrations (MDCs, Bq/g, dry mass) for each sample was determined according to 

methods described by Currie (1968). We then converted to wet activity (Bq/g, wet mass) from 

dry activity concentrations (Bq/g, dry weight) using wet:dry tissue mass ratios.  

Gastrointestinal Parasite Identification and Quantification 

We examined fecal samples microscopically for the presence of gastrointestinal parasite 

eggs, oocysts, and larvae by a standard flotation technique using Sheather’s sugar solution 

(specific gravity 1.27). Briefly, we took 3 g thawed subsamples of each scat and rinsed them 

with distilled water before filtering samples using cheese cloth. We then mixed samples with 10 

mL Sheather’s sugar solution and centrifuged the samples in 15 mL conical tubes for 5 minutes 

at 1500 rpm. To collect parasite eggs and oocysts we placed a coverslip on the top of each tube 

during centrifugation. We then transferred the coverslip to a microscope slide for identification 

and counting of parasites. For each sample we quantified total egg or oocyst numbers and 

eggs/oocysts per gram feces.   

To compare prevalence and co-infection rates of gastrointestinal parasites between 

wolves and raccoon dogs, we performed a Fisher’s chi-square test. Parasite intensity (eggs/g) 

between individuals from areas with low and high levels of radiation was assessed with Mann-
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Whitney U-test. We used general linear models to examine relationships between parasite 

intensity and radiation exposure. 

Serological Testing 

To identify antibodies to common canid infections we performed serological tests on the 

subset of wolves and raccoon dogs from the CEZ for which we had quantified Cs-137 body 

burdens (sample numbers Table 3.1). We screened for canine parvovirus and distemper using 

TiterCHEK CDV, CPV (Zoetis DIAGNOSTICS), and 6 vector borne pathogens (Ehrlichia canis 

and/or E. ewingii, Borrelia burgdorferi, Anaplasmosis phagocytophilum and/or A. platys, and 

Dirofilaria immitis) using an ELISA based test kit (IDXX 4Dx SNAP kit, IDEXX Laboratories, 

Inc.). All analyses were performed according to manufacturer’s protocols and positives were 

identified according to the manufacturers standards. When more than one individual tested 

positive we conducted a Welch’s t-test to test for significant differences in Cs-137 body burden 

between positive and negative individuals.   

Blood-borne Parasite Quantification via qPCR 

For whole blood stored in RNAlater we extracted RNA using the RiboPure Blood Kit 

(Thermo Fisher Scientific Inc.) and DNA using a modified Acid-Phenol technique. For whole 

blood stored in RNA Protect we extracted RNA and DNA using the RNeasy Protect Animal 

Blood Kit (QIAGEN Group) and DNeasy Blood and Tissue Kit (QIAGEN Group) respectively. 

We synthesized total cDNA from blood samples using 255 ng total RNA and the iScript cDNA 

Synthesis Kit (Bio-Rad). We performed all methods according to manufacturers’ protocols.  

To identify infection of 28 pathogens in wolves and raccoon dogs from inside and outside 

of the CEZ, we used a qPCR approach. We then sent cDNA to IDEXX Laboratories for 

quantitative PCR analyses (for samples list see Table 3.1). Subsequent analyses were conducted 
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at IDEXX Laboratories (Sacramento, CA) and included IDEXX Canine Fever of Unknown 

Origin RealPCR™ Panel (Comprehensive) and Canine Respiratory Disease (CRD) RealPCR™ 

Panel (Comprehensive) testing panels. We used a Two Proportions Z-tests to assess significant 

differences in prevalence between the CEZ and Northern Belarus and a Mann-Whitney-U test to 

assess significant associations between parasite infection and radiation exposure.   

Blood-borne Parasite Transcriptome Identification 

From a separate study examining gene expression (Chapter 2) we had RNAseq data. We 

took advantage of these data to identify herpes viral infection in wolves and raccoon dogs inside 

and outside of the Chernobyl Exclusion Zone (Table 3.1). Detailed methods for RNAseq are 

provided in chapter 2. Briefly, we extracted RNA from whole blood from each individual, 

prepared Illumina sequencing libraries using 1µg RNA, and sequenced all samples on two 

Illumina NextSeq PE75 High Output Flow Cells (Georgia Genomics and Bioinformatics Core, 

University of Georgia). We filtered raw reads with rCorrector (Song & Florea, 2015) and 

imported raw reads into Taxonomer (Uphoff et al. 2019) to screen for herpesvirus matches. We 

then compared Herpesviridea counts between individuals from the CEZ and northern Belarus 

using ANOVA and associations of herpesviridea intensity and internal Cs-137 radioactivity 

using general linear models.     

  

RESULTS 

Gastrointestinal Parasites 

For gastrointestinal parasites we examined richness, prevalence, and egg and oocyte 

burdens in hosts and then made comparisons across species and levels of radiation exposure. We 

identified helminth and protozoan gastrointestinal parasites from 10 different genera in wolves (8 

helminth and 2 protozoan) and from 5 genera in raccoon dogs (4 helminth and 1 protozoan) 
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(Table 3.2). Of these parasites identified, three groups (Coccidia ssp, Toxocara spp, and 

Trichuris spp.) can be directly transmitted, while the others are indirectly transmitted. Within any 

single fecal sample we observed between zero and six or zero and four different genera in wolf 

and raccoon dog samples respectively. Overall prevalence of hosts infected by at least one 

gastrointestinal parasite did not differ (Fisher’s chi-square test: p = 0.4905) between host species. 

Additionally, co-infection rates did not differ between wolves and raccoon dogs (Fisher’s chi-

square test: p = 1.0). Prevalence of the three most common gastrointestinal parasites showed 

some differences between host species, though only differences in Trichuris species counts were 

significantly different (Coccidia spp. (p = 0.812), Trichuris spp. (p = 0.001), and Alaria spp. (p = 

0.623), Figure 1A).  

To begin to address the potential for radiation to play a role in parasite infection, we 

analyzed parasite richness with relation to radiation exposure, and found variation in parasite 

richness was not related to estimated radiation exposure levels for either host species (wolf: p =  

0.37; raccoon dog: p = 0.565). We did see a trend of higher parasite prevalence in high radiation 

zones in all four of the most common gastrointestinal parasite groups for wolves (Figure 1A). 

However, none of these trends were significant (GLM: Alaria spp, adjusted R2 =  -0.03088, p = 

0.6107, Coccidia spp adjusted R2 = -0.0205, p = 0.479, Trichuris spp adjusted R2 =  0.01523, p = 

0.236, Toxocara spp. adjusted R2 =  -0.02718, p = 0.501). Parasite prevalence trends differed in 

raccoon dogs, with Coccidia showing a trend of higher prevalence in low radiation areas and 

Tirchuris spp. and Alraia spp. showing a trend of higher prevalence in high radiation zones. 

None of these trends were significant (Alaria spp p = 0.8229, Coccidia spp p = 0.311, Trichuris 

spp p = 0.2679). (Figure 1A) 
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Gastrointestinal parasite burdens did not significantly differ among fecal samples 

collected in low and high radiation areas, even in the most common parasites. With no difference 

in Alaria spp. oocytes in wolves (Mann-Whitney U-test: F(1,32) = 0.004, p = 0.947) or raccoon 

dogs (Mann-Whitney U-test: F(1,15) = 0.589, p = 0.455) (Figure 1B), or Trichuris spp. eggs for 

both host species,  (Figure 1C, Mann-Whitney U-test: wolves F(1,30) = 1.252, p= 0.272, raccoon 

dogs F(1,2) = 0.013, p= 0.754).  

Serological Testing  

For a subset of animals that we trapped within the CEZ we were able to perform 

serological testing to estimate exposure rates for common canid microparasites. Based on these 

analyses we detected antibodies for Borrelia burgdorferi and Dirofilaria immitis, two indirectly 

transmitted blood-borne parasties. as well as a directly transmitted pathogen, Canine parvovirus 

(Table 3.3). Within the wolves, antibodies to all three of these pathogens were found, however 

only one wolf tested positive for more than one. Within raccoon dogs we only found evidence of 

antibody production against D. immitis. The overall low apparent exposure rates preclude much 

comparison across hosts with different radiation body burdens. However, 57.14% of wolves 

were seropositive for Canine parvovirus and these individuals had significantly higher body 

burdens than those testing negative (Welch’s t-test: t = 3.916, df = 2.309, p = 0.047).  

Blood-borne Parasite qPCR Identification 

In addition to the field-based rapid serological testing on a subset of animals, we were 

able to test a larger number of hosts from both the CEZ and northern Belarus across a wider 

panel of blood-borne parasites with a qPCR approach. Of the 28 blood-borne parasites tested 

(Figure B1), we found evidence of only seven parasites across all host samples (Table 3.4). The 

most prevalent blood-borne parasites identified were two indirectly transmitted parasites, 
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Babesia and Hepatozoon species. Babesia species were characterized in both raccoon dogs and 

wolves, but only in individuals from the CEZ. Whereas Hepatozoon species were only 

characterized in wolves, and in individuals from both the CEZ and northern Belarus. Coinfection 

was not common in our samples. Transmission strategies of the parasites identified varied, with 

four indirectly transmitted parasites (Anaplasma, Babesia, Hepatozoan and Richettsia spp) and 

three directly transmitted parasites (Canine distemper virus, Coronavirus, and Streptococcus equi 

zooepidemicus). Surprisingly, all but one blood-borne parasite, Hepatozoon sp., were found 

exclusively in individuals from either the CEZ or northern Belarus. Prevalence patterns were low 

across our tested individuals, not allowing an in depth analysis of individual radiation exposure 

and blood-parasite infection patterns.  

Blood-borne Parasites Transcriptome Identification 

Blood transcriptome sequence screening resulted in successful identification of 

Herpesviridae viral sequences in all individuals with the exception of one wolf from northern 

Belarus. Transcriptome results showed differences (ANOVA: p = 0.026) in viral intensity 

between wolves from the CEZ (mean = 58.22 ± 44.77) and northern Belarus (mean = 12.66 ± 

10.56), and herpesvirus read counts were associated with wolf radiation body burden (GLM: 

adjusted R2 = 0.6482, df = 0.403, p = 0.005, Figure 2) in individuals from the CEZ. Conversely, 

Taxonomer results showed no difference (ANOVA: p = 0.964) in viral intensity between raccoon 

dogs from the CEZ (mean = 78.5 ± 26.14) and northern Belarus (mean = 77.5  ± 24.74), and no 

association with radiation exposure estimates (GLM: adjusted R2 = -0.1926, df = 0.026, p = 

0.6835).    
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DISCUSSION 

 Our study represents the first assessment of macro- and microparasite communities across 

two sympatric canid species in the CEZ.  In addition, it is the first to describe a diversity of 

parasites in canids from the region while reporting parasite prevalence with individual estimates 

ionizing radiation exposure, when appropriate. Overall, our results suggest the parasite 

communities in canids from the CEZ are comprised primarily of generalist parasites, of which, 

most have indirect life cycles, requiring intermediate hosts to complete their life cycle. 

Additionally, many of these parasites have life cycles with several transmission strategies. In 

total, we found evidence of 18 and 9 parasite infections in wolves and raccoon dogs, 

respectively. Of the parasite infections identified, we found variation across host species, 

population, radiation exposure, and parasite species. 

Studies suggest that radiation exposure may negatively impact gastrointestinal parasites 

through reduced reproduction and survival (Oothuman et al., 1978; Pleass & Bianco, 1995). The 

gastrointestinal parasite infection patterns observed here did not differ across radiation exposures 

within the CEZ. The potential for immunocompromising effects of radiation exposure (Camplani 

et al., 1999) on hosts, combined with reduced survival and reproduction described in some 

gastrointestinal parasites as a result of radiation exposure (Chai et al., 1995), may both contribute 

to the lack of a difference in gastrointestinal infections across radiation exposures.  

Additionally, we described gastrointestinal parasites prevalence patterns across host 

species. Prevalence of Trichuris spp was higher in wolves than raccoon dogs, however Trichuris 

prevalence in wolves was still higher than described decades prior (Möhl et al., 2009). While 

raccoon dogs have been documented to exhibit infection with Toxocara spp. infection (Duscher 

et al., 2017) we only identified Toxocara spp. in wolves in the CEZ. Previous studies of wolves 
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in southern Belarus documented 22% prevalence of Toxocara spp. (Möhl et al., 2009), which is 

similar to the prevalence we found in the low radiation regions. Additionally, Alaria spp. 

intensity was higher in wolves from the CEZ and at higher prevalence than described previously 

in southern Belarus (Shimalov & Shimalov, 2000). Interestingly, Alaria spp. intensity was lower 

than expected in raccoon dogs, despite raccoon dogs being highly susceptible to Alaria alata 

infections (Al-Sabi et al., 2013; Laurimaa et al., 2016). Alaria transmission involves two 

intermediate hosts, snails and tadpoles (Möhl et al., 2009) and definitive host infection occurs by 

ingesting tadpoles or other infected paratenic hosts. Raccoon dogs more commonly eat 

amphibians, suggesting they might show higher oocyte intensities (Kauhala & Kowalczyk, 

2011). However, Alaria mesocercariae may bioaccumulate in other paratenic hosts and facilitate 

transmission to wolves through trophic transfer (Möhl et al., 2009). Raccoon dogs were also the 

only host species to exhibit Moniezia spp., and while Moniezia spp. infection patterns are not 

well understood in wolves or raccoon dogs from the region, wolves are known to have low 

(0.5%) prevalence in Canada (Stronen, Sallows, Forbes, Wagner, & Paquet, 2011).  

Serological testing showed similar differences of parasite infections across wolves and 

raccoon dogs. A high proportion of wolves were seropositive for CPV (57.14%), however this 

does not differ from studies in other wolf populations (Johnson, Boyd, & Pletscher, 1994; Mech 

& Goyal, 2011). Interestingly, 12.5% of wolves tested seropositive for heartworm, Dirofilaria 

immitis, while two of the three raccoon dogs (66.7%) tested were seropositive. This rate is far 

higher in raccoon dogs than the 7% described in individuals from Japan (Kido et al., 2011). 

However, given our small sample size of raccoon dogs this may not be a reflection of population 

infection rates. Wolf Dirofilaria immitis patterns across Europe are not well described, however 

infection has been identified in other regions (Pascucci et al., 2007; Penezić, Selaković, Pavlović, 
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& Ćirović, 2014; Shimalov & Penkevich, 2012). One might expect low rates of infection with D. 

immitis in the CEZ because mosquito vectors are known to be detrimentally impacted by gamma 

radiation exposure, with altered life history traits such as fecundity, hatchability, adult 

emergence, sex ratio and longevity at doses of 3-50 Gy (Shetty et al., 2016). However, changes 

in canid behavior in the CEZ could counteract impacts on mosquitos. More research is needed to 

asses these patterns within the CEZ.  

Blood-borne parasite prevalence in our study was distinct between host species. Babesia 

spp. were the only microparasite infecting both wolves and raccoon dogs. Canine distemper virus 

and coronavirus, two directly transmitted microparasites, were only identified in wolves from 

Northern Belarus. While tick born microparasites (Babesia canis canids and/or Babesia 

conradae, Rickettsia spp., Hepatozoon canis, Streptococcus equi zooepidemicus) were most 

commonly identified in raccoon dogs from the CEZ. This pattern of tick born microparasites is 

not surprising as tick densities (Efremova et al., 2017) and questing ticks with confirmed 

microparasite infection with Rickettsia raoultii, Bartonella spp. (Rogovskyy et al., 2019) and 

Anaplasma phagoctophilum have been found at higher prevalence in the CEZ than surrounding 

farmland. However, the differences between host infection patterns suggest potential differences 

in infection dynamics and susceptibility. Interestingly, only Hepatozoon canis occurred in 

individuals from both locations and all other microparasites were found in one population or the 

other. 

Many host-viral dynamics show a non-linear response to radiation exposure (Lee 2012, 

Hume 2016). High doses can render viruses inactive (Lee et al. 2012, Hume et al. 2016), while 

low doses (2.5-25 Gy) can activate replication in viruses such as herpes simplex virus (Mezhir et 

al 2005) and parvoviruses (Walz et al. 1992, Alexander et al. 1996). Our study describes a high 
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proportion (57.14%) of wolves tested seropositive for Canine parvovirus (CPV) in the CEZ. This 

is a higher prevalence than what has been seen in other parts of Europe (e.g. 12-15% in France 

(Molnar et al., 2014). Additionally, wolves which were seropositive for CPV had significantly 

higher Cs-137 body burdens. This is concerning given that CPV is a highly contagious pathogen 

(Nandi and Kumar 2010) associated with high wolf morbidity and mortality (Johnson et al. 1994; 

Pence 1995; Gese et al. 1997; DiSabatino et al. 2014). CPV severity and virulence can be 

influenced by specific genetic and antigenic mutations, as found in CPV strains found across 

Europe (Miranda & Thompson, 2016), and radiation induced mutations could affect CPV 

virulence. New research from the CEZ identified two new adeno-associated viruses in bank voles 

(Mezhir et al. 2019), yet the prevalence and infection load of these strains was not associated 

with environmental radiation exposure.  Given the high CPV seroprevalence, further 

examination of mutations of CPV within the CEZ are warranted. 

Additionally, our study found increased herpesvirus transcription in wolves from the CEZ 

and transcript intensity correlated with radiation body burden. European wolf herpesvirus 

infection rates are not well described, however seroprevalence is generally high (87%) in some 

north American populations (Almberg et al., 2009). Yet, canine herpesvirus causes mortality in 

neonates (Carmichael, 1965) and immunosuppressed hosts (Malone et al., 2001), and can affect 

reproductive success (Morresey, 2004). Herpesviridae infections can additionally interact with 

other host genomic characteristics and retroviruses to develop more serious diseases (Chen et al., 

2019; Morahan et al., 1989).  

 Interestingly raccoon dogs did not show similar patterns of herpesvirus transcript 

abundances between the CEZ and northern Belarus, nor did their transcript abundances correlate 

with body burden. This may be a true artifact of differential sensitivity to herpesvirus infection or 
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activation. However, little research has been conducted on raccoon dog herpesvirus infection 

patterns. Low sample sizes in northern Belarus may additionally decrease the power of our 

comparisons of herpesvirus activation between these two sampling locations. The raccoon dog 

radiation exposure estimates were also calculated from soil area weighted means from the trap 

location of each individual. These body burden estimates are not as exact as internal radioactivity 

readings provided for the wolves and may also have played a role in our findings. Nevertheless, 

raccoon dogs did exhibit higher overall herpesvirus transcription than wolves.  

While our findings describe complex patterns of infection, differing between hosts and 

parasites, our estimates are general under representations of true parasite communities in canids 

from the region. By using qPCR, serological, and coprological rather than necropsy techniques 

(Torres et al 2001) and freezing fecal (e.g. Bowman 2009) samples we diminished our ability for 

identification of some parasites. To better assess epidemiological factors shaping the parasite 

communities infecting these free-ranging canids, further investigations of sympatric and 

preferred prey species should be examined.  

Additionally, the CEZ is a protected area where human activity has been significantly 

limited following the reactor explosion in 1986 and implementation of the CEZ, and diverse and 

abundant mammal communities are now characterized in this area (Deryabina et al. 2015, 

Webster et al. 2016, Schlichting et al. 2019). Like many regions in the western world, wolves 

and raccoon dogs are persecuted in Belarus, with a reward for each individual removed from the 

population. Canids avoid regions where they are more likely to encounter negative human 

interaction (Tigas et al., 2002), and thus may be avoiding the CEZ edge which borders 

agricultural land. Instead, canids may preferentially use the center of the CEZ which lacks 

human activity but is more highly contaminated. This lack of human activity in some of the most 



 

 58 

highly contaminated regions of the CEZ may result in higher canid densities, and thus increased 

transmission rates between conspecific hosts. Of the parasites we examined, many are likely to 

experience density dependent transmission. Our study has provided baseline data on parasite 

communities in canids of this region, but additional studies are needed to disentangle the 

numerous factors contributing to transmission and prevalence. In particular, our finding of 

increased herpesviruses in wolves, as a function of Cs-137 body burden, could have serious 

impacts on reproduction and thus population dynamics and requires further study.  
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TABLES 

 

Table 3.1. Number of gray wolf and raccoon dog samples analyzed from inside the CEZ and 

northern Belarus for each of the five different analytical techniques.  

  
Fecal 
Float 

ELISA 
based 

Serological 
Testing 

TiterCHEK 
CPV/CDV 

qPCR 
Identification 

Herpesvirus 
Transcriptome 

ID 

Gray Wolves          

CEZ 58 9 7 10 9 

Northern Belarus 0   0 0  8 9 

Raccoon Dogs          

CEZ 25 3 3 9 5 

Northern Belarus 0   0  0 3 2 
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Table 3.2. Comparing prevalence of 11 parasite groups idenitified from fecal float analysis of 

wolf and raccoon dog samples from high (wolf = 28, raccoon dog = 13) and low (wolf = 25, 

raccoon dog = 12) radiation zones collected in 2014 in the Chernobyl Exclusion Zone. 

 

  Gray wolves Raccoon dogs 

Parasite  

Low Rad 

Prevalence 

(%) 

High Rad 

Prevalence 

(%) 

Low Rad 

Prevalence (%) 

High Rad 

Prevalence (%) 

Alaria spp.  50.0 76 61.5 36 

Coccidia 42.8 52 61.5 38.46 

Diphyllobothrium spp. 14.28 8 0 0 

Dipylidium 0 4 0 0 

Moniezia spp. 0 0 23.07 13.38 

Paragonimus spp. 25.0 20 0 0 

Physaloptera spp. 14.28 16 23.07 30.77 

Sarcocystis spp. 7.14 12 0 0 

Taenia spp. 0 4 0 0 

Toxocara spp.  39.28 40 0 0 

Trichuris spp. 50 68 4 23.08 
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Table 3.3. Seropositive testing results for gray wolves (Canis lupus) and raccoon dogs 

(Nyctereutes procyonoides) from inside the CEZ, with number of individuals tested (n) and 

percent prevalence for each test.  

 

  Gray Wolf  Raccoon Dogs  

Microparasite n Prevalence (%) n Prevalence (%) 

Ehlichia canis and/or 

E. ewingii 
9 0 3 0 

Borrelia burgdorfi 9 12.5 3 0 

Anaplasmosis 
phgocytophilum and/or 
A. platys 

9 0 3 0 

Dirofilaria immitis 9 12.5 3 66.7 

Canine distemper virus 7 0   

Canine parvovirus 7 57.14     
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Table 3.4. Results for qPCR detection of 7 microparasites from blood samples of wolves and 

raccoon dogs from northern Belarus and the CEZ. Numbers represent percent individuals testing 

positive of all wolves tested (N. Belarus, N = 9; CEZ, N = 10) and raccoon dogs (N. Belarus, N = 

3; CEZ, N = 8) tested.  

 

Microparasite 

Gray Wolf Raccoon Dog  

N. Belarus CEZ 
N. 

Belarus 
CEZ 

Anaplasma phagoctophilum 0 0.1 0 0 

Babesia canis canids and              

B. conradae  
0 0.1 0 0.85 

Canine distemper virus  0.25 0 0 0 

Coronavirus  0.125 0 0 0 

Hepatozoon canis  0.5 0.2 0 0 

Rickettsia spp.  0 0 0 0.33 

Streptococcus equi 

zooepidemicus  
0 0 0 0.33 
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FIGURES 

 

   

Figure 3.1. (A) Percent fecal samples testing positive for four common gastrointestinal parasite 

groups in wolf (solid bars) and raccoon dog (shaded bars) samples. Black bars indicate samples 

that were collected in regions with high (>3000 Bq/kg) levels of radiation contamination. Green 

bars indicate samples collected in regions with low (<800 Bq/kg) levels of radiation 

contamination. Number of eggs per gram feces for (B) Alaria spp and (C) Trichuris spp. Error 

bars represent 1 standard deviation. 
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Figure 3.2. Internal Cs-137 activity rates and Herpesviruse transcription levels in wolves from 

the CEZ. 
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CHAPTER 4 

SIGNATURES OF ENDOGENOUS RETROVIRAL-ENVIRONMENT INTERACTIONS IN 

WOLVES EXPOSED TO ENVIRONMENTAL IONIZING RADIATION FROM THE 

CHERNOBYL EXCLUSION ZONE3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3 Love, CN, D Shamovich, SC Webster, ME Byrne, PE Schlichting, JC Beasley, TG Hinton, and SL Lance. To be 
submitted to Current Biology 
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ABSTRACT 

 Endogenous retroviruses (ERVs) play an important role in vertebrate health and are associated 

with numerous neurological, autoimmune, and oncogenic diseases in humans, however the 

mechanisms driving ERV activation are largely unknown. ERVs can be regulated through 

epigenetic mechanisms, many of which can be altered by environmental stimuli. Here we 

examined global ERV transcription in wolves experiencing a gradient of ionizing radiation 

exposures in and around the Chernobyl Exclusion Zone. We found more ERV sites were 

activated in wolves from the CEZ as compared to reference individuals, and that expression 

levels of >90% of the up regulated ERVs positively correlated with internal radiocesium activity. 

Additionally, we found global ERV expression to be positively correlated with internal 

radiocesium activity and with expression of genes within three immune pathways (Cytokine 

receptor pathway, B-cell receptor pathway, and Fc gamma R-mediated phagocytosis pathway), 

and a pathway associated with transcriptional misregulation in cancer. Lastly, we identified the 

genes most proximal to the ten up regulated ERVs most strongly correlated with internal 

radiocesium activity. Eight of these proximal genes were up regulated in response to ionizing 

radiation and are associated with oncogenesis in humans. Our data suggest a significant effect of 

environmental ionizing radiation exposure on ERV activation and highlight the need for further 

research to fully describe the physiological implications of these interactions.  

 

INTRODUCTION 

Retroviral-host interactions influence host genomic structure and function and have 

significant impacts on host plasticity, health, and fitness (Eiden, 2008; Grandi & Tramontano, 

2018). When retroviral sequences are inserted into the germline, they can be vertically 
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transmitted and become endogenous retroviruses (ERVs). Subsequently, ERV expression may be 

regulated by epigenetic control mechanisms such as DNA methylation or histone modifications 

(Li & Karlsson, 2016). ERV expression is often associated with tumor development, 

autoimmune disease, or neurological diseases (Gonzalez-Cao et al., 2016), but in some cases 

ERV proteins induce immune responses potentially beneficial in combating oncogenic cells 

(Bannert et al., 2018; Zhao et al., 2017).  

Although ERV expression is associated with some diseases, not all ERV expression is 

detrimental. Highly active ERV promotors can act as bi-directional promoters of gene activation 

(Domansky et al., 2000) and thus contribute to gene regulation in the host genome. For example, 

ERVs are integral in placental morphogenesis for several species including humans (Blond et al., 

2000; Mi et al., 2000), sheep (Dunlap et al., 2006), and mice (Gong et al., 2007). Additionally, 

other ERV elements are associated with beneficial immune response stimulation and in some 

cases this stimulation is dependent on ERVs. For example, in humans, stimulation of innate 

immune transcription networks in response to interferon stimulation is mediated by ERVs 

(Chuong, Elde, & Feschotte, 2016). Moreover, while many ERVs may no longer be fully 

functional viruses, they are still analogous to their exogenous counterparts. New research 

suggests expressed ERV elements are recognized in the cytoplasm and stimulate a retroviral 

immune responses which helps spur tumor cell apoptosis (Zhao et al., 2017; Bannert et al., 

2018).   

While ERVs can have multiple impacts on health, the mechanisms triggering activation 

are still not well understood. Many factors may influence ERV activation and are facilitated by 

binding of transcription factors to ERV long terminal repeat (LTR) promoters and enhancers 

outside of LTRs, genetic variation, and altered DNA methylation and/or histone modification 
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(reviewed in  Li & Karlsson, 2016). During early embryogenesis most ERVs are rendered 

inactive by histone modifications and de novo DNA methylation (Rowe & Trono, 2011). DNA 

methylation is particularly key in restricting transcription of ERVs, with demethylation patterns 

leading to uncontrolled expression of ERV elements (Chen et al., 2003; Gaudet et al., 2004). 

Environmental factors, such as viral infection, can reactivate ERV elements (Perron & Lang, 

2009). In particular, certain viruses can transactivate ERV promoters, as seen with the type W 

ERV family in humans (HERV-W) (Christensen et al., 2007; Koturbash, Pogribny, & 

Kovalchuk, 2005; Lafon et al., 2002). Environmentally induced HERV-W activation in multiple 

sclerosis patients is often associated with Herpesviridae infection (e.g. Epstein–Barr Virus, EBV; 

Human Herpes Virus type 6, HHV6; Herpes Simplex Virus type 1, HSV-1; and Varicella–Zoster 

Virus, VZV (Christensen et al., 2007; Ruprecht et al., 2006; Sotelo & Corona, 2011). 

Specifically, after interacting with the immune system in the brain, Herpesviridae viruses express 

specific genes that transactivate HERV-W and result in the production of Multiple Sclerosis-

associated RetroViral virions (Perron et al., 1993; Perron & Lang, 2009). Additionally, influenza 

infection can transactivate HERV-W element promoters sensitive to viral and inflammatory 

triggers and increase the risk of developing schizophrenia (Perron et al., 2008; Stefansson et al., 

2008). The increased expression of ERVs as a result of these infections may exert additional 

physiological effects that contribute to diseases associated with cellular misregulation and viral-

associated tumors (Chen, Foroozesh, & Qin, 2019; Dai et al., 2018).   

Recent research suggests that environmental stimuli may also play an important role in 

ERV activation (Balestrieri et al., 2018; Bernal et al., 2013; Cho, Lee, & Greenhalgh, 2008; 

Díaz-Carballo et al., 2017). For example, in humans, exposure to UV-radiation alters metabolic 

rates within melanoma cells, which leads to DNA hypomethylation and ERV expression 
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(Balestrieri et al., 2018). Similarly, the acute cellular stress observed at burn and septic sites 

exhibit increased ERV activation, potentially driven by the regulation of flanking host genes and 

gene networks associated with pathogenic responses to stress (Cho et al., 2008). Additionally, 

cytotoxic stress is linked to ERV transmission and transportation in cancer cells (Díaz-Carballo 

et al., 2017).  

Exposure to ionizing radiation is an ideal model for examining ERV expression and 

potential environment-induced ERV-related disease. All species are exposed to natural and/or 

anthropogenic sources of ionizing radiation, which can alter immune function (Liu, 2003), 

induce carcinogenesis (Mavragani et al., 2017), alter epigenetic regulation of gene expression 

(Kovalchuk et al., 2004; Schofield & Kondratowicz, 2018), and impact ERV expression (Michna 

et al., 2016; Schanab et al., 2011). Ionizing radiation is frequently associated with 

hypomethylation and altered gene expression (Pogribny et al., 2004) that may be related to 

ERVs. For example, low ionizing radiation doses (1 and 3 cGy) can induce hypermethylation at 

a yellow Agouti (Avy) locus resulting in inactivation of an ERV that drives expression of the 

gene (Bernal et al., 2013). Interestingly, this pattern was mitigated in young Agouti by feeding 

antioxidants to the mother (Bernal et al., 2013), further suggesting interactive effects of 

environmental radiation exposure, subsequent induced stress, and antioxidant availability. All 

current studies on the impacts of ionizing radiation and ERVs come from laboratory or human 

radiation therapy studies leaving it unclear whether exposure under natural conditions can impact 

ERV activation and subsequent health effects.  

Here we investigate the relationship between environmental exposure to ionizing 

radiation and ERV expression in a free ranging mammal. Our study examines gray wolves 

(Canis lupus) from the Chernobyl Exclusion Zone (CEZ) where we identify and quantify the 
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expression of ERVs in wolves with varying exposures to ionizing radiation and examine the 

potential relationship between ERV expression and immune function.  

 

METHODS 

Sample Collection 

To collect samples from wolves experiencing a heterogeneous gradient of radiocesium 

(Cs-137) contamination, we live trapped wolves in the Belorussian CEZ using foothold traps in 

the fall and winter of 2014. Animal capture and handling was carried out in accordance with 

University of Georgia Animal Care and Use protocol A2015 05-004-Y2-A1. We collected blood 

samples from each individual and preserved them in RNAlater (Thermo Fisher Scientific) and 

stored them at -20°C until we transferred them to the University of Georgia’s Savannah River 

Ecology Lab, USA where they were stored at -80°C. In the winter of 2014, we collaborated with 

hunting organizations to collect samples from wolves living in habitat similar to the CEZ, but 

with background radiation levels (hereafter BLR). Fresh blood samples were collected from 

hunted wolves and stored in the same manner as with trapped wolves. In addition, muscle and 

liver tissue samples were collected and stored at -20°C for Cs-137 quantification.     

Radiocesium Quantification  

We calculated Cs-137 exposure differently for live-trapped and hunted wolves. To 

estimate life-time radiation exposure for wolves trapped within the CEZ, we conducted Cs-137 

body burden counts using a portable Cd-Zn-Te spectroscopy system as described in Hinton et al., 

(2019). For the BLR samples collected from hunted wolves, we used a Packard Cobra II auto-

gamma counter (Model Cobra II 5003; Packard Instruments Co., Meriden, CT, USA) to quantify 

Cs-137 in desiccated and homogenized muscle tissues. For the counts, we used a NaI detector 
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and a ROI of 580e754 kiloelectron-Volts (keV) centered on 662 keV. Auto-calibration was 

conducted daily during the sample analysis using a traceable Cs-137 source (SREL-0113). We 

performed counts on each sample for 60 minutes and calculated background corrected Cs-137 

count rates. We determined counter yield from matrix-specific standards with known Cs-137 

quantities as described in Kennamer et al. (2017). We then calculated the minimum detectable 

concentrations (MDCs, Bq/g, dry mass) for each sample according to Currie (1968). To convert 

dry activity concentrations (Bq/g, dry weight) to wet activity concentrations (Bq/g, wet mass) we 

then used used wet:dry mass ratios.  

Molecular Methods  

Broadly, methods were as described in Chapter 2. But in brief, we isolated and purified 

total RNA using the RiboPure Blood Kit (Life Technologies, 2011) following the manufacturers’ 

protocols. We then created libraries using the KAPA Stranded mRNA-seq kit (#KK4821) for 75 

bp paired-end sequencing and incorporated individual barcodes. The samples were sequenced 

across four lanes on an Illumina NextSeq PE75 High Output Flow Cells (Georgia Genomics and 

Bioinformatics Core, University of Georgia).  

ERV Identification and Analysis 

Raw sequences were trimmed using Trimmomatic (Bolger, Lohse, & Usadel, 2014) to 

remove adapters and low-quality bases (quality < 20) with a window size of 5 and a minimum 

final size of > 60% initial read length. After completing quality control, we used various 

complimentary approaches for assessing ERV expression patterns in grey wolves from the CEZ. 

We identified ERVs in each individual wolf transcriptome by referencing transcripts to 

the gEVE database of endogenous viral element open reading frames (ERV) in the CanFam3.1 

genome (Nakagawa & Takahashi, 2016). This database was created to detect genomic regions 
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derived from viral infections by combining screening results of the CanFam3.1 genome using 

multiple viral identification programs (RetroTector (Sperber et al., 2007), RepeatMasker (Smit, 

Hubley, & Green, 2015) with RMblast and RepBase). ERVs were positively identified if it 

possessed an open reading frame longer than 80 amino acids and matched functional viral motif 

sequences archived in Pfam and Gypsy databases (Nakagawa & Takahashi, 2016). While 

utilizing this database, we created a custom reference database for NCBI’s Magicblast (v1.4.0, 

Boratyn et al., 2019) and assessed transcriptomic sequences mapped from each wolf. To reduce 

the likelihood of false positives, we considered ERV regions to be expressed if they had > 89% 

mapping success and consisted of ≥ 2.0 counts per million in ≥ 6 samples. 

After identifying ERVs in individuals we used several approaches to assess the potential 

relationship between radiation exposure and ERVs. Initially, we used an ANOVA to assess 

population level differences in the total number of expressed ERV regions between CEZ and 

BLR individuals, and then compared overall expression using a Mann-Whitney test. Then, at the 

individual level, we performed false discovery rate corrected spearman correlations between 

each ERV transcript count and individual wolf Cs-137 body burdens using psych package in R 

(Revelle, 2019). These correlations were performed on counts per million of each ERV to 

account for inter-library variation.  

To examine differential expression of ERVs between wolves from the CEZ and BLR we 

utilized edgeR (Robinson, McCarthy, & Smyth, 2009). While running these analyses we 

controlled for library size using edgeR’s calcNormFactors function and all further analyses were 

performed on these normalized reads. We used spearman correlations, as described above, to 

examine the relationship between expression of these up-regulated ERVs and wolf Cs-137 body 

burdens. To then visualize the location of the ERVs expressed in our individuals we constructed 
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a Manhattan plot of all ERVs using the qqman function in R (Turner 2014) while highlighting 

significantly up-regulated ERVs that were positively correlated with Cs-137 body burdens 

utilizing an adjusted significance threshold of p < 0.0005.  

To assess potential relationships between ERV expression and immunological responses 

we calculated an eigengene expression equivalent (Alter, Brown, & Botstein, 2000) of first 

principal component (PC1) for ERV regulatory variation within each individual. We then used 

correlations to examine the relationship between these ERV eigengene equivalents (ERVEEs) 

and expression of immune function genes from four pathways: cytokine receptor, Fc gamma R-

mediated phagocytosis, B cell receptor signaling, and natural killer cell receptor (Chapter 2, 

Table 4.2). Lastly, to assess more detailed correlations between the top ten ERVs correlated with 

radiation body burden and immune gene expression patterns, we again performed false discover 

rate corrected pairwise spearman correlations with each of these ERVEEs and the genes in the 

immune pathways assessed above. (Table 4.2). 

 

RESULTS 

We were able to examine ERV expression profiles in eighteen wolves: nine each from the 

CEZ and BLR. As expected, exposure history to Cs-137 differed in wolves from CEZ (8.89 ± 

5.71 SD; range 3.1 – 18.2 kBq kg−1) and BLR (0.06 ± 0.04 SD; range 0.03 – 0.11 kBq kg−1) 

(Table 4.1). Overall, the number of total expressed ERV regions from magicblast alignments 

prior to and post low read count filtering were 11,121 and 10,996 respectively. Location of 

collection explained a significant amount of the variation in total number of expressed ERVs and 

post-hoc Mann-Whitney comparison shows that CEZ wolves had more expressed ERV sites (p = 

0005). As can be seen in the principal component analysis, overall expression patterns of wolves 
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clearly cluster by location of origin, particularly along the PC1 axis which is associated with 

internal radiocesium activity (Figure 1).  

Not only did the number of expressed ERVs differ among locations, but there was also 

evidence of divergent ERV regulation between radiation exposed and unexposed individuals. 

Overall there were 3,230 ERVs significantly differentially expressed in wolves from the two 

locations. Of these, 1,830 and 1,887 regions were significantly up-regulated and down-regulated 

(Figure 2) in wolves from the CEZ. Importantly, not only was expression different across 

locations, but even within the CEZ, expression of 96.9% (1,774 ERV) of the up-regulated 

regions was correlated with radiation exposure (evaluated with a FDR significance level of p £ 

0.05). These differentially expressed ERVs did not appear to show a chromosomal bias and were 

distributed throughout the genome (Figure 3). 

To help elucidate if ERV expression may be related to individual physiology or health, 

we compared ERV expression patterns with expression of recognized innate and acquired 

immune pathways. ERV expression profiles were associated with body burden (p = 0.005) and 

transcription and immune pathways (cytokine receptor p < 0.001, Fc gamma R-mediated 

phagocytosis p = 0.003, B cell receptor signaling p = 0.001, and transcriptional misregulation in 

cancer p = 0.005). The ten up-regulated ERVs most strongly correlated with radiation body 

burden were also significantly correlated with >60% of genes from the four immune pathways 

examined (Table 4.2). Each of these ERVs fell in close proximal distance to ten genes with 

known cancer associations, and eight (SLC16A7, AKAP7, PCDH17, EFNB2, THAP9, CASP12, 

TERF2IP, KLHL13) of these are also upregulated in wolves from the CEZ (Chapter 2, Figure 5). 
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DISCUSSION 

Increased ERV transcription is associated with cancer, neurological, and autoimmune 

diseases (Christensen et al., 2007; Gonzalez-Cao et al., 2016; Perron et al., 1993; Slokar & 

Hasler, 2016). While all ERVs may not be causative disease agents, many expressed ERVs are 

closely correlated with detrimental health impacts, particularly cancers. In this study we provide 

the first exploration of ERV transcription in free ranging individuals from a landscape 

contaminated with ionizing radiation. Further, we show that ERV transcription levels may serve 

as a bioindicator of long-term health impacts of chronic exposure to ionizing radiation.   

Here, we not only see a clear difference in total ERV elements activated between wolves 

with and without exposure to radiation, but also see expression is strongly correlated with 

internal ionizing radioactivity within wolves from the CEZ. This suggests there are divergent 

ERV regulatory patterns between radiation exposed and unexposed individuals, as well as a 

regulatory dose response. We recognize that most of our results are correlational, but they do 

indicate a likely ERV-by-environment interaction with potentially significant impacts on 

individual health. Our study did not directly address the mechanisms that may have led to 

increased ERV expression. However, previous studies have demonstrated that environmental 

exposure to anthropogenic contaminants is associated with global patterns of hypomethylation 

(Nilsen et al., 2016). Methylation patterns are known to influence ERV expression (e.g. DNA 

methylation) and can be affected by ionizing radiation exposure (Kovalchuk et al., 2004). Thus, 

it is possible that altered methylation is driving the regulatory patterns we observed and is worth 

further study.  

In humans, transactivation of ERVs can produce functional products and influence 

carcinogenesis by expression of viral mRNA, functional proteins, viral particles, and/or 
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circuitously activating oncogenic genes (Chen et al., 2019). Given this potential for 

transactivation of ERV elements and adjacent genes, we examined the types of ERVs most 

closely correlated with radiation exposure, as well as proximal genes of ERVs of interest. The 

ERVs we found to be expressed most closely resembled multiple retroviral sequences (Table 

4.2), with no one viral type clearly dominating which ERVs correlated with radiation body 

burden.  

Interestingly, the top ten upregulated ERVs correlated with radiation exposure were in close 

proximity to multiple genes associated with cancers (Cottone et al., 2018; Heery et al., 2017; Li 

et al., 2020; Liu et al., 2019; Pertega-Gomes et al., 2015). Expression of two of these genes, 

TBXT and PCDH17, was not detected in our data. The other eight proximal genes were up 

regulated in our wolves and are related to oncogenesis. All genes are described in Table 4.2, but 

in brief, aberrant upregulation of SLC16A7 (Pertega-Gomes et al., 2015), EFNB2 (Ni et al., 

2020), THAP9 (Li et al., 2020; Majumdar, Singh, & Rio, 2013) and KLHL13 (Reddy, Khora, & 

Id, 2019) genes are associated with various cancers, PBX1 and AKAP7 genes induce fibroblast 

transformations at times associated with leukemia (Kamps, 1997; Mello et al., 2011; Thiaville et 

al., 2012), and the last two genes may confer beneficial characteristics. In particular, CASP12 

expression is associated with increased patient survival from cervical cancer (Feng et al., 2019) 

and TERF2IP is a telomere regulating gene which plays a critical role in telomere protection, 

chromosomal stability and regulation of telomere length (Robles-espinoza et al., 2015; 

Slavutsky, 2017) and prevents telomere recombination and fragility. Ionizing radiation exposure 

is widely recognized to cause cancer(Moysich, Menezes, & Michalek, 2002). The ERV 

expression patterns we observed in wolves with elevated levels of internal ionizing radioactivity, 

as well as the patterns of the potentially transactivated genes in proximal distance to the top ten 
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up regulated ERVs, suggest there are further ERV by environment regulatory interactions and 

impacts on health which should be investigated.  

Interestingly, the genes in the immune pathways examined also correlated with radiation 

body burden. It is entirely possible that exposure to ionizing radiation has independent effects on 

both ERV and immune pathway expression. However, it raises the question of whether ERV 

activation is stimulating an immune response which helps mitigate increased cancer rates 

associated with radiation exposure. Recent research has suggested ERV expression might 

promote tumor escape through immune modulation (Kudo-Saito et al., 2014; Mangeney et al., 

2005). Additionally, some ERV activation may resemble exogenous retroviral infection closely 

enough to elicit an early immune response which drives the tumor cell into apoptosis (Bannert et 

al., 2018).  

Our findings suggest there are significant interactive effects between ERVs and 

environmental radiation exposure which may influence oncogenic impacts of living in a radiation 

contaminated habitat. This study only amplifies the need for further research on the long-term 

health implications of environmental radiation contamination and mechanisms driving 

oncogenesis and cellular cancer mitigation in these environments.  
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TABLES 

Table 4.1. Number of expressed ERV sites in wolves from the Chernobyl Exclusion Zone (CEZ) 

and northern Belarus (BLR) and the individual radiocesium (Cs-137) body burdens (kBq kg−1).  

    

Individual Collection 
Location  

Cs-137 
Body 

Burden  

No. 
Expressed 

ERVs 

C1 CEZ 18.2 8894 
C2 CEZ 13.8 6676 
C3 CEZ 6.7 6463 
C4 CEZ 14.3 7329 
C5 CEZ 10.9 5081 
C6 CEZ 3.1 5747 
C7 CEZ 2.8 5606 
C8 CEZ 2.6 7378 
C9 CEZ 7.68 8868 

N101 BLR 0.0303 7400 
N102 BLR 0.0614 3486 
N103 BLR 0.0382 3609 
N104 BLR 0.1081 4260 
N105 BLR 0.0467 3276 
N106 BLR 0.0478 4006 
N107 BLR 0.0372 5301 
N108 BLR 0 4993 
N109 BLR 0.1476 5848 
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Table 4.2. Descriptions of the top ten significantly up regulated ERV correlated with radiation 

body burden. This includes viral blast annotation for each ERV sequence (gEVE ref). Percent 

genes from four immune pathways (Cytokine receptor pathway, B-cell receptor pathway, Fc 

gamma R-mediated phagocytosis pathway, and natural killer cell mediated cytotoxicity pathway) 

which significantly associated with each ERV expression profile. And lastly, the closest adjacent 

gene to each ERV and descriptions of the gene family (as described by NCBI gene database 

accessed December 2019). 
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gEVE ERV ID Viral Blast 
Cytokine 
receptor 
pathway 

B cell 
receptor 
signalin

g 
pathway 

Fc gamma 
R-mediated 
phagocytosi
s pathway 

Natural 
Killer 
Cell 

Receptor 

Adjacent 
gene ID 

Adjacent gene family 
description 

        

Cfam31.chr1.54142232.54145222.+ 

Lymphocystis 

disease virus 

71.79% 75.00% 65.15% 72.58% Tbxt 

Provides instructions for 

making T-box proteins 

Cfam31.chr1.69585364.69585780.- 

Woolly 

monkey 

sarcoma virus 

73.08% 78.57% 69.70% 83.87% AKAP7 

A-kinase anchoring protein 

family proteins 

Cfam31.chr10.3724071.3726731.+ 

Lymphocystis 

disease virus 

66.67% 69.64% 45.45% 67.74% SLC16A7 

Monocarboxylate transporter 

family, transporting 

metabolites, such as lactate, 

pyruvate, and ketone bodies 

Cfam31.chr22.13704155.13704502.

+ 

Lymphocystis 

disease virus 

66.67% 78.57% 68.18% 72.58% Pcdh17 

Protocadherin gene family, a 

subfamily of the cadherin 

superfamily 

Cfam31.chr22.55037214.55037966.- 

D-type 

betaretrovirida

e 

70.51% 80.36% 80.30% 79.03% EFNB2 

Member of the ephrin family, a 

subfamily of  receptor protein-

tyrosine kinases and have been 

implicated in mediating 

developmental events, 

especially in the nervous 

system and in erythropoiesis 

Cfam31.chr32.707273.7037614.- 

Lymphocystis 

disease virus 

60.26% 76.79% 68.18% 74.19% Thap9 

part of a C2CH zinc-

coordinating site-specific DNA 

binding domain 

Cfam31.chr38.19016668.19017345.- 

Lymphocystis 

disease virus 

71.79% 91.07% 71.21% 82.26% PBX1 

PBX homeobox family of 

transcriptional factors 
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Cfam31.chr5.27315184.27315762.+ 

Koala 

retrovirus 

61.54% 75.00% 65.15% 75.81% CASP12 

Most highly related to 

members of the ICE subfamily 

of caspases that process 

inflammatory cytokines 

Cfam31.chr5.74993715.74994896.+ 

Moloney 

murine 

leukemia virus 

93.59% 75.00% 69.70% 75.81% TERF2IP 

Part of a complex involved in 

telomere length regulation 

Cfam31.chrX.89675046.89675552.+ 

Lymphocystis 

disease virus  

88.46% 91.07% 71.21% 82.26% KLHL13 

Coordinates faithful mitotic 

progression and completion of 

cytokinesis 
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FIGURES 

 

 

Figure 4.1. PCA plot of ERV expression patterns in wolves from the Chernobyl Exclusion Zone 

(CEZ) and northern Belarus (BLR).  
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Figure 4.2. Smear plot of up and down regulated ERV regions in wolves from the CEZ. 

Significant differentially expressed genes are in red.   
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Figure 4.3. Manhattan plot of expressed ERVs in wolves from Belarus. Green points indicate 

significantly up regulated ERVs which also correlate with Cs-137 body burden.  
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Figure 4.4: Expression profiles for genes that are in the closest proximal distance to the ten 

ERVs with the strongest positive correlation between expression level and radiation body 

burden. Raw gene transcript counts in wolves from northern Belarus (BLR) and the Chernobyl 

Exclusion Zone (CEZ). 
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CHAPTER 5 

REGULATORY DIVERGENCE IN RACCOON DOGS EXPOSED TO ELEVATED LEVELS 

OF ENVIRONMENTAL IONIZING RADIATION HIGHLIGHT IMMUNOLOGICAL AND 

CELLULAR TRANSPORT EFFECTS OF EXPOSURE4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4 Love, CN, SC Webster, D Shamovich, ME Byrne, PE Schlichting, JC Beasley, TG Hinton, and SL Lance. To be 
submitted to TBD. 
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ABSTRACT 

 Population persistence in the face of anthropogenically contaminated environments often 

results from acclimation at the individual level and/or adaptation at the population level. Both of 

these processes can be facilitated through altered regulation of gene pathways. Increasing 

demands on energy production is resulting in construction of additional nuclear power plants and 

an increased risk of environments contaminated with radiation. Here we performed de novo RNA 

sequencing assembly technique to examine whole transcriptome expression patterns in blood of 

raccoon dogs (Nyctereutes procyonoides) living in the ionizing radiation contaminated 

Chernobyl Exclusion Zone to examine mechanisms of acclimation to radiation exposure. We 

identified global expression patterns which diverged across the CEZ boundary. Of the 16,326 

expressed genes, 1,099 were differentially expressed, with 644 up regulated and 455 down 

regulated in individuals living in the CEZ. We additionally implemented Weighted Gene 

Coexpression Network Analysis to identify co-expression modules within the blood 

transcriptome. Two expression modules were associated with site of origin and one module 

showed a site of origin by radiation affect. The most highly differentially expressed genes and 

top hub module genes are associated with immune response, cellular homeostasis, oncogenesis, 

and ion transport. These expression patterns not only describe detrimental impacts of radiation 

exposure but may also describe mechanisms facilitating mitigation of radiation induced cellular 

damage.   
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INTRODUCTION 

In an era where human activities are driving ecosystem changes globally, wildlife are 

exposed to an increasing number of anthropogenic stressors (Otto, 2018; Subramanian, 2019) 

and environments that change at a rate not experienced in recent history. Subsequently, some 

populations have gone locally extinct, while others have persisted (Otto, 2018; Parmesan & 

Yohe, 2003; Stuart et al., 2004; Waterhouse et al., 2018).  Population persistence often results 

from acclimation at the individual level (Donelson et al., 2012; Šrut, Drechsel, & Höckner, 2017) 

and/or adaptation at the population level (Hoffmann & Sgrò, 2011; Williams et al., 2008). 

Acclimation can be facilitated through altered regulation of gene pathways. For example, 

changes in transcriptional responses is associated with killifish tolerance to extreme osmotic 

conditions  (Whitehead et al., 2011) and daphnia tolerance to cadmium (Shaw et al., 2019). 

Natural selection can act on individual gene expression variation, canalizing adaptive 

transcription patterns (Shaw et al., 2014), and leading to population adaptation. Examining 

transcriptional responses across various species provides critical insights into the regulatory 

networks underlying adaptation to exposure to anthropogenic stressors.  

One of the leading ways humans impact ecosystems is through industrial contamination 

and there is abundant work examining acclimation and adaptation to chemical contaminants 

(Asselman et al., 2012; Flynn, Love, Coleman, & Lance, 2019; Reid et al., 2016). Many 

environmental contaminants are novel, while others are naturally occurring elements that become 

toxic when levels are elevated from agricultural and industrial practices. Ionizing radiation is a 

perfect example of this because most organisms experience natural exposure through things such 

as UV radiation and radon emissions. However, in radiation contaminated environments, due to 

uranium mining, nuclear energy production, or nuclear weapons testing, individuals experience 
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elevated levels (Lourenço, Mendo, & Pereira, 2016). At low levels ionizing radiation exposure is 

not toxic and many species have physiological mechanism in place for dealing with exposure 

(Jones & Baxter, 2017; Zhang et al., 2014). However, at elevated levels, exposure becomes toxic 

and places additional stress on exposed individuals (Daniel et al., 2018; Martin & Barrett, 2002).   

Disputably the highest ionizing radiation exposure levels occur in the footprints of 

nuclear reactor disasters such as those surrounding Three Mile Island, Chernobyl, and 

Fukushima. Ionizing radiation from natural sources or nuclear accidents has been shown to have 

significant effects on genotoxicity (Wickliffe et al., 2002), individual morphology (Williams et 

al., 2001; Møller, 1993), and physiology ( Møller et al., 2011), population density (Møller & 

Mousseau, 2007; Møller & Mousseau, 2009) and community composition (A.P. Møller & 

Mousseau, 2018). The Chernobyl Exclusion Zone (CEZ) is arguably the most well studied 

nuclear accident, with diverse studies on wildlife exploring the impacts of environmental 

radiation exposure, and it provides an ideal model for investigating adaptive response 

mechanisms associated with radiation exposure. The CEZ has been proposed as the largest 

ecological sink ever observed (Møller et al., 2012), exhibiting reduced wildlife diversity and 

abundance (Møller & Mousseau, 2007; Møller & Mousseau, 2018; Romanoskaya, et al. 1998). 

Additionally, within the CEZ, phenotypic effects such as asymmetry (Møller, 2002), reduced 

sperm quality (Møller et al., 2014), and small brain size (Møller et al., 2011) have been observed.  

However, there have also been arguments made that many studies did not have adequate 

dosimetry (Hinton et al., 2013) or address potential ecological shifts contributing to the effects 

observed (Smith, 2008). Moreover, resent research has also reported abundant mammal 

populations in the CEZ, with no observable impact of radiation exposure on community 

abundance and distribution (Deryabina et al., 2015; Webster et al., 2016), diversity of aquatic 
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macroinvertebrates (Murphy, Nagorskaya, & Smith, 2011), or vertebrate scavenger diversity and 

occurrence (Schlichting et al., 2019).  This suggests that there may be two dominating forces at 

play, the first being the negative impacts of radiation exposure, and the second being the 

beneficial impacts of removing humans from a landscape. To better understand the dynamics 

occurring within the CEZ, we need to expand our research from population and community 

assessments, to address whether these population consist of largely transient individuals and if 

resident individuals are unhealthy or part of populations that have adapted to the contaminated 

environments.   

Radiation contamination exposure may act like many other stressors in which populations 

have persisted. As many organisms are predisposed to some radiation from natural sources, the 

mechanisms underlying acclimation or adaptation to ionizing radiation contaminated landscapes 

may facilitate more rapid adaptation. Previous studies of radiation induced responses in lab and 

human models have found dynamic immune responses (Liu, 2003) and a few candidate genes 

associated with beneficial gene regulation, primarily focusing on genomic instability, DNA 

repair and oxidative stress genes (O. Kovalchuk et al., 2004; Loree et al., 2006; Raiche, 

Rodriguez-Juarez, Pogribny, & Kovalchuk, 2004). While studies on wild populations of 

European wood mice (Apodemus sylvaticus) from uranium mining sites (Lourenço, Pereira, 

Gonçalves, & Mendo, 2013) and mussels from contaminated sediment near a nuclear facility 

(Alamri et al., 2012) showed up regulation of specific DNA repair genes. Additionally, studies 

from the CEZ examining gene specific regulatory patterns in plants (Kovalchuk et al., 2004) and 

voles (Jernfors et al., 2018) found similar induction of DNA repair gene expression.  

The candidate gene approach, however, fails to describe many larger molecular processes 

and more complex gene interactions critical for adaptive responses to ionizing radiation. Whole 
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transcriptome studies are better able to describe gene network interactions and inform 

physiological consequences of exposure. For example, a whole transcriptome study of voles in 

the CEZ uncovered changes in multiple metabolic and immune pathways (Kesäniemi et al., 

2019) and suggests there are cellular and molecular interactions being affected in individuals 

chronically exposed to radiation. 

Here we use a de novo RNA sequencing assembly technique to examine whole 

transcriptome patterns in blood of raccoon dogs (Nyctereutes procyonoides) living in the CEZ. 

Mammals are one of the most radiosensitive taxa (Whicker & Schultz, 1982) and raccoon dogs 

are an ideal model species because they are longer lived and wider ranging than previously 

examined species (e.g. voles).  Blood is an ideal tissue for examining the impacts of 

environmental radiation exposure as it is a key player in many immunological responses, as well 

as an indicator of some of the most radiosensitive tissues in the body (Chaffey & Hellman, 

1971).  We predicted genes associated with immune response, DNA repair and mitochondrial 

regulation will be the most affected in raccoon dogs exposed to elevated radiation.  

 

METHODS 

Study species 

Raccoon dogs were introduced from East Asia to European regions of the Soviet Union 

in the early 1900s as a result of the fur trade (Lavrov, 1971). In the decades following 

introduction, this species has expanded its range and become a common canid in Europe 

(Kowalczyk & Zalewski, 2011; Laurimaa et al., 2016). The average life span of raccoon dogs in 

Europe is 3-5 years with a maximum of about 8 years (Helle & Kauhala, 1995). Additionally, 

raccoon dogs are primarily carnivorous, with birds, amphibians, and small mammals making up 



 

 112 

the bulk of their diet, however they are opportunistic and will forage on carrion, fruits, and other 

forms of vegetation. Thus, they are exposed to varying levels of radiation through their diet. 

Sample collection 

In the fall of 2014, we live trapped raccoon dogs (n = 6) in the largest portion of the CEZ, 

the Polesye State Radiation Ecological Reserve (PSRER). The CEZ was established after the 

Chernobyl reactor exploded, releasing over 45,300 kgs of radioactive material into the 

atmosphere. Much of the radiation settled over western Russia and Europe, with the highest 

concentrations observed in what is now northern Ukraine and southern Belarus, devastating local 

communities and ecosystems. Following the disaster, a 4,762 km2 exclusion zone (CEZ) was 

established and more than 200,000 people were evacuated from the most contaminated areas. 

The PSRER serves as the managing entity on the Belarus side of the CEZ and has spatial 

heterogeneity in radiation contamination distribution (soil contamination levels of 40 – >7000 

kBq/m2), a diverse mammal community (Schlichting et al., 2019; Webster et al., 2016), and lack 

of human activity in the zone.  

We further collaborated with biologists and hunt clubs north of the CEZ, in Belarus, to 

collect samples (n = 2) from an area with no elevated levels of ionizing radiation. These samples 

were collected from areas with limited human activity, mixed hardwood and coniferous forests, 

freshwater lakes and streams, and exhibiting habitat similar to what is found in the CEZ. 

Internal radiocesium (Cs-137) activity quantification 

We estimated raccoon dog Cs-137 exposure for live-trapped or hunted individuals using 

home range soil contamination and muscle radioactivity estimates respectively. To estimate 

exposure for live-trapped individuals within the CEZ, we implemented an area weighted mean of 

soil contamination technique rather than a single Cs-137 point count to better estimate exposure 
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likely experienced in a heterogeneously contaminated landscape. To implement this technique, 

we calculated soil Cs-137 contamination area-weighted means within a 1000 m radius of raccoon 

dog trap locations. Each trap location was identified with UTM coordinate referenced against 

geo-referenced CEZ Cs-137 soil contamination maps (Izrael & Bogdevich, 2009; Webster et al., 

2016). Radiation exposure rates from hunted individuals were performed according to protocols 

described earlier (Chapter 3).  

RNA sequencing and transcriptome assembly 

RNA isolation from whole blood samples was performed using RiboPure Blood Kit (Life 

Technologies, 2011) where we followed standard manufacturer’s protocols. The Georgia 

Genomics and Bioinformatics Core performed RNA sequencing library preparation and ran all 

samples across four lanes for sequencing using Illumina NextSeq PE75.   

To assess initial read quality we screened all reads with FastQC (S, 2010),  performed 

kmer-based error correction of RNAseq raw reads in Rcorrector (Song & Florea, 2015), and 

quality controlled while filtering adaptor-containing reads in TrimGalore (Krueger et al., n.d.). 

Due to lack of a full reference genome assembly for raccoon dogs, trimmed reads were de novo 

assembled with Trinity v2.6.6 (Grabherr et al., 2013). To create a more robust assembly and 

identify an optimum number of unique genes, we added publicly availably raccoon dog 

transcriptome data (Du et al., 2017) to our Trinity assembly step. These data were quality 

controlled in the same manner as described above and only utilized for Trinity assembly. 

Assembly quality and completeness was assessed by computing E90N50 values and BUSCO 

v4.0.0 (Seppey, Manni, & Zdobnov, 2019) scores.  

 Functional annotation of the assembled transcriptome was conducted with the Trinotate 

suite v3.0.1 (https suite (http://trinotate.github.io/). We first scanned the Trinity transcripts for 
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coding regions using TransDecoder  (Haas et al., 2013) and screened all translations for open 

reading frames with a minimum length of 100 amino acids. We further characterized the 

identified peptides based on sequence similarity, using Blast (e-value < 1e-03), against non-

redundant Uniref90 and SwissProt databases. We then applied several functional annotation 

methods to assess the functionality of the transcriptome. We utilized the HMMER approach 

(Johnson, Eddy, & Portugaly, 2010) and Pfam database (Finn et al., 2014) to identify protein 

domains, SignalP v5.0 (Almagro Armenteros et al., 2019) to predict the presence of signal 

peptides, and TMHMM v2.0 (Krogh, Larsson, Von Heijne, & Sonnhammer, 2001) to predict 

transmembrane regions. Lastly, we created an annotation report by integrating all results into a 

SQLite database.   

Transcript abundance and gene-expression analysis 

To perform sample-specific expression analyses we quantified read counts using Salmon 

(Patro et al., 2017) while referencing our de novo assembled raccoon dog target transcripts. 

Salmon was run with default settings and we examined transcript abundance using hierarchical 

network method (Oldham, Langfelder, & Horvath, 2012), of which no samples were clear 

outliers and all samples were retained for downstream analyses (Appendix Figure C1).  

 To examine patterns of differential expression between the CEZ and the uncontaminated 

region in northern Belarus we utilized deseq2 (Love, Huber, & Anders, 2014) and edgeR 

(Robinson, McCarthy, & Smyth, 2009). We normalized read counts by library size using the cpm 

function in edgeR (Robinson et al., 2009) for all downstream analyses and genes were 

considered expressed if they had ≥ 10.0 counts per million reads and were identified in more 

than three individuals.   

Identification of regulatory modules in raccoon blood transcriptome 
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 To investigate potential gene expression interactions impacted by radiation exposure in 

the CEZ, we performed weighted gene correlation network analysis (WGCNA) in the WGCNA 

package in R (Langfelder & Horvath, 2008). To identify outlier samples, we compared mean 

pairwise correlations. We then used a soft thresholding approach to approximate (Figure C2) a 

scale free topological network to compare an adjacency matrix (Langfelder & Horvath, 2008).  

To create a cluster dendrogram we used topological overlap with signed correlations while 

implementing a minimum cluster size of 20 genes and merging closely correlated modules (R2 = 

0.75, Figure 5.2).  

  To assess candidate modules associated with the radiation exposure within the CEZ 

(FDR < 0.05), we applied linear mixed effect models using trap site location and radiation 

exposure estimates. The 10 most highly connected (top hub) genes were assessed within modules 

of interest to help describe module gene function (Table 5.2). 

 

RESULTS 

De novo transcriptome assembly and annotation 

 In total 198,823,690 paired-end reads were generated across all eight samples, with a 

mean quality score of 35.4. In total, we identified 194,823 transcripts (contigs) and 153,362 

clusters (genes) in our de novo assembly, with a transcript N50 = 1781 bp. The average sample 

mapping rate to the Trinity assembly was 92.4%. The full assembled transcriptome BUSCO 

analysis implies a successful assembly with 87.1% complete and 6.7% fragmented genes 

detected in our assembly. Transcriptome annotation resulted in 62,873 uniproteins from the 

blastx search against UniProt/SwissProt, represented by near full‐length transcripts (>80% 

alignment coverage).  
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Variation in blood transcription associated with the CEZ 

 In total 16,326 genes were considered expressed in the blood transcriptome. Of these, 

1,099 genes were differentially expressed in raccoon dogs from the two sampling locations, with 

644 genes up-regulated and 455 down-regulated in the CEZ individuals (Figure C3). Expression 

patterns clearly diverged between sampling locations, with individuals from the CEZ falling out 

in PCA (Figure 5.1). Of the 40 most differentially expressed genes, 39 were successfully 

annotated to at least one known functional protein. The most highly differentially expressed 

genes in the blood transcriptome of raccoon dogs in the CEZ are associated with immune 

response, cellular transport, and metabolism (Table 5.1).  

 

Identification of regulatory modules in raccoon dog blood transcriptome 

 We identified seven co-expression modules in the blood transcriptome (Figure 5.2). 

Expression within two of these modules, the green and brown modules, was significantly 

associated with raccoon dogs in the CEZ. Both modules exhibited regulatory divergence between 

raccoon dogs from the CEZ and BLR (F-statistic: 55.56 on 3 and 4 DF, p-value: 0.001), and the 

green module exhibited a population by radiation interaction (p < 0.001). To further assess the 

biological function of these modules, we assessed the top ten connected genes (‘hub’ genes) 

within each module. Of the brown module genes, only one gene was successfully annotated, 

while all of the green module hub genes were annotated (Table 5.2).   
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DISCUSSION 

 Radiation exposure can have detrimental impacts on immune system regulation, 

genotoxicity and metabolic processes. Gene expression can facilitate individual acclimation and 

population adaptation to environmental contaminants. Here we describe gene expression patterns 

indicative of radiation induced changes in raccoon dogs exposed to environmental radiation 

exposure in the CEZ. 

In raccoon dogs, whole transcriptome regulation diverges between individuals from the 

CEZ and northern Belarus. Genes involved in immune response, cellular ion transport, and cell 

migration show the most divergence. This is supported by a suite of biomedical studies which 

describe radiation induced responses in immune, cell migration, metabolic, and DNA repair 

pathways (e.g. (Kesäniemi et al., 2019; Misra et al., 2006; Su et al., 2012). Immune related genes 

described in the most highly differentially expressed genes are both up and down regulated. 

Similar patters have been seen in humans. Atomic bomb survivors exhibit altered T lymphocyte 

and inflammatory cytokine levels (Kusunoki & Hayashi, 2008), and some inflammatory 

responses, such as macrophage activity, show stimulation at low radiation exposures (< 0.1 Gy) 

of radiation exposure and suppression at high exposures (> 2 Gy) (Liu, 2003).  

Individual gene expression patterns indicate mechanisms to repair DNA damage and 

promote cellular homeostasis are being activated. Expression of the three most significantly 

down regulated genes (ABTB1, CCL15, and CKAP5) is associated with carcinomas in humans 

(Li, Wu, & Zhang, 2016; Schneider et al., 2017; Wan et al., 2018), potentially signaling gene 

regulation involved in mitigating oncogenesis.  The TLN1 gene was one of the most highly up 

regulated in raccoon dogs of the CEZ. This gene was also identified as an up-regulated candidate 

gene under selection in wolves from the CEZ (Chapter 2). This gene’s function is associated with 
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facilitating the connection of cytoskeletal structures to the plasma membrane and release of 

myeloid leukemia cells into circulation (Badie et al., 2016) as well as metastasis in various 

cancers (Sakamoto et al., 2010). While this gene is associated with various oncogenic effects in 

humans, further research is needed to describe its oncogenic correlations in wild canids. 

Gene co-expression modules in the raccoon dog blood transcriptome described genes 

which likely interact in the same functional or regulatory networks. The top hub genes represent 

highly connected genes within these modules and may be driving expression patterns within 

these modules. Of the five modules identified in the blood transcriptome, expression within the 

brown module is associated with site of origin and the green module with both site of origin and 

radiation exposure. Few genes within the brown module were annotated, however the one gene 

that was, LORF2, is associated with LINE-1 retro transcription and to our knowledge has not 

been described in previous radiation research. In the green module, top hub genes are associated 

with immune response and tumor regulation. We are not yet able to describe potential 

cumulative biological function for these genes and this is an area of ongoing investigation.  

Collectively, these data describe similar genes and networks associated with 

environmental radiation exposure as described in biomedical studies (O. Kovalchuk et al., 2004; 

Loree et al., 2006; Raiche et al., 2004). Additionally, similarities in functional groups expressed 

in wolves (Chapter 2), voles (Kesäniemi et al., 2019), and raccoon dogs, inform genes of interest 

for further research when examining target genes of selection as well as oncogenic genes which 

may have accumulated mutations and rendering them inactive.  Interestingly we did not find a 

strong signal of mitochondrial associated gene upregulation as we had expected, perhaps due to 

adaptive regulatory patterns accumulated over the >30 years of radiation exposure. Further 

research is needed to confirm these findings by incorporating more robust sample sizes, as well 
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as addressing more fine scale ecological difference between the two sampling locations which 

may be additive drivers of the patterns observed here.  

In conclusion, our data show clear diverging gene regulatory patterns in pathways with 

known radiation resistance capabilities (Morgan & Lawrence, 2015; Zhao et al., 2017) and 

supports the idea that raccoon dogs residing within the CEZ may be adapting to radiation 

exposure within the zone. Expression patterns described here inform candidate genomic 

pathways important for acclimation and adaptation to elevated radiation exposure in a wild free 

ranging species.  
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TABLES 

 

Table 5.1. Most highly differentially expressed genes (FDR corrected p-values) in raccoon dog 

blood transcriptome. Positive fold change (logFC) values indicate upregulation in CEZ 

individuals. Gene descriptions as directly described by the UniProt (Bateman, 2019) 

database.  

Up Regulated Genes 

Gene logFC FDR Protein  Function/Description 

DEMA 11.7318 0.0000 
Envelope 

glycoprotein gp160 

Oligomerizes in the host endoplasmic 

reticulum into predominantly trimers. In a 

second time, gp160 transits in the host 

Golgi, where glycosylation is completed 

EZRI 11.4180 0.0064 Ezrin 

Probably involved in connections of major 

cytoskeletal structures to the plasma 

membrane. 

DEMA 11.2574 0.0000 
Envelope 

glycoprotein gp160 

Oligomerizes in the host endoplasmic 

reticulum into predominantly trimers. In a 

second time, gp160 transits in the host 

Golgi, where glycosylation is completed 

PANK3 11.1330 0.0317 
Pantothenate kinase 

3  

Plays a role in the physiological regulation 

of coenzyme A (CoA) levels 

NCOA4 10.9858 0.0000 
Nuclear receptor 

coactivator 4  

Enhances the androgen receptor 

transcriptional activity in prostate cancer 

cells. 

DDX5 10.1678 0.0000 
DEAD-box helicase 

5  

nvolved in the alternative regulation of 

pre-mRNA splicing; its RNA helicase 

activity is necessary for increasing tau 

exon 10 inclusion and occurs in a RBM4-

dependent manner. 

PKN1 10.1431 0.0000 Protein kinase N1  

PKC-related serine/threonine-protein 

kinase involved in various processes such 

as regulation of the intermediate filaments 

of the actin cytoskeleton, cell migration, 

tumor cell invasion and transcription 

regulation. 
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AQP9 10.0916 0.0094 aquaporin 9  
Forms a water channel with a broad 

specificity 

RNF10 10.0864 0.0447 
ring finger protein 

10  

Transcriptional factor involved in the 

regulation of MAG (Myelin-associated 

glycoprotein) expression 

TBB1 10.0066 0.0147 

SH2 domain-

containing protein 

1A 

Cytoplasmic adapter regulating receptors 

of the signaling lymphocytic activation 

molecule (SLAM) family such as 

SLAMF1, CD244, LY9, CD84, SLAMF6 

and SLAMF7 

ANTR2 9.9388 0.0001 
Anthrax toxin 

receptor 2 

Necessary for cellular interactions with 

laminin and the extracellular matrix 

MGA 9.9324 0.0012 
MAX dimerization 

protein MGA  

Functions as a dual-specificity 

transcription factor, regulating the 

expression of both MAX-network and T-

box family target genes 

A19 9.8876 0.0372 

DLA class I 

histocompatibility 

antigen, A9/A9 

alpha chain 

Transporter that mediates resorption of 

neutral amino acids across the apical 

membrane of renal and intestinal epithelial 

cells  

SEM4D 9.7692 0.0008 Semaphorin-4D 

Cell surface receptor for PLXNB1 and 

PLXNB2 that plays an important role in 

cell-cell signaling 

NQO1 9.7539 0.0146 
NAD(P)H quinone 

dehydrogenase 1  

The enzyme apparently serves as a 

quinone reductase in connection with 

conjugation reactions of hydroquinons 

involved in detoxification pathways as 

well as in biosynthetic processes such as 

the vitamin K-dependent gamma-

carboxylation of glutamate residues in 

prothrombin synthesis. 

PRAM 9.6909 0.0000 

PML-RARA-

regulated adapter 

molecule 1 

May be involved in myeloid 

differentiation. 

PP6R3 9.6131 0.0000 

Serine/threonine-

protein phosphatase 

6 regulatory subunit 

3 

Transporter that mediates resorption of 

neutral amino acids across the apical 

membrane of renal and intestinal epithelial 

cells  
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TNR1B 9.5746 0.0048 

Tumor necrosis 

factor receptor 

superfamily member 

1B 

Receptor with high affinity for 

TNFSF2/TNF-alpha and approximately 5-

fold lower affinity for homotrimeric 

TNFSF1/lymphotoxin-alpha. 

ITB7 9.5272 0.0009 Integrin beta-7 

adhesion molecule that mediates 

lymphocyte migration and homing to gut-

associated lymphoid tissue 

TLN1 9.5231 0.0016 talin 1  

Probably involved in connections of major 

cytoskeletal structures to the plasma 

membrane. 

SOS2 9.5087 0.0000 

SOS Ras/Rho 

guanine nucleotide 

exchange factor 2  

Promotes the exchange of Ras-bound GDP 

by GTP 

R3HD4 9.4480 0.0002 
R3H domain-

containing protein 4 
nucleic acid binding 

MED14 9.3218 0.0001 
mediator complex 

subunit 14  

Component of the Mediator complex, a 

coactivator involved in the regulated 

transcription of nearly all RNA 

polymerase II-dependent genes 

XPO6 9.2033 0.0231 Exportin-6 
Mediates the nuclear export of actin and 

profilin-actin complexes in somatic cells. 

FMNL1 9.0576 0.0003 formin like 1  
May play a role in the control of cell 

motility and survival of macrophages 

 

Down Regulated Genes 

Gene logFC FDR Protein Description 

ABTB1 -8.4449 0.0000 
Ankyrin repeat and BTB 

domain containing 1  

May act as a mediator of the 

PTEN growth-suppressive 

signaling pathway. 

CCL15 -9.2169 0.0000 
C-C motif chemokine 

ligand 15  

Chemotactic factor that attracts T-

cells and monocytes, but not 

neutrophils, eosinophils, or B-

cells.  

CKAP5 -9.4566 0.0001 
Cytoskeleton associated 

protein 5  

Binds to the plus end of 

microtubules and regulates 

microtubule dynamics and 

microtubule organization. 
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CMPK2 -8.9982 0.0003 
Cytidine/uridine 

monophosphate kinase 2  

May participate in dUTP and 

dCTP synthesis in mitochondria. 

CPAF3 -10.0951 0.0000 
Flp pilus assembly 

ATPase CpaF 
hydrolase activity 

GBB2 -9.2766 0.0000 

Guanine nucleotide-

binding protein subunit 

beta-2 

Mediates the voltage-dependent 

sodium ion permeability of 

excitable membranes. 

I10R1 -8.7027 0.0004 
Interleukin 10 Receptor 

Subunit Alpha 

Cell surface receptor for the 

cytokine IL10 that participates in 

IL10-mediated anti-inflammatory 

functions, limiting excessive 

tissue disruption caused by 

inflammation. 

KLHL8 -8.3969 0.0000 
Kelch like family 

member 8  

Substrate-specific adapter of a 

BCR (BTB-CUL3-RBX1) E3 

ubiquitin ligase complex required 

for The BCR(KLHL8) ubiquitin 

ligase complex mediates 

ubiquitination and degradation of 

RAPSN. 

LDHA -9.9023 0.0000 
Lactate dehydrogenase 

A  

This protein is involved in 

step 1 of the subpathway that 

synthesizes (S)-lactate from 

pyruvate. 

LYAM1 -11.2542 0.0000 L-selectin 

Calcium-dependent lectin that 

mediates cell adhesion by binding 

to glycoproteins on neighboring 

cells 

MMP8 -12.1707 0.0000 
Matrix metallopeptidase 

8  

Can degrade fibrillar type I, II, 

and III collagens. 

MMP8 -8.7990 0.0002 Neutrophil collagenase 
Can degrade fibrillar type I, II, 

and III collagens. 

NEK6 -9.3777 0.0001 NIMA related kinase 6  

Protein kinase which plays an 

important role in mitotic cell cycle 

progression 

PCNA -8.3798 0.0000 PCNA-associated factor 

PCNA-binding protein that acts as 

a regulator of DNA repair during 

DNA replication.  
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RASF5 -8.3632 0.0000 
Ras association domain-

containing protein 5 
Potential tumor suppressor. 

RL40 -8.9047 0.0000 
Ubiquitin-60S ribosomal 

protein L40 

Lys-6-linked may be involved 
in DNA repair 

SC24A -9.9015 0.0000 

Promotes the formation 

of transport vesicles 

from the endoplasmic 

reticulum 

promotes the formation of 
transport vesicles from the 
endoplasmic reticulum 

SRRT -8.8267 0.0000 
Serrate RNA effector 

molecule homolog 

Acts as a mediator between the 

cap-binding complex (CBC) and 

the primary microRNAs 

(miRNAs) processing machinery 

during cell proliferation. 
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Table 5.2. Top hub genes in co-expression modules associated with population and radiation 

exposure. Gene, protein, and functional descriptions (Bateman, 2019).  

Brown Module 
Gene Protein Function/Description 

LORF2 
LINE-1 retrotransposable 

element ORF2 protein 

Has a reverse transcriptase activity 

required for target-primed reverse 

transcription of the LINE-1 element 

mRNA, a crucial step in LINE-1 

retrotransposition. 

      

Green Module 
Gene Protein Function/Description 

RGS1 
Regulator of G-protein 

signaling 1 

Regulates G protein-coupled receptor 

signaling cascades, including 

signaling downstream of the N-

formylpeptide chemoattractant 

receptors and leukotriene receptors 

NR4A3 

Nuclear receptor 

subfamily 4 group A 

member 3 

Transcriptional activator that binds to 

regulatory elements in promoter 

regions in a cell- and response 

element (target)-specific manner 

DGKD 
Diacylglycerol kinase 

delta 

May function as signaling molecule. 

Isoform 2 may be involved in cell 

growth and tumorigenesis. 

ACE 
Angiotensin-converting 

enzyme 2 

Essential counter-regulatory 

carboxypeptidase of the renin-

angiotensin hormone system that is a 

critical regulator of blood volume, 

systemic vascular resistance, and thus 

cardiovascular homeostasis 
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ISG15 
Ubiquitin-like protein 

ISG15 

Ubiquitin-like protein which plays a 

key role in the innate immune 

response to viral infection either via 

its conjugation to a target protein 

(ISGylation) or via its action as a free 

or unconjugated protein. 

TP4A1 
Protein tyrosine 

phosphatase type IVA 1 

Protein tyrosine phosphatase which 

stimulates progression from G1 into S 

phase during mitosis. 

LORF1 
LINE-1 retrotransposable 

element ORF1 protein 

Nucleic acid-binding protein which is 

essential for retrotransposition of 

LINE-1 elements in the genome.  

NR4A1 

Nuclear receptor 

subfamily 4 group A 

member 1 

Orphan nuclear receptor. 

MK14 
Cytochrome c oxidase 

subunit 1 

Component of the cytochrome c 

oxidase, the last enzyme in the 

mitochondrial electron transport chain 

which drives oxidative 

phosphorylation. 

MMP8 Neutrophil collagenase 
Can degrade fibrillar type I, II, and III 

collagens. 
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FIGURES 

 

Figure 5.1 Principle components analysis of global transcription patterns in raccoon dogs from 

northern Belarus (BLR) and the Chernobyl Exclusion Zone (CEZ).  
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Figure 5.2. Cluster dendrogram of correlated gene expression patterns within the raccoon dog 

blood transcriptome. Branches represent individual genes while module colors identify 

groups of highly correlated genes. Radiation exposure shows correlation between each 

gene and individual Cs-137 exposure variation, red specifies a positive correlation.  
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CHAPTER 6 

CONCLUSION 

Wildlife are increasingly inhabiting anthropogenically altered habitats and ecosystems 

(Otto, 2018; Subramanian, 2019), driving some populations to extinction, while others are able 

to persist in these novel and stressful environments (Otto, 2018; Parmesan & Yohe, 2003; Stuart 

et al., 2004; Waterhouse et al., 2018). Biological impoverishment, invasive species, habitat 

fragmentation, climate change, and toxification have worked collectively to degrade ecosystems 

and impact population health and persistence. Environmental contamination from industrial 

practices is a leading way that humans impact the environment, and ionizing radiation 

contamination as a result of nuclear power rector accidents is a unique model system to explore 

how wildlife respond to such dramatically affected ecosystems. These systems not only provide 

an opportunity to examine molecular mechanisms of adaptation to genotoxic substances, but 

provide a model for exploring potentially plastic and adaptive responses to elevated levels of a 

stressor which occurs naturally at low levels in forms such as UV radiation and radon (E 

Stranden, 1979). In this dissertation I utilized genomic techniques and two canid species, gray 

wolf (Canis lupus) and raccoon dog (Nyctereutes procyonoides), from the radiation contaminated 

landscape of the Chernobyl Exclusion Zone (CEZ) to create a model system for examining long-

term impacts of elevated radiation exposure. The first goal of my dissertation was to examine 

genomic and gene regulatory patterns of acclimation and adaptation to elucidate molecular 

mechanisms underlying population persistence in a habitat highly contaminated with radiation. 

Second, I explored parasite diversity and prevalence to help assess host health and illuminate 
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potentially ecologically relevant host-parasite interactions.  Lastly, I assessed whether 

endogenous retroviral element transcription, known to impact immune response, gene regulation, 

and oncogenesis, (Dai et al., 2018; Morris et al., 2019; Zhao et al., 2017) show signs of radiation-

induced activation.  

In my first three research chapters I examined genomic signatures of adaptation, 

regulatory divergence, and health in wolves from the CEZ. In addition to examining population 

structure and gene expression patters, I also assessed endogenous retroviral immune pathway 

transcription with relation to elevated radiation exposure and internal radiocesium activity, and 

micro- and macroparasite diversity and prevalence. In Chapter 2 I found that wolves within the 

CEZ show distinct population structure from wolves in the north of Belarus that experience 

background levels of radiation.  These finding uniquely describe population differentiation 

across the CEZ boundary, potentially suggesting contamination within the CEZ is acting as a 

selective pressure and/or a barrier to gene flow. Additionally, gene expression patterns in blood 

clearly differ in wolves exposed to radiation within the CEZ, and individual radiocesium activity 

correlates with immune and oncogenic response pathways. Gene co-expression modules from 

blood transcriptomes identify immune response genes associated with viral infections as driving 

some of the primary gene regulation differences correlated with internal radiocesium activity. 

Furthermore, I identified four proposed putative genes under selection in wolves from the CEZ. 

These genes were up regulated and are associated with pathways including platelet activation, 

Human T-cell leukemia virus 1 infection, Rap1 signaling pathway, and focal adhesion 

(Palmisano, Priami, & Tech, 2013).  These data in, addition to the single gene and gene module 

regulation, also identify genes associated with oncogenesis in humans (Godoy et al., 2013; 

Singel et al., 2013; Xia et al., 2018) and suggest oncogenesis may be a driving selective force on 
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individuals inhabiting the CEZ. This work is supported by research in the biomedical field which 

has a long history of describing radiation induced sarcomas (Brenner et al., 2003), yet this is the 

first study to elucidate such clear correlations on individual exposure and genomic signals of 

oncogenesis. This work leads naturally into further examining transcription regulation such as 

DNA methylation patterns, gene network connectivity shifts, and gene specific mutation rates to 

further explore genes imperative to adapting to a stressor such as ionizing radiation.  

In Chapters 3 and 4, I concentrated on how radiation may impact health of CEZ residents 

by examining micro- and macroparasite patterns, and endogenous retroviral element activity in 

radiation exposed individuals. In Chapter 3 I explore parasite prevalence and diversity in both 

raccoon dogs and wolves. Here I described varying patterns of gastrointestinal parasites, 

seroprevalence and qPCR identification of microparasites between hosts and across varying 

radiation exposures. I describe parasites which are both directly and indirectly transmitted and 

have shown varying degrees of radiosensitivity in lab or human studies (e.g Mezhir et al., 2005; 

Nansen, Christensen, & Frandsen, 1976). Of the many complex patterns of infection identified, 

few significantly correlated with individual radiation exposure estimates. This suggests that 

studies identifying detrimental effects of radiation in parasite and host in isolation or lab studies 

is not sufficient for successfully describing the complexity of host-parasite-environment 

interactions radiation contaminated habitats such as this.  Interestingly I did find evidence of two 

viruses, Herpesvirus and canine parvovirus, correlating with internal radiation activity in wolves. 

These data build off of human models which find increased Herpesvirus activity in individuals 

exposed to radiation (Mezhir et al., 2005). It has also been proposed that viruses may evolve at a 

rate which allows them to become radio-resistant (Whicker & Schultz, 1982). My findings in this 

chapter again suggest virus-radiation interactions are significant and may have serious 
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implications on reproduction and population dynamics and requires further examination. 

Collectively, these findings and those viral infection response pathways described in Chapter 1 

suggest interactions of increasing viral infections or susceptibility to some viral infection in 

wolves with radiation exposure, contrary to what has been seen in voles from the CEZ 

(Kesäniemi et al., 2019). These dynamics warrant closer examination, including examining 

immunocompetence in canids from the region and viral sequence and virulence studies.  

In Chapter 4 I further examined potential viral element interactions with elevated 

radiation exposure by examining endogenous retroviral (ERV) transcription rates in wolves from 

inside and outside the CEZ. Here I described clear differences in the number of ERV elements 

activated with radiation exposure and increased expression correlating with internal radiocesium 

activity in wolves from inside the CEZ. ERV expression is associated with neurological and 

oncogenic disease (Morris et al., 2019; Slokar & Hasler, 2016). Building off of this, I explored 

gene expression patterns in pathways associated with carcinomas and found significant 

correlations between these expression patterns and ERV expression. I additionally explored 

immune response pathways and found ERV expression to be correlated with these patterns as 

well. These data further suggest that oncogenesis – and possible oncogenic mitigation - may play 

important roles in the selective pressures placed on residents of radiation contaminated 

environments. This study is purely correlational however, and further work is needed to explore 

proteomic and physiological consequences of the ERV transcription I described in this chapter.  

In my first three research chapters, I observed significant genomic and viral interactions 

with radiation exposure in wolves, suggesting important genomic and health effects of elevated 

radiation exposure in wolves. To further explore the impacts of living in an environment with 

elevated ionizing radiation levels, I examined gene expression patterns in a sympatric canid 
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species, the raccoon dog, in Chapter 5. In this chapter I conducted a de novo assembly to explore 

gene expression patterns in this canid. Raccoon dogs differ from wolves in various natural 

history traits and spatial use patterns (Kauhala, Holmala, & Schregel, 2007), and provide an 

excellent comparison species to begin to encompass some of the variation observed across 

individuals and species necessary for better understanding ecologically explicit effects of 

radiation contamination (Rhodes et al., 2020). In this chapter I described raccoon dog global 

gene expression patterns which diverge between individuals from the CEZ and northern Belarus. 

In addition to individual gene expression patterns I described two of the five coexpression 

modules identified in the blood transcriptome and associated with site of origin, and in one case 

with radiation exposure. The most highly divergent expression patterns between exposed and 

unexposed individuals similarly fall within biological functions such as immune response, 

cellular transport, and RNA binding (Bateman, 2019). Interestingly, I found that one of the genes 

isolated in wolves as a candidate for selection, and associated with oncogenesis in humans, was 

also one of the most highly upregulated genes in raccoon dogs. With the help of this new 

transcriptome, further research can delve into the Gene Ontology of hub genes of interest. Next 

steps also point towards exploring gene network and slice site variation across radiation 

exposures, and eventually across species. Additionally, once genome assembly and annotation is 

refined, it will be beneficial to examine patterns of sequence variation and identify candidate 

genes under selection in the raccoon dogs, similarly to that done in wolves. 

In addition to the factors taken into account above, we were not able to encompass all 

ecological influences which may differ between our two sampling locations and impact the 

endpoints highlighted in this dissertation. Further research is needed to more thoroughly describe 

contemporary differences in population densities, food resources, forest composition, and species 
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competition for potentially limited resources. Given the initial devastation of the forests 

surrounding the Chernobyl reactor immediately after the explosion, it is possible the 

reestablishment of this region, along with the lack of human inhabitants, may confer 

contemporary ecosystem differences not yet documented. Here I attempted to account for these 

differences by establishing robust individual level radiation exposure estimates and examining 

patterns of transcription and parasitism with relation to individual exposure estimates.  

Collectively, my dissertation demonstrates genomic and transcriptomic signatures of 

selection to the radiation contaminated landscape of the CEZ and highlights interactive effects of 

virus infection, transcription, and immune system genes. This study establishes an ideal model 

system for examining health implications of elevated radiation exposure in wildlife that can also 

inform human health. Canid species are sentinel species and are frequently utilized as a model 

for human health (Aguirre, 2009; Ostrander, Dreger, & Evans, 2019). Additionally, by 

incorporating multiple focal and parasite species responses to varying radiation exposures in situ, 

this research provides vital details for informing population persistence models, risk assessment 

protocols, and conservation efforts in highly contaminated environments.  
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APPENDIX A 

CHAPTER 2 

 

 

 

Figure A1. (a.) A smear plot of differentially expressed genes in CEZ wolves in comparison to 

wolves from northern Belarus, with up regulated genes in red and down regulated genes in blue. 

(b.)A multidimensional scaling (MDS) plot of gene expression depicts patterns of regulatory 

divergense between CEZ (blue) and northern Belarus (red).  
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Figure A2. Network topology for select soft-thresholding powers. Described here are the scale-

free fit topology index and mean connectivity as a function of the soft-thresholding power. We 

selected power 18 for our analyses, given the lack of scale-free topology fit and small sample 

numbers (Langfelder & Horvath, 2008).  
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Table A1. Functional enrichment of gene ontology (GO) terms from significant co-expression modules identified through weighted 

gene correlation network analyses (WGCNA) of gray wolf blood transcriptomes in the Chernobyl Exclusion Zone. 

Module 1 

p value term size query size overlap size precision recall term id domain term name 

0.00181 329 471 41 0.087 0.125 GO:0002376 BP immune system process 

0.0335 21 471 6 0.013 0.286 GO:0030098 BP lymphocyte differentiation 

0.0321 9 471 4 0.008 0.444 GO:0071025 BP RNA surveillance 

0.0316 605 471 59 0.125 0.098 GO:0006950 BP response to stress 

0.0462 30 471 7 0.015 0.233 GO:0022904 BP 
respiratory electron 
transport chain 

0.00115 103 471 19 0.04 0.184 GO:0007005 BP mitochondrion organization 

0.00583 6 471 4 0.008 0.667 GO:0001706 BP endoderm formation 

1.83E-17 267 471 64 0.136 0.24 GO:0022613 BP 
ribonucleoprotein complex 
biogenesis 
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0.00387 78 471 15 0.032 0.192 GO:0009141 BP 
nucleoside triphosphate 
metabolic process 

0.0462 10 471 4 0.008 0.4 GO:0071428 BP 
rRNA-containing 
ribonucleoprotein complex 
export from nucleus 

0.0319 78 471 13 0.028 0.167 GO:0009123 BP 
nucleoside monophosphate 
metabolic process 

2.88E-21 4349 471 390 0.828 0.09 GO:0044424 CC intracellular part 

0.0422 206 471 25 0.053 0.121 GO:0140098 MF 
catalytic activity, acting on 
RNA 

2.63E-17 357 471 75 0.159 0.21 GO:0003723 MF RNA binding 

0.0422 5 471 3 0.006 0.6 GO:0043023 MF 
ribosomal large subunit 
binding 

5.25E-11 176 471 41 0.087 0.233 GO:0003735 MF 
structural constituent of 
ribosome 

0.0462 10 471 4 0.008 0.4 GO:0001054 MF RNA polymerase I activity 
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0.00632 3 471 3 0.006 1 GO:0005471 MF 
ATP:ADP antiporter 
activity 

0.0435 21 200 6 0.03 0.286 HP:0004309 hp Ventricular preexcitation 

0.0163 11 200 5 0.025 0.455 HP:0001112 hp Leber optic atrophy 

0.00902 1766 200 127 0.635 0.072 HP:0025031 hp 
Abnormality of the 
digestive system 

0.0305 19 200 6 0.03 0.316 HP:0200043 hp Verrucae 

0.0435 239 200 26 0.13 0.109 HP:0004372 hp 
Reduced 
consciousness/confusion 

0.0414 63 200 11 0.055 0.175 HP:0000980 hp Pallor 

0.0297 100 200 15 0.075 0.15 HP:0002076 hp Migraine 

1.29E-07 424 200 57 0.285 0.134 HP:0010987 hp 
Abnormality of cellular 
immune system 

0.0435 74 200 12 0.06 0.162 HP:0002488 hp Acute leukemia 

0.0239 18 200 6 0.03 0.333 HP:0007763 hp Retinal telangiectasia 

0.00321 134 200 21 0.105 0.157 HP:0003128 hp Lactic acidosis 

0.0108 10 200 5 0.025 0.5 HP:0007768 hp 
Central retinal vessel 
vascular tortuosity 
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0.0184 258 200 29 0.145 0.112 HP:0012378 hp Fatigue 

0.0376 72 200 12 0.06 0.167 HP:0011450 hp CNS infection 

0.0435 85 200 13 0.065 0.153 HP:0000245 hp 
Abnormality of the 
paranasal sinuses 

0.0435 46 200 9 0.045 0.196 HP:0001271 hp Polyneuropathy 

0.011 52 200 11 0.055 0.212 HP:0001427 hp Mitochondrial inheritance 

0.0127 22 200 7 0.035 0.318 HP:0003737 hp Mitochondrial myopathy 

0.0314 13 200 5 0.025 0.385 HP:0000576 hp Centrocecal scotoma 

0.0431 14 200 5 0.025 0.357 HP:0002401 hp Stroke-like episode 

0.0457 69 466 13 0.028 0.188 KEGG:04658 keg 
Th1 and Th2 cell 
differentiation 

0.0116 72 466 15 0.032 0.208 KEGG:04640 keg Hematopoietic cell lineage 

0.0424 25 466 7 0.015 0.28 KEGG:05330 keg Allograft rejection 

0.0339 123 466 20 0.043 0.163 KEGG:03013 keg RNA transport 

0.0116 31 466 9 0.019 0.29 KEGG:04940 keg Type I diabetes mellitus 

0.0111 29 466 9 0.019 0.31 KEGG:05340 keg Primary immunodeficiency 
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0.000893 21 466 9 0.019 0.429 KEGG:05332 keg Graft-versus-host disease 

0.0116 135 466 23 0.049 0.17 KEGG:05010 keg Alzheimer disease 

0.000322 80 466 20 0.043 0.25 KEGG:04064 keg 
NF-kappa B signaling 
pathway 

0.00142 144 466 27 0.058 0.188 KEGG:05016 keg Huntington disease 

0.0497 70 466 13 0.028 0.186 KEGG:00240 keg Pyrimidine metabolism 

0.0116 43 466 11 0.024 0.256 KEGG:04612 keg 
Antigen processing and 
presentation 

0.000893 108 466 23 0.049 0.213 KEGG:00190 keg Oxidative phosphorylation 

0.0111 209 466 32 0.069 0.153 KEGG:05166 keg 
Human T-cell leukemia 
virus 1 infection 

0.0424 19 466 6 0.013 0.316 KEGG:03430 keg Mismatch repair 

5.85E-24 109 466 50 0.107 0.459 KEGG:03010 keg Ribosome 

0.0167 123 466 21 0.045 0.171 KEGG:04932 keg 
Non-alcoholic fatty liver 
disease (NAFLD) 

0.0188 40 466 10 0.021 0.25 KEGG:05134 keg Legionellosis 

2.39E-05 104 466 26 0.056 0.25 KEGG:03040 keg Spliceosome 
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0.0291 72 466 14 0.03 0.194 KEGG:05323 keg Rheumatoid arthritis 

0.0116 185 466 29 0.062 0.157 KEGG:04714 keg Thermogenesis 

0.000109 114 466 26 0.056 0.228 KEGG:05012 keg Parkinson disease 

0.0111 29 466 9 0.019 0.31 KEGG:03030 keg DNA replication 

0.0099 24 522 7 0.013 0.292 REAC:R-CFA-180786 rea Extension of Telomeres 

4.29E-10 41 522 19 0.036 0.463 REAC:R-CFA-72702 rea 
Ribosomal scanning and 
start codon recognition 

0.0382 96 522 14 0.027 0.146 REAC:R-CFA-983705 rea 
Signaling by the B Cell 
Receptor (BCR) 

0.000684 134 522 23 0.044 0.172 REAC:R-CFA-69242 rea S Phase 

0.000285 76 522 17 0.033 0.224 REAC:R-CFA-198933 rea 

Immunoregulatory 
interactions between a 
Lymphoid and a non-
Lymphoid cell 
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0.0196 27 522 7 0.013 0.259 REAC:R-CFA-110314 rea 

Recognition of DNA 
damage by PCNA-
containing replication 
complex 

0.00682 16 522 6 0.011 0.375 REAC:R-CFA-196757 rea 
Metabolism of folate and 
pterines 

0.00827 930 522 85 0.163 0.091 REAC:R-CFA-74160 rea 
Gene expression 
(Transcription) 

0.0322 94 522 14 0.027 0.149 REAC:R-CFA-15869 rea Metabolism of nucleotides 

8.33E-05 69 522 17 0.033 0.246 REAC:R-CFA-6781827 rea 
Transcription-Coupled 
Nucleotide Excision Repair 
(TC-NER) 

0.00835 30 522 8 0.015 0.267 REAC:R-CFA-5675221 rea 
Negative regulation of 
MAPK pathway 

1.39E-08 410 522 62 0.119 0.151 REAC:R-CFA-8953854 rea Metabolism of RNA 

0.00593 257 522 32 0.061 0.125 REAC:R-CFA-3700989 rea 
Transcriptional Regulation 
by TP53 
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0.0257 91 522 14 0.027 0.154 REAC:R-CFA-202403 rea TCR signaling 

0.00461 14 522 6 0.011 0.429 REAC:R-CFA-110312 rea 
Translesion synthesis by 
REV1 

0.00279 169 522 25 0.048 0.148 REAC:R-CFA-1428517 rea 
The citric acid (TCA) cycle 
and respiratory electron 
transport 

0.00593 92 522 16 0.031 0.174 REAC:R-CFA-5668541 rea 
TNFR2 non-canonical NF-
kB pathway 

                  
                  

Module 2 

p value term size query size overlap size precision recall term id domain term name 

9.63E-05 4 198 4 0.02 1 GO:0072488 BP 
ammonium transmembrane 
transport 

0.0211 26 198 5 0.025 0.192 GO:0061726 BP mitochondrion disassembly 

0.0457 210 198 14 0.071 0.067 GO:0030163 BP protein catabolic process 

0.034 9 198 3 0.015 0.333 GO:0015695 BP organic cation transport 
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0.0367 160 198 12 0.061 0.075 GO:0006511 BP 
ubiquitin-dependent protein 
catabolic process 

1.10E-06 7 198 6 0.03 0.857 GO:0006783 BP heme biosynthetic process 

1.94E-07 4471 198 166 0.838 0.037 GO:0005622 CC intracellular 

0.000259 5 198 4 0.02 0.8 GO:0016681 MF 

oxidoreductase activity, 
acting on diphenols and 
related substances as 
donors, cytochrome as 
acceptor 

0.00202 23 198 6 0.03 0.261 GO:0019843 MF rRNA binding 

0.0211 15 198 4 0.02 0.267 GO:0008519 MF 
ammonium transmembrane 
transporter activity 

0.0462 261 107 19 0.178 0.073 HP:0001332 hp Dystonia 

3.90E-07 8 107 7 0.065 0.875 HP:0010472 hp 
Abnormality of the heme 
biosynthetic pathway 
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1.74E-06 84 107 16 0.15 0.19 HP:0011895 hp 
Anemia due to reduced life 
span of red cells 

0.0163 48 107 8 0.075 0.167 HP:0002904 hp Hyperbilirubinemia 

0.0305 482 107 29 0.271 0.06 HP:0001257 hp Spasticity 

0.00634 96 107 12 0.112 0.125 HP:0002134 hp 
Abnormality of the basal 
ganglia 

6.51E-05 27 196 8 0.041 0.296 KEGG:00860 keg 
Porphyrin and chlorophyll 
metabolism 

5.11E-09 108 196 21 0.107 0.194 KEGG:00190 keg Oxidative phosphorylation 

1.22E-07 185 196 25 0.128 0.135 KEGG:04714 keg Thermogenesis 

0.00129 1031 196 58 0.296 0.056 KEGG:01100 keg Metabolic pathways 

2.71E-05 109 196 16 0.082 0.147 KEGG:03010 keg Ribosome 

0.000132 39 196 9 0.046 0.231 KEGG:04216 keg Ferroptosis 

7.62E-12 144 196 28 0.143 0.194 KEGG:05016 keg Huntington disease 

3.94E-10 114 196 23 0.117 0.202 KEGG:05012 keg Parkinson disease 

0.0035 59 196 9 0.046 0.153 KEGG:04260 keg Cardiac muscle contraction 

3.91E-08 135 196 22 0.112 0.163 KEGG:05010 keg Alzheimer disease 
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0.00413 119 196 13 0.066 0.109 KEGG:04723 keg 
Retrograde 
endocannabinoid signaling 

3.91E-08 123 196 21 0.107 0.171 KEGG:04932 keg 
Non-alcoholic fatty liver 
disease (NAFLD) 

0.0148 31 247 5 0.02 0.161 REAC:R-CFA-8866652 rea 
Synthesis of active 
ubiquitin: roles of E1 and 
E2 enzymes 

0.0311 4 247 2 0.008 0.5 REAC:R-CFA-8849469 rea 
PTK6 Regulates RTKs and 
Their Effectors AKT1 and 
DOK1 

0.0121 147 247 12 0.049 0.082 REAC:R-CFA-69481 rea G2/M Checkpoints 

6.11E-05 45 247 10 0.04 0.222 REAC:R-CFA-8939902 rea 
Regulation of RUNX2 
expression and activity 

0.0145 94 247 9 0.036 0.096 REAC:R-CFA-9020702 rea Interleukin-1 signaling 
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6.51E-10 120 247 23 0.093 0.192 REAC:R-CFA-163200 rea 

Respiratory electron 
transport, ATP synthesis by 
chemiosmotic coupling, 
and heat production by 
uncoupling proteins. 

0.00029 49 247 9 0.036 0.184 REAC:R-CFA-4641258 rea Degradation of DVL 

0.00029 48 247 9 0.036 0.188 REAC:R-CFA-8941858 rea 
Regulation of RUNX3 
expression and activity 

0.000303 50 247 9 0.036 0.18 REAC:R-CFA-5610780 rea 
Degradation of GLI1 by the 
proteasome 

0.044 14 247 3 0.012 0.214 REAC:R-CFA-2173788 rea 
Downregulation of TGF-
beta receptor signaling 

0.000791 1492 247 70 0.283 0.047 REAC:R-CFA-392499 rea Metabolism of proteins 

0.000392 53 247 9 0.036 0.17 REAC:R-CFA-5607761 rea 
Dectin-1 mediated 
noncanonical NF-kB 
signaling 
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0.0443 156 247 11 0.045 0.071 REAC:R-CFA-2467813 rea 
Separation of Sister 
Chromatids 

0.000154 165 247 18 0.073 0.109 REAC:R-CFA-5689880 rea 
Ub-specific processing 
proteases 

0.000266 82 247 12 0.049 0.146 REAC:R-CFA-4086400 rea PCP/CE pathway 

0.00029 48 247 9 0.036 0.188 REAC:R-CFA-450408 rea 
AUF1 (hnRNP D0) binds 
and destabilizes mRNA 

0.0235 11 247 3 0.012 0.273 REAC:R-CFA-445095 rea 
Interaction between L1 and 
Ankyrins 

0.000125 61 247 11 0.045 0.18 REAC:R-CFA-68867 rea 
Assembly of the pre-
replicative complex 

0.000526 69 247 10 0.04 0.145 REAC:R-CFA-5687128 rea MAPK6/MAPK4 signaling 

0.032 24 247 4 0.016 0.167 REAC:R-CFA-917729 rea 
Endosomal Sorting 
Complex Required For 
Transport (ESCRT) 
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0.00029 62 247 10 0.04 0.161 REAC:R-CFA-8939236 rea 

RUNX1 regulates 
transcription of genes 
involved in differentiation 
of HSCs 

0.00029 48 247 9 0.036 0.188 REAC:R-CFA-8854050 rea 
FBXL7 down-regulates 
AURKA during mitotic 
entry and in early mitosis 

0.000791 74 247 10 0.04 0.135 REAC:R-CFA-2871837 rea 
FCERI mediated NF-kB 
activation 

0.00177 68 247 9 0.036 0.132 REAC:R-CFA-195253 rea 
Degradation of beta-catenin 
by the destruction complex 

0.000266 45 247 9 0.036 0.2 REAC:R-CFA-69601 rea 
Ubiquitin Mediated 
Degradation of 
Phosphorylated Cdc25A 

0.000117 60 247 11 0.045 0.183 REAC:R-CFA-8948751 rea 
Regulation of PTEN 
stability and activity 
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0.046 5 247 2 0.008 0.4 REAC:R-CFA-2142712 rea 
Synthesis of 12-
eicosatetraenoic acid 
derivatives 

0.00029 6 247 4 0.016 0.667 REAC:R-CFA-1247673 rea 
Erythrocytes take up 
oxygen and release carbon 
dioxide 

0.00923 55 247 7 0.028 0.127 REAC:R-CFA-5658442 rea 
Regulation of RAS by 
GAPs 

0.000392 53 247 9 0.036 0.17 REAC:R-CFA-5676590 rea 
NIK-->noncanonical NF-
kB signaling 

0.000269 270 247 23 0.093 0.085 REAC:R-CFA-983168 rea 
Antigen processing: 
Ubiquitination & 
Proteasome degradation 

0.0148 19 247 4 0.016 0.211 REAC:R-CFA-5205685 rea 
Pink/Parkin Mediated 
Mitophagy 

0.000269 58 247 10 0.04 0.172 REAC:R-CFA-174084 rea 
Autodegradation of Cdh1 
by Cdh1:APC/C 
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Module 3 

p value term size query size overlap size precision recall term id domain term name 

0.00101 4 18 2 0.111 0.5 GO:0035458 BP 
cellular response to 
interferon-beta 

7.55E-08 18 18 5 0.278 0.278 GO:0009615 BP response to virus 

0.000927 100 26 5 0.192 0.05 KEGG:05160 keg Hepatitis C 

0.0092 106 26 4 0.154 0.038 KEGG:05162 keg Measles 

7.20E-05 138 26 7 0.269 0.051 KEGG:05168 keg Herpes simplex infection 

0.00147 117 26 5 0.192 0.043 KEGG:04621 keg 
NOD-like receptor 
signaling pathway 

0.00025 121 26 6 0.231 0.05 KEGG:05164 keg Influenza A 

0.0299 16 32 2 0.062 0.125 REAC:R-CFA-197264 rea Nicotinamide salvaging 

0.0126 40 32 3 0.094 0.075 REAC:R-CFA-913531 rea Interferon Signaling 

2.17E-05 14 32 4 0.125 0.286 REAC:R-CFA-1236974 rea ER-Phagosome pathway 

0.0126 41 32 3 0.094 0.073 REAC:R-CFA-3108214 rea 
SUMOylation of DNA 
damage response and repair 
proteins 
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Module 6 

p value term size query size overlap size precision recall term id domain term name 

0.00527 262 1841 95 0.052 0.363 GO:0012501 BP programmed cell death 

0.034 9 1841 7 0.004 0.778 GO:0072666 BP 
establishment of protein 
localization to vacuole 

0.0433 16 1841 10 0.005 0.625 GO:0007062 BP sister chromatid cohesion 

0.0131 14 1841 10 0.005 0.714 GO:0031122 BP 
cytoplasmic microtubule 
organization 

0.034 7 1841 6 0.003 0.857 GO:0097286 BP iron ion import 

0.000334 22 1841 16 0.009 0.727 GO:0007034 BP vacuolar transport 

1.55E-07 216 1841 97 0.053 0.449 GO:0044093 BP 
positive regulation of 
molecular function 

0.0055 15 1841 11 0.006 0.733 GO:0051452 BP intracellular pH reduction 

2.58E-13 348 1841 159 0.086 0.457 GO:0016192 BP vesicle-mediated transport 
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0.0106 91 1841 39 0.021 0.429 GO:0044087 BP 
regulation of cellular 
component biogenesis 

0.0126 122 1841 49 0.027 0.402 GO:0061025 BP membrane fusion 

0.0052 68 1841 32 0.017 0.471 GO:0098562 CC 
cytoplasmic side of 
membrane 

2.89E-05 93 1841 47 0.026 0.505 GO:0019898 CC 
extrinsic component of 
membrane 

5.73E-06 306 1841 122 0.066 0.399 GO:1990234 CC transferase complex 

5.53E-46 4471 1841 1428 0.776 0.319 GO:0005622 CC intracellular 

0.0263 15 1841 10 0.005 0.667 GO:0004559 MF alpha-mannosidase activity 

0.0224 17 1841 11 0.006 0.647 GO:0000030 MF 
mannosyltransferase 
activity 

1.60E-18 829 1841 334 0.181 0.403 GO:0140096 MF 
catalytic activity, acting on 
a protein 

0.00896 96 1841 41 0.022 0.427 GO:0003712 MF 
transcription coregulator 
activity 

0.0413 42 1841 20 0.011 0.476 GO:0008017 MF microtubule binding 



 

 169 

0.0273 5 1841 5 0.003 1 GO:0016922 MF nuclear receptor binding 

0.00275 135 1841 56 0.03 0.415 GO:0008047 MF enzyme activator activity 

4.27E-08 296 1841 126 0.068 0.426 GO:0019899 MF enzyme binding 

0.013 147 1008 62 0.062 0.422 HP:0001387 hp Joint stiffness 

0.0328 12 1008 9 0.009 0.75 HP:0010522 hp Dyslexia 

0.0254 917 1008 302 0.3 0.329 HP:0011138 hp 
Abnormality of skin 
adnexa morphology 

0.0291 8 1008 7 0.007 0.875 HP:0003409 hp 
Distal sensory impairment 
of all modalities 

0.0198 48 1008 25 0.025 0.521 HP:0001004 hp Lymphedema 

0.0156 114 1008 50 0.05 0.439 HP:0000154 hp Wide mouth 

0.0291 8 1008 7 0.007 0.875 HP:0010729 hp 
Cherry red spot of the 
macula 

0.0408 51 1008 25 0.025 0.49 HP:0000979 hp Purpura 

0.0175 17 1008 12 0.012 0.706 HP:0011012 hp 
Abnormality of 
polysaccharide metabolism 

0.00739 1143 1008 376 0.373 0.329 HP:0031797 hp Clinical course 
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0.0175 193 1008 77 0.076 0.399 HP:0011830 hp 
Abnormal oral mucosa 
morphology 

0.0206 6 1008 6 0.006 1 HP:0001014 hp Angiokeratoma 

0.0291 8 1008 7 0.007 0.875 HP:0001212 hp Prominent fingertip pads 

0.0125 1081 1008 355 0.352 0.328 HP:0030680 hp 
Abnormality of 
cardiovascular system 
morphology 

0.0229 558 1008 193 0.191 0.346 HP:0002648 hp 
Abnormality of calvarial 
morphology 

0.0309 16 1008 11 0.011 0.688 HP:0009720 hp Adenoma sebaceum 

0.00127 204 1008 87 0.086 0.426 HP:0002079 hp 
Hypoplasia of the corpus 
callosum 

0.0465 5 1008 5 0.005 1 HP:0010746 hp 
Hypoplasia of the 
phalanges of the toes 

0.0282 882 1008 291 0.289 0.33 HP:0004322 hp Short stature 

0.0323 10 1008 8 0.008 0.8 HP:0002963 hp 
Abnormal delayed 
hypersensitivity skin test 

0.0449 73 1008 33 0.033 0.452 HP:0004400 hp Abnormality of the pylorus 
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1.43E-07 1341 1008 471 0.467 0.351 HP:0003808 hp Abnormal muscle tone 

0.042 177 1008 69 0.068 0.39 HP:0003119 hp 
Abnormality of lipid 
metabolism 

0.0328 58 1008 28 0.028 0.483 HP:0000527 hp Long eyelashes 

0.0406 92 1008 40 0.04 0.435 HP:0002936 hp Distal sensory impairment 

0.0136 1360 1008 437 0.434 0.321 HP:0040064 hp Abnormality of limbs 

0.0465 5 1008 5 0.005 1 HP:0012269 hp 
Abnormal muscle glycogen 
content 

0.00404 8 1008 8 0.008 1 HP:0001922 hp Vacuolated lymphocytes 

0.00511 147 1008 64 0.063 0.435 HP:0000280 hp Coarse facial features 

0.0406 454 1008 158 0.157 0.348 HP:0009830 hp Peripheral neuropathy 

0.02 43 1008 23 0.023 0.535 HP:0002208 hp Coarse hair 

0.025 1975 1008 611 0.606 0.309 HP:0000478 hp Abnormality of the eye 

0.0426 98 1008 42 0.042 0.429 HP:0010786 hp Urinary tract neoplasm 

0.00139 52 1008 30 0.03 0.577 HP:0000307 hp Pointed chin 

0.025 143 1008 59 0.059 0.413 HP:0001007 hp Hirsutism 

0.00954 14 1008 11 0.011 0.786 HP:0006562 hp Viral hepatitis 
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0.00241 351 1008 135 0.134 0.385 HP:0000288 hp 
Abnormality of the 
philtrum 

0.00994 58 1008 30 0.03 0.517 HP:0001640 hp Cardiomegaly 

0.0156 47 1008 25 0.025 0.532 HP:0005584 hp Renal cell carcinoma 

0.0127 72 1008 35 0.035 0.486 HP:0000574 hp Thick eyebrow 

0.0328 66 1008 31 0.031 0.47 HP:0200034 hp Papule 

0.00223 89 1662 42 0.025 0.472 KEGG:04659 keg Th17 cell differentiation 

0.0258 107 1662 44 0.026 0.411 KEGG:04926 keg Relaxin signaling pathway 

0.00331 42 1662 23 0.014 0.548 KEGG:00510 keg N-Glycan biosynthesis 

0.0108 260 1662 98 0.059 0.377 KEGG:05165 keg 
Human papillomavirus 
infection 

0.00285 77 1662 37 0.022 0.481 KEGG:05215 keg Prostate cancer 

0.00198 60 1662 31 0.019 0.517 KEGG:01524 keg Platinum drug resistance 

0.00552 121 1662 52 0.031 0.43 KEGG:05164 keg Influenza A 

0.0396 64 1662 28 0.017 0.438 KEGG:03018 keg RNA degradation 

0.0129 46 1662 23 0.014 0.5 KEGG:04370 keg VEGF signaling pathway 

0.00384 100 1662 45 0.027 0.45 KEGG:05160 keg Hepatitis C 
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0.00198 65 1662 33 0.02 0.508 KEGG:05100 keg 
Bacterial invasion of 
epithelial cells 

1.17E-12 108 1662 71 0.043 0.657 KEGG:04142 keg Lysosome 

0.0093 93 1662 41 0.025 0.441 KEGG:04919 keg 
Thyroid hormone signaling 
pathway 

0.00223 116 1662 52 0.031 0.448 KEGG:04145 keg Phagosome 

0.018 128 1662 52 0.031 0.406 KEGG:04218 keg Cellular senescence 

0.0227 67 1662 30 0.018 0.448 KEGG:01521 keg 
EGFR tyrosine kinase 
inhibitor resistance 

0.00198 55 1662 29 0.017 0.527 KEGG:05223 keg Non-small cell lung cancer 

0.0314 31 1662 16 0.01 0.516 KEGG:00051 keg 
Fructose and mannose 
metabolism 

0.000348 151 1662 68 0.041 0.45 KEGG:04062 keg 
Chemokine signaling 
pathway 

0.0211 242 1662 90 0.054 0.372 KEGG:04010 keg MAPK signaling pathway 
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1.39E-05 143 1662 70 0.042 0.49 KEGG:05167 keg 
Kaposi sarcoma-associated 
herpesvirus infection 

6.13E-10 198 1662 104 0.063 0.525 KEGG:04144 keg Endocytosis 

4.75E-05 109 1662 55 0.033 0.505 KEGG:04217 keg Necroptosis 

0.00854 426 1662 153 0.092 0.359 KEGG:05200 keg Pathways in cancer 

0.00315 30 1662 18 0.011 0.6 KEGG:04136 keg Autophagy - other 

0.000135 17 1662 14 0.008 0.824 KEGG:00514 keg 
Other types of O-glycan 
biosynthesis 

0.0067 62 1662 30 0.018 0.484 KEGG:05132 keg Salmonella infection 

0.00384 55 1662 28 0.017 0.509 KEGG:04520 keg Adherens junction 

0.00132 116 1662 53 0.032 0.457 KEGG:04910 keg Insulin signaling pathway 

1.39E-05 100 1662 53 0.032 0.53 KEGG:04380 keg Osteoclast differentiation 

0.00132 28 1662 18 0.011 0.643 KEGG:04215 keg 
Apoptosis - multiple 
species 

0.00256 56 1662 29 0.017 0.518 KEGG:04137 keg Mitophagy - animal 

0.000209 101 1662 50 0.03 0.495 KEGG:04611 keg Platelet activation 
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0.00252 87 1662 41 0.025 0.471 KEGG:04660 keg 
T cell receptor signaling 
pathway 

1.39E-06 117 1662 63 0.038 0.538 KEGG:04621 keg 
NOD-like receptor 
signaling pathway 

2.84E-06 117 1662 62 0.037 0.53 KEGG:04140 keg Autophagy - animal 

0.0314 114 1662 46 0.028 0.404 KEGG:04728 keg Dopaminergic synapse 

0.0159 130 1662 53 0.032 0.408 KEGG:04150 keg mTOR signaling pathway 

4.45E-05 101 1662 52 0.031 0.515 KEGG:04071 keg 
Sphingolipid signaling 
pathway 

0.00285 112 1662 50 0.03 0.446 KEGG:04152 keg AMPK signaling pathway 

0.000519 164 1662 72 0.043 0.439 KEGG:04810 keg 
Regulation of actin 
cytoskeleton 

5.20E-05 170 1662 78 0.047 0.459 KEGG:05163 keg 
Human cytomegalovirus 
infection 

0.0404 104 1662 42 0.025 0.404 KEGG:04915 keg Estrogen signaling pathway 

0.0153 15 1662 10 0.006 0.667 KEGG:00511 keg Other glycan degradation 
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1.35E-05 102 1662 54 0.032 0.529 KEGG:04722 keg 
Neurotrophin signaling 
pathway 

0.000438 63 1662 34 0.02 0.54 KEGG:05220 keg Chronic myeloid leukemia 

0.00383 89 1662 41 0.025 0.461 KEGG:04625 keg 
C-type lectin receptor 
signaling pathway 

0.000286 110 1662 53 0.032 0.482 KEGG:04068 keg FoxO signaling pathway 

0.0265 148 1662 58 0.035 0.392 KEGG:05169 keg Epstein-Barr virus infection 

2.84E-06 117 1662 62 0.037 0.53 KEGG:04210 keg Apoptosis 

0.0159 60 1662 28 0.017 0.467 KEGG:04917 keg Prolactin signaling pathway 

8.07E-10 141 1662 80 0.048 0.567 KEGG:04141 keg 
Protein processing in 
endoplasmic reticulum 

0.00441 71 1662 34 0.02 0.479 KEGG:04012 keg ErbB signaling pathway 

0.00123 76 1662 38 0.023 0.5 KEGG:04620 keg 
Toll-like receptor signaling 
pathway 
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8.66E-05 71 1662 39 0.023 0.549 KEGG:05210 keg Colorectal cancer 

1.07E-05 84 1662 47 0.028 0.56 KEGG:04070 keg 
Phosphatidylinositol 
signaling system 

0.016 71 1662 32 0.019 0.451 KEGG:04912 keg GnRH signaling pathway 

0.00118 118 1662 54 0.032 0.458 KEGG:04120 keg 
Ubiquitin mediated 
proteolysis 

0.047 51 1662 23 0.014 0.451 KEGG:04213 keg 
Longevity regulating 
pathway - multiple species 

0.00556 64 1662 31 0.019 0.484 KEGG:05212 keg Pancreatic cancer 

0.0449 40 1662 19 0.011 0.475 KEGG:05134 keg Legionellosis 

0.0159 52 1662 25 0.015 0.481 KEGG:05230 keg 
Central carbon metabolism 
in cancer 

0.00252 95 1662 44 0.026 0.463 KEGG:05145 keg Toxoplasmosis 

4.45E-05 161 1662 75 0.045 0.466 KEGG:05170 keg 
Human immunodeficiency 
virus 1 infection 



 

 178 

0.00228 76 1662 37 0.022 0.487 KEGG:04211 keg 
Longevity regulating 
pathway 

0.0109 80 1662 36 0.022 0.45 KEGG:04922 keg 
Glucagon signaling 
pathway 

6.31E-06 137 1662 69 0.042 0.504 KEGG:05152 keg Tuberculosis 

0.000519 49 1662 28 0.017 0.571 KEGG:05213 keg Endometrial cancer 

0.0159 130 1662 53 0.032 0.408 KEGG:05225 keg Hepatocellular carcinoma 

0.0378 92 1662 38 0.023 0.413 KEGG:05142 keg 
Chagas disease (American 
trypanosomiasis) 

0.000286 57 1662 32 0.019 0.561 KEGG:05221 keg Acute myeloid leukemia 

0.00777 106 1662 46 0.028 0.434 KEGG:05162 keg Measles 

0.00375 147 1662 62 0.037 0.422 KEGG:05203 keg Viral carcinogenesis 

0.0159 165 1662 65 0.039 0.394 KEGG:04510 keg Focal adhesion 

3.42E-07 63 1662 41 0.025 0.651 KEGG:00562 keg 
Inositol phosphate 
metabolism 

0.016 82 1662 36 0.022 0.439 KEGG:05231 keg 
Choline metabolism in 
cancer 
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0.0488 114 1662 45 0.027 0.395 KEGG:05418 keg 
Fluid shear stress and 
atherosclerosis 

0.00288 59 1662 30 0.018 0.508 KEGG:05211 keg Renal cell carcinoma 

0.00139 87 1662 42 0.025 0.483 KEGG:04668 keg TNF signaling pathway 

2.20E-05 109 1662 56 0.034 0.514 KEGG:05161 keg Hepatitis B 

1.23E-05 68 1662 40 0.024 0.588 KEGG:04666 keg 
Fc gamma R-mediated 
phagocytosis 

8.63E-05 52 1662 31 0.019 0.596 KEGG:04664 keg 
Fc epsilon RI signaling 
pathway 

0.00139 69 1662 35 0.021 0.507 KEGG:04650 keg 
Natural killer cell mediated 
cytotoxicity 

2.03E-05 58 1662 35 0.021 0.603 KEGG:04662 keg 
B cell receptor signaling 
pathway 

0.0378 29 1662 15 0.009 0.517 KEGG:00052 keg Galactose metabolism 

0.00556 46 1662 24 0.014 0.522 KEGG:04622 keg 
RIG-I-like receptor 
signaling pathway 

0.0299 17 2388 11 0.005 0.647 REAC:R-CFA-5621575 rea 
CD209 (DC-SIGN) 
signaling 
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2.66E-05 283 2388 122 0.051 0.431 REAC:R-CFA-8953897 rea 
Cellular responses to 
external stimuli 

0.00278 51 2388 28 0.012 0.549 REAC:R-CFA-373755 rea Semaphorin interactions 

0.0383 11 2388 8 0.003 0.727 REAC:R-CFA-162658 rea 
Golgi Cisternae 
Pericentriolar Stack 
Reorganization 

0.0299 17 2388 11 0.005 0.647 REAC:R-CFA-6804115 rea 

TP53 regulates 
transcription of additional 
cell cycle genes whose 
exact role in the p53 
pathway remain uncertain 

0.0181 10 2388 8 0.003 0.8 REAC:R-CFA-429947 rea Deadenylation of mRNA 

1.92E-06 357 2388 153 0.064 0.429 REAC:R-CFA-194315 rea Signaling by Rho GTPases 

0.0383 11 2388 8 0.003 0.727 REAC:R-CFA-264876 rea Insulin processing 

0.0384 9 2388 7 0.003 0.778 REAC:R-CFA-112411 rea MAPK1 (ERK2) activation 
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0.00136 33 2388 21 0.009 0.636 REAC:R-CFA-114604 rea 
GPVI-mediated activation 
cascade 

0.0333 15 2388 10 0.004 0.667 REAC:R-CFA-70221 rea 
Glycogen breakdown 
(glycogenolysis) 

0.0366 13 2388 9 0.004 0.692 REAC:R-CFA-8849471 rea 
PTK6 Regulates RHO 
GTPases, RAS GTPase and 
MAP kinases 

0.00275 10 2388 9 0.004 0.9 REAC:R-CFA-8875555 rea 
MET activates RAP1 and 
RAC1 

0.0383 11 2388 8 0.003 0.727 REAC:R-CFA-200425 rea 
Import of palmitoyl-CoA 
into the mitochondrial 
matrix 

0.0181 12 2388 9 0.004 0.75 REAC:R-CFA-196299 rea 
Beta-catenin 
phosphorylation cascade 

9.87E-38 1442 2388 641 0.268 0.445 REAC:R-CFA-168256 rea Immune System 

0.0462 45 2388 22 0.009 0.489 REAC:R-CFA-5628897 rea 
TP53 Regulates Metabolic 
Genes 
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0.00975 28 2388 17 0.007 0.607 REAC:R-CFA-6804758 rea 
Regulation of TP53 
Activity through 
Acetylation 

1.63E-06 88 2388 51 0.021 0.58 REAC:R-CFA-4420097 rea VEGFA-VEGFR2 Pathway 

1.53E-07 70 2388 45 0.019 0.643 REAC:R-CFA-1483255 rea PI Metabolism 

0.0277 26 2388 15 0.006 0.577 REAC:R-CFA-2871809 rea 
FCERI mediated Ca+2 
mobilization 

0.00375 125 2388 56 0.023 0.448 REAC:R-CFA-73887 rea Death Receptor Signalling 

0.00687 56 2388 29 0.012 0.518 REAC:R-CFA-70171 rea Glycolysis 

5.52E-21 528 2388 261 0.109 0.494 REAC:R-CFA-199991 rea Membrane Trafficking 

0.00275 10 2388 9 0.004 0.9 REAC:R-CFA-2470946 rea 
Cohesin Loading onto 
Chromatin 

0.0253 33 2388 18 0.008 0.545 REAC:R-CFA-2871796 rea 
FCERI mediated MAPK 
activation 

0.00901 11 2388 9 0.004 0.818 REAC:R-CFA-3371568 rea Attenuation phase 

3.53E-09 177 2388 94 0.039 0.531 REAC:R-CFA-3247509 rea 
Chromatin modifying 
enzymes 
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0.0181 81 2388 37 0.015 0.457 REAC:R-CFA-5357801 rea Programmed Cell Death 

0.000412 51 2388 30 0.013 0.588 REAC:R-CFA-397795 rea 
G-protein beta:gamma 
signalling 

0.0216 35 2388 19 0.008 0.543 REAC:R-CFA-8939243 rea 

RUNX1 interacts with co-
factors whose precise effect 
on RUNX1 targets is not 
known 
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Table A2: Correlations of gene pathway(Kanehisa, 2019) regulatory patterns and internal 

radiocesium activity in wolves from the CEZ.  

Pathway 
Correlation with 

IRA (p-value) 

% DE 

genes 

 
Base pair mismatch repair 0.000118 63.16%  

Cytokine-cytokine receptor 7.84E-05 70.12%  

Chemical carcinogenesis 0.000294 57.14%  

Chronic myeloid leukemia 

Pathway 
0.000118 53.33%  

Acute myeloid leukemia 4.39E-05 58%  

Transcriptional missregulation 

in cancer 
7.37E-05 53.12%  
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APPENDIX B 

CHAPTER 3 

Table B1. Microparasites tested form using qPCR in wolves and raccoon dogs from the 

Chernobyl Exclusion Zone.  

Pathogen 

Gray Wolf Raccoon Dog 

N. 
Belarus CEZ N. 

Belarus CEZ 

Positive         
Anaplasma phagoctophilum 0 0.1 0 0 
Babesia canis canids and              
Babesia conradae  

0 0.1 0 0.85 

Canine distemper virus  0.25 0 0 0 
Coronavirus  0.125 0 0 0 
Hepatozoon canis  0.5 0.2 0 0 
Rickettsia spp.  0 0 0 0.33 
Streptococcus equi zooepidemicus  0 0 0 0.33 

Negative         
Blastomyces dermatitidis  0 0 0 0 
Bordetella bronchiseptica  0 0 0 0 
Brucella canis  0 0 0 0 
Canine adenovirus type 2  0 0 0 0 
Canine Bartonella  0 0 0 0 
Canine herpes virus  0 0 0 0 
Canine parainfluenza virus  0 0 0 0 
Canine pneumovirus  0 0 0 0 
Coccidioides spp.  0 0 0 0 
Cryptococcus spp.  0 0 0 0 
Ehrlichia spp.  0 0 0 0 
Histoplasma capsulatum  0 0 0 0 
Influenza A (H3N2) virus 0 0 0 0 
Influenza A PCR  0 0 0 0 
Leishmania spp.  0 0 0 0 
Leptospira sp.  0 0 0 0 
Leptospira sp.  0 0 0 0 
Mycoplasma cynos  0 0 0 0 
Neospora caninum  0 0 0 0 
Toxoplasma gondii  0 0 0 0 
Trypanosoma cruzi  0 0 0 0 
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APPENDIX C 

CHAPTER 5 

 

 

Figure C1: Hierarchical cluster plot of global transcription in raccoon dogs. No samples appear 

as outliers. Radiation exposure estimate heatmap is in the red gradient with samples from 

norther Belarus (B22 and B23) having the lowest estimated exposure.  
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Figure C2: Network topology of raccoon dog transcriptome for identifying most appropriate soft-

thresholding powers. On the left is the scale-free fit topology across soft-thresholding 

power, and on the right is mean connectivity as a function of soft-thresholding power.  
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Figure C3. Smear plot of differentially expressed genes (in red) in the blood transcriptome of 

raccoon dogs from the CEZ 
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