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Abstract

Background Natural and anthropogenic disasters can have long-lasting impacts on the genetics and structure of
impacted populations. The 1986 Chernobyl Nuclear Power Plant disaster led to extensive contamination of the local
environment and the wildlife therein. Several ecological, environmental, and genetic studies reported various effects
of this disaster on animal, insect, and plant species; however, little work has been done to investigate the genetics of
the free-breeding dogs that occupy the Chernobyl Exclusion Zone (CEZ).

Results We define the population genetic structure of two groups of dogs that reside within the CEZ, one around
the reactor site itself and another living within Chernoby! City. We found little evidence of gene flow and a significant
degree of genetic differentiation between the two populations dogs, suggesting that these are two distinct popu-
lations despite occupying areas located just 16 km apart. With an Fs-based outlier analysis, we then performed a
genome-wide scan for evidence of directional selection within the dog populations. We found 391 outlier loci associ-
ated with genomic regions influenced by directional selection, from which we identified 52 candidate genes.

Conclusions Our genome scan highlighted outlier loci within or near genomic regions under directional selection,
possibly in response to the multi-generational exposure faced. In defining the population structure and identifying
candidate genes for these dog populations, we take steps towards understanding how these types of prolonged
exposures have impacted these populations.

Keywords Outlier analysis, Population structure, Environmental contamination, Chernobyl dogs

Plain English Summary

Wildlife populations can be greatly affected by disasters, whether they are natural or man-made. Disasters that
result in contamination or habitat destruction can result in population declines or influence wildlife adaptation to
these adverse environmental changes. The Chernobyl nuclear power plant disaster released an enormous quantity
of ionizing radiation into the surrounding environment. Abandonment of military and industrial facilities, as well as
subsequent cleanup and remediation efforts, resulted in further environmental contamination by a variety of non-
radioactive toxic metals, chemicals, and compounds. Earlier studies investigated local wildlife responses to some of
these exposures. In this study, we address the impact of this disaster on the population structure of free-breeding
dogs that live around the power plant and in the nearby city of Chernobyl. In particular, we use genetic approaches
to understand how these two populations of dogs interact and their breed composition, so that we may begin to
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understand how these populations have adapted to over 30 years of exposure to this harsh environment. In this foun-
dational study we determined that while the two local populations of dogs are separated by only 16 km, they have
very low rates of interpopulation migration. We also detected genetic evidence that suggests that these population
may have adapted to exposures faced over many generations. In future studies, we aim to determine if the genetic
variation detected is indeed a biological response to enable survival after multi-generational exposures to radiation,
heavy metals, organic toxins, or other environmental contaminants. In this way, we then understand how the impact
of environmental catastrophes such as the Chernobyl nuclear disaster can influence animal populations.

Background

Large-scale disasters, both natural and anthropogenic,
can have multiple direct and indirect impacts on wildlife
populations. Natural disasters such as tornadoes, vol-
canic eruptions, and hurricanes, as well as man-made
disasters such as oil spills, chemical leaks, and nuclear
accidents can have detrimental impacts on local spe-
cies, lasting for months or even years after the incident
[1-4]. Environmental contamination, habitat destruction,
and other stressors brought on by disasters can shape
the local wildlife populations quickly, especially when
the ecological changes can be extreme. These stressors
can prompt changes in the genetic population structure,
including loss of genetic diversity or selective sweeps. For
example, drastic changes such as pollution of the local
environment can induce rapid evolution, as evidenced by
adaptive toxicant resistance in Gulf killifish [5]. Carcino-
genic contaminants can also have direct impacts on the
DNA of individuals in the population, such as inducing
deleterious point mutations or chromosomal rearrange-
ments [6, 7].

One such disaster with lasting effects was the nuclear
disaster in the former Soviet Union at the Cherno-
byl Nuclear Power Plant (CNPP) on April 26, 1986.
This catastrophe resulted in the release of over 5,000
petabecquerels (PBq) of radioisotopes, including
134-Iodine, 90-Strontium and 137-Cesium, into the sur-
rounding environment [8]. Within 48 h of the accident,
tens of thousands of residents from nearby towns and
villages were evacuated. An area of approximately 700
km? (~30 km radius from the power plant) that spans
regions of northeastern Ukraine and southern Bela-
rus was established as the Chernobyl Exclusion Zone
(CEZ). Heavy metals, organics, and other environmen-
tal toxins left behind following decontamination and
remediation efforts, along with the abandonment of
military bases and industrial complexes, contributes
to ongoing contamination of the locale [9-12]. About
150,000 km? of land throughout Ukraine, Belarus, and
Russia, and especially in the area surrounding the now
decommissioned reactors of the CNPP, remains con-
taminated and predominantly abandoned, other than
a few remaining elderly residents [13]. Though 36 years

have passed, the roughly 30-year half-life of the pre-
dominant radionuclides, 137-Cs and 90-Sr, means that
the threat posed by radioactive contamination will
continue for another century. Some areas, especially
regions of the former “Red Forest’, remain significantly
more contaminated than others. In addition, spontane-
ous periodic wildfires near the power plant contribute
to resuspension of radionuclides and these events are
likely to continue [14]. The Russian army occupation of
the CNPP in Spring 2022 also led to soil disturbances
and a reported increase in radioactivity from around 1
millisievert (mSv) per year to 6.5 mSv/yr in the imme-
diate vicinity of the CNPP, although this increase does
not warrant a threat to public health according to a
recent assessment by the International Atomic Energy
Agency (IAEA) assessment [13, 15]. The potential of
natural disasters and anthropogenic disturbances to
increase the local radioactivity raises concern about our
understanding of how these events continue to impact
wildlife and cause adverse environmental impacts.

The Belarusian side of the CEZ was established as the
Polesie State Radioecological Preserve and includes a
formerly less populated, marshy environment, while the
Ukrainian side remains as an unofficial wildlife refuge
as it is largely uninhabited by humans. Nevertheless,
an established animal presence remains, and in some
cases, due to the absence of human activity, may be
thriving. Several studies have investigated the impact
of persistent radiation exposure, as well as other con-
taminants, on the wildlife in the CEZ. However, there
remains a lack of consensus on how this toxic environ-
ment has impacted various species. Ecological stud-
ies within the CEZ highlight a reduced abundance of
mammals in areas of higher radioactive contamina-
tion and research on dose reconstruction supports
this reduction [16, 17]. In contrast, other studies found
no discernible effects on abundance, even in heavily
contaminated regions [18, 19]. Recent work has high-
lighted local adaptation in different species, including
an adaptive response to oxidative stress in bird spe-
cies [20]. Hancock et al. [21] reportedly found evidence
of genetic response and adaptation to historic dose
radiation rates at the trans-generational level in voles.
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Despite these findings, few studies consider the com-
bined effects of chemical mixtures that include ionizing
radiation, heavy metals, organics, pesticides, and other
toxicants present within the CEZ.

Though Chernobyl wildlife has been the subject of pre-
vious ecological and genetic studies (e.g., [22-24]), lit-
tle is known about the genetics of a population of over
500 dogs occupying the area surrounding the CNPP and
Chernobyl City. This dog population has expanded in
the decades following the accident and is thought to be
comprised at least partially of descendants of pets left
behind during the chaotic evacuation in 1986 [25]. In
this scenario, it is intriguing to understand to what extent
the descendants of these abandoned dogs have adapted
to survive and sustain a growing population under these
extreme environmental conditions. Several prior stud-
ies have demonstrated that the dog may be regarded as
a sentinel species for the resultant health impacts of a
wide range of human environmental exposures [26, 27].
Understanding and extending the genetic and health
impacts of the exposure to both radiological and chemi-
cal insults in these dogs will strengthen the broader
understanding of how these types of adverse environ-
mental stressors can impact human health. This obser-
vation is made all the more relevant by the construction
and operation of two new interim storage facilities (ISF),
designed to process and store nuclear waste within the
CEZ, ISF1 and ISF2 [28]. In addition to the hundreds of
workers employed to construct, maintain, and operate
these facilities, many hundreds of other workers com-
mute daily by train from the nearby city of Slavutych
to continue work on remediation, deconstruction, and
maintenance of the former CNPP. These thousands of
daily workers are exposed to many of the same potential
environmental hazards in soil, water, and air as the resi-
dent dog populations, and thus examination of adverse
health effects in these animals may serve as proxy for a
variety of human exposures.

Our goal in this study was to 1) understand the genetic
structure of these dog populations and the degree of iso-
lation that exists within them, and 2) scan their genomes
for signatures of directional selection possibly tied to
local adaptation within the contaminated area. We
addressed these goals through genetic analyses of two
populations of free-breeding dogs within the CEZ that
face different degrees of exposure ([29]; Fig. 1): dogs
sampled in close proximity to the Chernobyl Nuclear
Power Plant (hereafter, Nuclear Power Plant dog popu-
lation) and dogs sampled approximately 16.5 km away
from the CNPP in Chernobyl City (Chernobyl City dog
population). By establishing the population structure and
relatedness between these populations, we can better
tease out any genomic differences related to directional
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selection. This will then help us to assess the prolonged
exposure of these contaminants for dog populations.
These dogs present a unique opportunity to study the
genomic response to multi-generational exposure to
environmental hazards.

Methods

Sample collection and genomic DNA isolation

Blood samples were collected from semi-feral dogs cap-
tured around the Chernobyl Nuclear Power Plant (NPP)
and 16.5 km away in Chernobyl City (CC). Blood sam-
ples were taken during sterilization and vaccination
procedures conducted by the Clean Futures Fund Dogs
of Chernobyl program in 2018 and 2019. In total, 116
unique dogs were included in the study, 60 from Nuclear
Power Plant and 56 from Chernobyl City (Fig. 1). Blood
samples were preserved in PAXGene Blood DNA tubes
(Qiagen) and transported at 0 °C back to the United
States for DNA extraction. We isolated genomic DNA
from 500 pL of whole blood using the Maxwell RSC
Whole Blood DNA kit (Promega) according to the manu-
facturer’s protocol. Following conventional QC for integ-
rity and concentration, each DNA sample was genotyped
using the Axiom Canine HD array (Thermo Fisher Scien-
tific), yielding data for over 710,000 single nucleotide pol-
ymorphism (SNP) loci aligned to the CanFam3 genome
build. All animal protocols, handling, husbandry, and
care were approved by the Columbia University Institu-
tional Animal Care and Use Committees (IACUC).

Variant filtering

We filtered variants through PLINK v1.9 [30] for all 116
unique individuals, and loci with a minor allele frequency
less than 5% (—maf 0.05) or that were missing genotype
calls in any individual (-geno 0) were removed. We used
the resultant 301,023 SNPs (hereafter referred to as the
301 K Set) for investigating genetic differentiation, popu-
lation assignment, and inbreeding within this study. To
perform a stringent outlier analysis, we also generated
a reduced dataset (84 K set) by applying a minor allele
frequency threshold of 35% to the 301 K set. For ana-
lyzing runs of homozygosity (ROH) across the genome,
we removed loci with missing genotypes (—geno 0) and
selected only autosomal SNPs (—chr 1:38). The ROH
dataset comprised 427,455 (427 K set).

Population assignment and clustering analysis

We conducted a principal components analysis (PCA)
and a discriminant analysis of principal components
(DAPC) using the 301 K Set in ADEGENET [31] (func-
tions: glPca, dapc) to investigate genetic differentiation
between the two populations. We retained 30 principal
components (PCs) following cross-validation procedures
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Fig. 1 Map of sampling locations. Zoomed in portion of map highlights cesium deposition across Chernobyl Exclusion Zone (blue outline) in
Northern Ukraine and a portion of Southern Belarus, adapted from Ager et al. [28]. Sampling locations are indicated, with Nuclear Power Plant
(N=60) in yellow and Chernoby! City (N=56) in blue
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in ADEGENET (xvalDapc). Clustering procedures for
the initial DAPC highlighted 12 individuals that grouped
with the opposite capture location (function: find.clus-
ters). We removed these individuals before further anal-
ysis and used SNP data for the remaining 104 dogs for
calculating Fg;, measuring heterozygosity, and identify-
ing outlier loci.

Genetic differentiation and inbreeding

We calculated pairwise Fg using Weir and Cockerham’s
estimator [32] over 1,000 bootstraps through the hierf-
stat package for R [33]. Due to the relative nature of Fg
estimates, we conducted a second analysis to compare
our pairwise Fg estimate to the pairwise values between
other free-breeding dog populations. For this second
analysis, we used open-source SNP data acquired and
published by Pilot et al. ([34, 35]; hereafter, Pilot et al.
dataset) and used hierfstat to also calculate pairwise Fgp
amongst free-breeding dog populations across Europe
and Asia. Pilot et al. [34] genotyped 324 individuals with
the CanineHD Whole-Genome Genotyping BeadChip
(Ilumina), so, to maintain consistency in our compari-
sons, we filtered each SNP dataset to retain only those
SNPs included on both the Illumina and Affymetrix
arrays and which were present in at least 50% of indi-
viduals in both datasets. This filtering resulted in 147,592
SNPs (147 K set). We recalculated pairwise Fg for Cher-
nobyl City and Nuclear Power Plant populations and then
calculated pairwise F for the free-breeding dog popula-
tions included in the Pilot et al. dataset, which included
dogs sampled in Poland, Slovenia, Iraq, Saudi Arabia,
Armenia, Central Russia, Eastern Russia, Kazakhstan,
Tajikistan, China, Mongolia, and Thailand.

We used the hierfstat package to measure observed
and expected heterozygosity for each locus, which we
compared across populations with a paired t-test with
the alpha corrected for multiple comparisons (corrected
a=o / 301,023). We used the R package SNPRelate [36]
to calculate individual inbreeding coefficients with Viss-
cher’s estimator as described by Yang et al. [37] and com-
pared measures between populations through Welch’s
two sample t-test. As an additional measure of inbreed-
ing, we analyzed runs of homozygosity (ROH) per indi-
vidual with PLINK (-homozyg). For this, we utilized
the 427 K Set for all 116 unique individuals, subset for
each population, because minor allele frequency filter-
ing can overlook homozygous stretches which limits
ROH detection [38]. This also allowed for more compre-
hensive coverage for the scans. We selected parameters
based on Sams and Boyko [39] and Morrill et al. [40] to
best accommodate SNP coverage for our data set: ROH
longer than 500 kb (~homozyg-kb 500), contained at
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least 50 SNPs (—homozyg-snp 50), and contained no
heterozygous calls (—~homozyg-window-het 0). Inverse
density (Kb/SNP) and gap size thresholds were set high
(~homozyg-density 5000, —homozyg-gap 1000) to ignore
[39]. We then calculated each individual’s Fryy, using the
proportion of genome covered by ROH as a measure of
inbreeding [38]. The Fypqy; scores, averaged across popu-
lations, were compared using Welch’s Two Sample t-test.

Migration and gene flow

To generate a measure of gene flow between the popu-
lations, we conducted analyses with MIGRATE using
Bayesian inference [41-43]. Beginning with the 301 K Set
for the 116 unique individuals, we used PLINK to filter
out alleles with a minor allele frequency under 50% (—maf
0.5) to target the most variable sites [44]. We evaluated
four different migration models for the 1,143 resultant
loci: a full migration model, two unidirectional migra-
tion models, and a panmixia model. For each locus,
the program visited 10,000,000 steps per parameter
(a*b*c) following a burn-in of 1,000,000 steps. We uti-
lized the default static heating scheme of four chains
with a Bayesian prior range of 0-0.01 for ® and a range
of 0—1,000,000 for M. We calculated log marginal likeli-
hoods (ImL) based on the Bezier approximation scores to
select the model that best described the migration pat-
terns [45]. MIGRATE generates ® values per population,
representing the product of effective population size and
mutation rate (4Ne*mu), and M, a mutation rate scaled
migration estimation (Migration/mu). These measures
can then be used to estimate how many migrants there
are per four generations, and how these contribute to the
genetic diversity of a population relative to mutation rate.

Breed analysis

We submitted blood-derived DNA from each dog for
analysis on the Wisdom Panel " (MARS). Using the cal-
culated percentages of breed matches, we classified pre-
dominant breeds as a breed contributing more than 10%
to the genetic lineage for each dog. We compared how
many breeds were present in each dog and analyzed the
breed counts between the populations using an unpaired
student’s t-test. We also utilized a PCA for breed com-
position between the populations. We compared the two
populations for the number of predominant breeds per
individual and the maximum percentage of a single breed
found within an individual. We also looked for significant
correlations between these breed-associated quantifica-
tions and ROH measures through calculation of Pearson’s
correlation coefficient in the stats R package (functions:
cor, cor_pmat).
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Fig. 2 DAPC and PCA highlight population clustering using SNP data (301 K set). A Discriminant analysis of principal components highlights
separation between populations, plotted across discriminant function 1. We retained 30 principal components and one discriminant axis after
cross-validation procedures. B Plot of principal component analysis for same SNP data with 30 retained principal components. PC1 (7.2% variance
explained) is plotted along the x-axis and PC2 (5.2% variance explained) is plotted along the y-axis

Outlier analysis

We used LOSITAN to identify outlier loci associated with
directional selection [46]. Outlier analyses such as these
frequently produce some degree of false positives [47].
To overcome this, we selected the 84 K set with a higher
MAF threshold for this analysis to highlight the strong-
est signals of selection and biasing towards genomic
regions with large effects. We included only the 104 dogs
that grouped with their capture location in the DAPC
for better identification of the differentiating loci in each

population. We ran 1,000,000 simulations and applied
a 95% confidence interval and a false discovery rate of
0.1. We considered loci significant when designated as
‘candidate positive selection’ and when the calculated
Fgr was higher than the expected Fg; in all simulations
(P(Simulated Fg<sample Fgp) =1).

The genome location of each significant SNP identified
using LOSITAN was expanded to a 10 kb genomic inter-
val of CanFam3 (5 kb either side of the SNP coordinates).
We then surveyed each of the 10 kb regions for the pres-
ence of genes and identified corresponding gene ontology



Page 7 of 14

(2023) 10:1

Dillon et al. Canine Medicine and Genetics

85€0°0 9rL0'0 VYEE00 S£00°0 £800°0 SLLo0 Lzioo 6/800 £¢/00 6C/.00 £Z10°0 6L10°0 LL00 eISsNY 1seg
zececo’o soloo v0€0°0 84200 s€00 66200 6€/00 89900 /5200 LEEO0 68£0°0 85€0°0 puejieyl
L¥10°0 29000 76000 Sv10°0 sLLo0 €/900 97500 #¢90°0 20200 66100 L¥10°0 eljobuopy
95200 89200 2€0°0 98200 €500 €5900 9800 y9€0°0  96£0°0 S€0°0 euly
Zr00°0 76000 15000 1900 6£S0°0 96500 £ELOO 91100 £00°0 uesyife]
v£00°0 6£00°0 ¥¢/00 £L500 1900 99000 L£00°0 25000 ueisypezey
v0L00 €800 98900 ¢0£00 82100 £cioo LLLO0 eissny [eljus)
L¥90°0 LS00 65500 Loo ZLLoo 65000 elusuly
£TY0°0 600 18800 51600 L0800 ¢ elqely Ipnes
/00 91,00 15200 S€900 | elqely Ipnes
9¢/00 16200 6900 bey|
€000 £€800°0 BIUSAOIS
$600°0 puejod
puejieyl ejobuoly  eulyd ueispjife]  uesyyezey  eissny [eAUI)  BlUSWIY g eiqely Ipnes | eiqely Ipnes bes eluanols puejod euebing

pazIDlje) pUB Pap|og (7£50'0) ddN /A DD 104 PRIBWINSS 18U} UBYY SS9 S2UNSBIU UIIM 135 BIRP [#€] (5107) (8 39 10|Id 10} Xinew 4 asimiteq L djqeL



Dillon et al. Canine Medicine and Genetics (2023) 10:1

Table 2 Average heterozygosity and inbreeding calculations
across Nuclear Power Plant (NPP) and Chernobyl City (CC)
populations. Observed and expected heterozygosity were
calculated per locus and averaged across loci and individuals for
each population. Paired t-tests were used to test for significant
differences between populations, and both measures were
found to be significantly different between populations.
Individual inbreeding coefficients and proportion of the
genome covered by ROH segments (Fgo) were calculated for
each individual and averaged across populations. Welch's two-
sample t-test was used to test for significant differences between
populations for these two measures. For resultant p-values, *
indicates p < 0.05; ** indicates p< 22 x 10716

Observed Expected Individual Fron *
Heterozygosity Heterozygosity Inbreeding
** ** Coefficients
NPP 0320 0319 0.003 145x107*
CcC 0337 0.344 0.033 1.02x 107

Table 3 MIGRATE generated modes of posterior distributions
for effective population size (©) for both Chernoby! City (CC) and
Nuclear Power Plant (NPP) and migration (M) for either direction.
© is the product of effective population size and mutation rate,
and M is scaled by mutation rate. Estimates of parameters and
95% credibility intervals based on 10,000,000 visited steps

Parameter Mode of the Posterior ~ 95% credibility interval
Distribution

O 0.00090 (0.00089, 0.00092)

Oup 0.00096 (0.00095, 0.00098)

Mcc o nep 8333 (666.7,1000.0)

My - 6333 (4000, 733.3)

(GO) terms through the Mouse Genome Informatics
Batch Query Search [48]. GO terms were evaluated for
putative associations towards the exposures faced within
the environment (e.g., GO:0,010,212 “response to ioniz-
ing radiation”).

Results

Population assignment and clustering analysis

Both DAPC and PCA showed discrimination between
the Nuclear Power Plant and Chernobyl City populations,
and clustering highlighted a similar structure (Fig. 2).
Most of the individuals clustered with their respective
population, but 12 dogs grouped with the opposite loca-
tion (7 from Nuclear Power Plant, 5 from Chernobyl
City). Plotting across the discriminant axis showed very
similar trends of population separation with minimal
crossover. We removed individuals that grouped with
the opposite capture location for the outlier analysis and
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calculation of Fy measures to allow for the best estima-
tion of loci driving genetic differentiation.

Genetic differentiation and inbreeding
The calculation of the pairwise Fg corroborated the pat-
terns found via PCA and DAPC (Fg;-=0.0574; p<0.01).
For our second Fg; analysis, where we aimed to compare
our results to the Eurasian free-breeding dog populations
using the 147 K set, we found a similar estimate for our
populations (Fg;=0.0572) The pairwise Fg;r measures
across free-breeding dog populations within the Pilot
et al. dataset ranged from 0.0043 to 0.0889 (Table 1).
Observed and expected heterozygosity per locus
were significantly higher within the CC population
after Bonferroni corrections for multiple compari-
sons (p<0.01 for all comparisons; Table 1). Individual
inbreeding coeflicients were higher on average within
the CC population but not significantly different
between the populations (p =0.14; Table 2; Supplemen-
tary Fig. 1). The Nuclear Power Plant population had
a higher quantity of ROH fragments and longer runs
on average than the individuals in the Chernobyl City
population. Individuals within the Nuclear Power Plant
population also had a larger portion of the genome cov-
ered with homozygous runs on average than the Cher-
nobyl City population (p < 0.05; Table 2, Fig. 3).

Migration and gene flow

We found the best fit for these populations with the full,
bidirectional migration model based on marginal likeli-
hood estimations (Full Model ImL =1). We estimated the
number of migrants per generation using the modes of ®
and M values for both migration to Chernobyl City from
Nuclear Power Plant and to Nuclear Power Plant from
Chernobyl City and generated estimates of 0.57 and 0.75
migrants every four generations, respectively (Table 3).
Though the parameters are scaled based on mutation
rate, which is not estimated here, larger values of M sug-
gest that migration accounts for a larger contribution of
genetic diversity than mutation.

Breed analysis

While the WISDOM PANEL may not have a com-
prehensive representation of breeds from which the
Nuclear Power Plant and Chernobyl City populations
may have been founded, we can still use the approach
to compare relative breed composition. All 61 of the
Nuclear Power Plant dogs and 52/55 of the Chernobyl
City dogs were identified as being at least 10% Ger-
man Shepherd Dog (GSD), according to the Wisdom
Panel . None of the sampled dogs in either the Nuclear
Power Plant or Chernobyl City populations were deter-
mined to be purebred, with both populations averaging
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Fig. 3 Proportion of the genome covered by runs of homozygosity (FROH) for individuals, plotted by population. Nuclear Power Plant (NPP) had
a significantly larger FROH on average than Chernoby! City (CC). Lower and upper hinges of the boxplot indicate 25th and 75th percentiles, and
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Fig.4 Average breed composition for an individual at Chernoby! City (CC) and Nuclear Power Plant (NPP). SNP data were used to predict breed
composition of each dog at CC and NPP, determined by reference to the Wisdom Panel database. Each breed contributing at least 10% to an
individual dog is referred to as a predominant breed. Sixteen predominant breeds were identified and all others contributing less than 10% were
combined into a single group referred to as‘Other Breeds' The stacked histogram reveals that while the populations at CC and NPP shared the same
level of contribution by ‘Other Breeds'there was variation in the contribution of the 16 predominant breeds

25 breed matches per dog. Further investigation of the =~ GSD was the most observed predominant breed, both
genetic ancestry of the dogs revealed that 17 of the populations also had moderate prevalence of Eastern
Nuclear Power Plant dogs and 21 of the Chernobyl City  European breeds, such as West Siberian Laika and Cau-
dogs had at least two predominant breeds (defined here  casian Shepherd Dog (Fig. 4). The Nuclear Power Plant
as a single breed contributing more than 10%). While  population had a high incidence of Canaan Dog, which
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was not seen within the Chernobyl City population at
the established rate for predominance. The PCA for the
breed analysis data did not fully separate the popula-
tions, but rather had a large amount of overlap (Sup-
plementary Fig. 2A).

The two populations have a similar breed makeup on
average, but dogs from the Nuclear Power Plant pop-
ulation tended to have a higher proportion of a single
breed (Supplementary Fig. 2B). To investigate whether
a higher proportion of a single breed was tied to higher
Fron we compared the breed measures to the differ-
ent ROH scores. The number of predominant breeds in
each dog was not tied to the number of ROH segments,
the average size of ROH fragments, nor the Fyqyy for
each individual according to Pearson’s correlation coef-
ficient (Supplementary Fig. 3). The maximum breed
score of one breed in any individual was also not signif-
icantly correlated to the number of ROH segments nor
to the Fpoy. There was a weak but significant positive
correlation between the maximum breed score and the
average size of the ROH segments (Correlation coeffi-
cient: 0.18; p-value: 0.049). Since the average size was
not a factor considered in evaluation of the Fyqyy, we
continue to utilize the Fyoy to evaluate inbreeding.

Outlier analysis

Through LOSITAN, we found 391 significant out-
lier loci and identified 165 genes that aligned to Can-
Fam3.1 within 10 Kb of the outlier loci. Fifty-two of
these genes, proximal to 67 outlier SNPs, have GO
terms that could be associated with exposure to the
contamination of the environment at the Nuclear
Power Plant. These include GO terms associated with
DNA repair, cell cycle signaling, response to radiation,
calcium ion binding, and immune function (Supple-
mentary Table 2). One of the candidate genes in prox-
imity to an outlier locus, for example, is X-Ray Repair
Cross Complementing 4 (xrcc4). xrcc4 plays a crucial
role in repairing ionizing radiation-induced double
stranded breaks through non-homologous end-joining
in mammals [49]. Contactin Associated Protein 2 (cnt-
nap?2) is an additional candidate gene and is tied to the
inflammatory response [50] through the same pathway
(Akt-mTOR) which can be influenced by exposure to
radiation [51].

Discussion

Natural and anthropogenic disasters can cause drastic
changes within the environment to which local wildlife
populations are sensitive [52]. In this study, we analyzed
the population genetic structure of free-breeding dogs
living within the Chernobyl Exclusion Zone, an area
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greatly affected by a well-recognized anthropogenic dis-
aster. Previous studies reported evidence for selection
and radio-adaptation for some species living around the
Chernobyl Nuclear Power Plant, as summarized in the
reviews from Mgller and Mousseau [53] and Cannon
and Kiang [54]. In classifying the population structure
of these dogs, we found putative genomic regions influ-
enced by directional selection and identified candidate
genes within the Chernobyl dogs.

We detected a significant degree of genetic differen-
tiation between the two populations of dogs sampled at
the Nuclear Power Plant and in Chernobyl City, along
with almost complete clustering at the population level
through the DAPC and PCA, corroborating trends that
were seen in identity by state clustering analyses in Spa-
tola et al. (in press). While the focus of Spatola et al. (in
press) was different, the studies are complementary in
that while Spatola et al. assessed a larger number of indi-
viduals (n=302) each with a smaller number of geno-
typed loci, we used a much larger number of genotyped
loci (~3X) and approx. half the number of individuals
(n=116) and were able to confirm the population genetic
structure they suggested. These results, along with the
pairwise Fg; estimates, suggest that the two populations
are maintained as separate groups and are breeding pre-
dominantly amongst themselves. This was further cor-
roborated by the comparative estimates across different
Europasian free-breeding dog populations in the Pilot
et al. dataset. Pilot et al. [34], found clustering among
free-breeding dog populations of similar areas but with
lower degrees of genetic structure across the dataset.
Their sampled populations, aside from populations sam-
pled in Middle Eastern countries, had lower pairwise Fg
than Nuclear Power Plant and Chernobyl City, despite
having much more geographic distance between them,
further suggesting these populations are distinct. We
suggest that this high level of differentiation among these
two geographically close populations could be prompted
by genetic drift, caused by small population sizes and
limited migration, or by strong selection not seen in the
Eurasian free-breeding dog populations.

Our MIGRATE results support the proposition of
genetic differentiation through low estimated migration
rate. Despite this, gene flow likely contributes more to
generate genetic variation within each population than
mutation does because the estimated M value is scaled by
mutation rate. Considering this, in conjunction with the
results of the MIGRATE analysis, we hypothesize that
these two populations likely do not have enough migrants
per generation to maintain a well-mixed larger popula-
tion. These two populations may also likely exist with dis-
tinct packs within them, as free-breeding dogs have been
shown to form packs similar to those of wild wolves,
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though they tend towards polygamy more than wolves
do [55]. Within these packs, free-breeding dogs may be
more likely to maintain the population genetic struc-
ture between the two sampled populations. At this stage,
however, random genetic drift is also a possible explana-
tion for the differences in allelic frequencies, especially as
these populations do not appear to be maintaining a large
degree of gene flow. With the more stringent filtering for
our outlier analysis, our goal was home in on genomic
regions (and thus, genes) more likely to be influenced by
stronger, more impactful selection pressures.

We found a slightly reduced degree of expected and
observed heterozygosity within the Nuclear Power Plant
population, which can be interpreted as a lower degree
of genetic diversity for that population. Fuller et al. [56]
found that an increased radiation dose rate for aquatic
invertebrate populations at Chernobyl was not correlated
with reduced genetic diversity — this raises questions
about the genetic signature of the founder population
which we aim to address in future studies. In addition to
finding a different degree of heterozygosity between the
Nuclear Power Plant and Chernobyl City populations,
we found that the Nuclear Power Plant population had a
higher degree of ROH coverage across the genome and
larger stretches of homozygous fragments. These longer,
more expansive ROHs indicate more recent inbreed-
ing events within the Nuclear Power Plant population. A
higher Fy; inbreeding score was previously tied to pure-
bred dogs, whereas mixed breed dogs or village dogs had
lower proportions of the genome covered by these ROH
fragments [40]. To investigate this possible explanation,
we considered the ROH measures compared to whether
the individual had more than one predominant breed,
along with the maximum breed score for each dog. While
the Chernobyl City population does have a smaller pro-
portion on average of single breed match and a higher
percentage of dogs with two predominant breeds present,
we found no significant correlations between these breed
measures and the calculated Froyy. Therefore, the differ-
ences between ROH coverage in the populations was not
tied to the breed identity of the dogs, but rather can be
considered as a representative measure of inbreeding
and points towards higher levels of inbreeding within the
Nuclear Power Plant population.

Our outlier analysis highlighted almost 400 loci with
allele frequencies resembling a response to selection.
These loci were proximal to genes that may be under
selective pressures and relevant to the varied environ-
mental pressures faced by these dogs. We found that 52
of the genes had associated Gene Ontology (GO) terms
for the molecular functions of gene products that are of
interest based on a putative response to the exposures
from the Chernobyl disaster. These candidate genes were
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of particular interest because they are involved in func-
tions such as DNA repair and cell cycle checkpoint pro-
gression, immune response, and calcium ion binding.
Our ongoing studies are designed to generate additional
measures to refine the identify of outlier loci representing
true signals of selection from those resulting from drift.
Several of the exposures faced by the population living
in the region of the Chernobyl Nuclear Power Plant are
known to be mutagenic. As we explore the genomes of
the dogs at this location, we aim to identify genome vari-
ants that were potentially induced by the prevailing mul-
tigenerational exposures and then subjected to ongoing
selective pressures to maintain them in the population.
Our long-term goal with this unique population of dogs
is to establish further evidence to evaluate the degree of
local adaptation and thus develop measures of the impact
of the exposures experience by these dogs.

Conclusion

Study of the dogs living within the CEZ offers a unique
opportunity to examine the long-term genetic and
health consequences of multi-generational exposure
to radiation, heavy metals, organic compounds, and
other environmental toxicants. The present study takes
steps towards understanding these consequences of
these adverse environmental exposures by classifying
the genetic structure of these populations. Our findings
demonstrate genetic population differentiation between
the two sampled dog populations at the Nuclear Power
Plant and Chernobyl City. Despite having similar breed
makeup and being separated by only a short geographic
distance, these free-breeding dog populations are repro-
ducing independently of each other and co-occur with
little gene flow. Through our outlier analysis, we identi-
fied genomic regions that have diverse allele frequencies
between the populations, including candidate genes such
as xrcc4 and cntnap2. Our findings are likely to inform
future studies, where we intend to search these genomic
regions and candidate genes for variants, novel and pre-
viously documented, to further evaluate the degree of
local adaptation within the Nuclear Power Plant and
Chernobyl City populations. This approach permits us
to pursue the identification of local adaptation as we
continue to study the genetics of this distinctive group
of dogs. This work, and future studies with these canine
populations, will advance our broader understanding on
the genetic effects of prolonged exposures to both radia-
tion and non-radiation toxic exposures, and the findings
potentially more broadly applicable to the adverse health
effects of other environmental nuclear and non-nuclear
disasters in both animal and humans.
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Abbreviations

CNPP Chernobyl Nuclear Power Plant

IAEA International Atomic Energy Agency

CEZ Chernobyl Exclusion Zone

NPP Nuclear Power Plant (dog population)

CcC Chernobyl City (dog population)

SNP Single Nucleotide Polymorphism

MAF Minor allele frequency

PCA Principal component analysis

DAPC Discriminant analysis of principal components
ROH Runs of homozygosity

Kb Kilobase

M Mutation scaled migration rate (migration/mu)
) Mutation adjusted population size (4Ne*mu)
GSD German shepherd dog

GO Gene Ontology

ISF Interim storage facilities

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540575-023-00124-1.

Additional file 1. This file contains supplementary figures 1-3 including a
plot of individual inbreeding coefficients, a breed PCA and plot of highest
breed match, and a correlation plot for ROH measures compared to breed
measures.

Additional file 2: Supplementary table 2.

Acknowledgements

We would like to acknowledge Clean Futures Fund+, SPCA International

for their critical roles in the sampling of the dogs through their vaccination/
sterilization clinics. In particular, we are very grateful for help and support of
Lucas Hixson, Erik Kambarian, Angela Elia, and Gabriella Spatola. We also thank
Jordan Chertok, Kayla Russell, Natalia Hank, Courtney Rulison, Jake Hecla, and
all the volunteers who participated in the Dogs of Chernobyl animal wellness
campaigns for their assistance with field work, sample collection, and helpful
suggestions. We are especially grateful to the Samuel Freeman Charitable
Trust for sustained support of the USC-CRI Chernobyl field station. Logistical
support for field operations in Ukraine was provided by Gennadi Milinevsky,
Igor Chizhevsky, Serhii Kireev, and Victor Krasnov. Additionally, we would like
to thank the team at Wisdom Panel for their help with breed identification. MD
is supported in part by the GG Scholars graduate training program as part of
the NC State University Genetics and Genomics Academy.

Authors’ contributions

MND contributed to the project design, data analysis, and the writing and
editing of the manuscript. RT generated data and contributed to the editing
of the manuscript. TAM contributed to logistical support, sampling and pro-
ject conceptualization and to the editing of the manuscript. JAB contributed
to logistical support and sampling, and to the editing of the manuscript. NJK
contributed to the sampling and project conceptualization and to the editing
of the manuscript. MOBR contributed to the design of the analyses, data
analysis, and to the editing of the manuscript. MB contributed to the project
conceptualization, design of the analyses, data analysis, and to the editing of
the manuscript. All authors read and approved the final manuscript.

Funding

This work was funded by an award from Cancer Genomics Fund to MB.The
funding body had no role in study design, data collection, analysis, or interpre-
tation, nor did they contribute to the writing of the manuscript or the decision
to publish these results. Logistical support in Ukraine was supported by
funding from the Clean Futures Fund Dogs of Chernobyl program, SPCAI, the
Samuel Freeman Charitable Trust, and the Office of Research and the South
Carolina Honors College at the University of South Carolina.

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request. Publicly available data that

Page 12 of 14

was accessed for the current study is available from DRYAD at https://doi.org/
10.5061/dryad.078nc [34, 35].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Molecular Biomedical Sciences, College of Veterinary
Medicine, North Carolina State University, Raleigh, NC, USA. >Department

of Biological Sciences, North Carolina State University, Raleigh, NC, USA.
*Department of Biological Sciences, University of South Carolina, Columbia,
SC, USA. 4Visiting Veterinarians International, 9825 SE Tower Dr, Damascus, OR,
USA. °Department of Environmental Health Sciences, Mailman School of Pub-
lic Health, Columbia University, New York, NY, USA. ®Comparative Medicine
Institute, North Carolina State University, Raleigh, NC, USA. ’Center for Human
Health and the Environment, North Carolina State University, Raleigh, NC, USA.
8Cancer Genetics, UNC Lineberger Comprehensive Cancer Center, University
of North Carolina, Chapel Hill, NC, USA. °Duke Cancer Institute, Duke Univer-
sity, Durham, NC, USA.

Received: 5 December 2022 Accepted: 16 February 2023
Published online: 08 March 2023

References

1. Peterson CJ. Catastrophic wind damage to North American for-
ests and the potential impact of climate change. Sci Total Environ.
2000;262(3):287-311.

2. Peterson CH, Rice SD, Short JW, Esler D, Bodkin JL, Ballachey BE, et al.
Long-term ecosystem response to the Exxon Valdez oil spill. Science.
2003;302(5653):2082-6.

3. Patrick CJ, Yeager L, Armitage AR, Carvallo F, Congdon VM, Dunton KH,
et al. A System Level Analysis of coastal ecosystem responses to hurricane
impacts. Estuaries Coasts. 2020;43(5):943-59.

4. Cunningham K, Hinton TG, Luxton JJ, Bordman A, Okuda K, Taylor LE, et al.
Evaluation of DNA damage and stress in wildlife chronically exposed to
low-dose, low-dose rate radiation from the Fukushima Dai-ichi Nuclear
Power Plant accident. Environ Int. 2021;1(155): 106675.

5. Oziolor EM, Reid NM, Yair S, Lee KM, GubermanVerPloeg S, Bruns PC,
et al. Adaptive introgression enables evolutionary rescue from extreme
environmental pollution. Science. 2019;364(6439):455-7.

6. GlazkoV, Glazko T. Laws of Anthropogenic (Ecological) Disasters—The
example of the Chernobyl accident. Biotechnol Biotechnol Equip.
2011;25(4):2561-5.

7. Nikiforov YE. Radiation-induced thyroid cancer: What we have learned
from Chernobyl. Endocr Pathol. 2006;17(4):307-18.

8. United Nations Scientific Committee on the Effects of Atomic Radia-
tion (UNSCEAR). Sources and effects of ionizing radiation: UNSCEAR
2000 report to the general assembly, with scientific annexes. US: United
Nations; 2000. Report no. A/55/46. Available from: https://www.unscear.
org/docs/publications/2000/UNSCEAR_2000_Report_Vol.l.pdf.

9. USSR State Committee on the Utilization of Atomic Energy. The accident
at the Chernobyl'nuclear power plant and its consequences. SU: Inter-
national Atomic Energy Agency (IAEA). 1986. Report no. INIS-mf--10523.
Available from: https://inis.iaea.org/search/18001971.

10. Shabalev S, Burakov BE, Anderson EB. General Classification of "Hot”
Particles from the Nearest Chernobyl Contaminated Areas. Mater Res Soc
Symp Proc. 1996;465:1343.

11. National Academies of Sciences, Engineering, and Medicine. Companion
Animals as Sentinels for Predicting Environmental Exposure Effects on
Aging and Cancer Susceptibility in Humans: Proceedings of a Workshop.


https://doi.org/10.1186/s40575-023-00124-1
https://doi.org/10.1186/s40575-023-00124-1
https://doi.org/10.5061/dryad.078nc
https://doi.org/10.5061/dryad.078nc
https://www.unscear.org/docs/publications/2000/UNSCEAR_2000_Report_Vol.I.pdf
https://www.unscear.org/docs/publications/2000/UNSCEAR_2000_Report_Vol.I.pdf
https://inis.iaea.org/search/18001971

Dillon et al. Canine Medicine and Genetics

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(2023) 10:1

Washington, DC: The National Academies Press; 2022. Available from:
https://nap.nationalacademies.org/read/26547 doi: https://doi.org/10.
17226/26547.

Higginbotham A. The Liquidators. In: Midnight in Chernobyl: The Untold
Story of the World's Greatest Nuclear Disaster. New York, NY: Simon &
Schuster Paperbacks; 2019. p. 239-60.

International Atomic Energy Agency (IAEA). Legacy: health, environmen-
tal and socio-economic impacts and recommendations to the govern-
ments of Belarus, the Russian federation and Ukraine. AT: IAEA division of
public information; 2006. Report no. 06-09181. Available from: https://
www.iaea.org/sites/default/files/chernobyl.pdf.

Evangeliou N, Zibtsev S, Myroniuk V, Zhurba M, Hamburger T, Stohl A,

et al. Resuspension and atmospheric transport of radionuclides due to
wildfires near the Chernobyl Nuclear Power Plant in 2015: An impact
assessment. Sci Rep. 2016;6(1):26062.

Statement by the IAEA Director General on Situation in Ukraine [Internet].
2022 [cited 2022 Nov 4]. Available from: https://www.youtube.com/
watch?v=YjurGXDNDel

Mgller AP, Mousseau TA. Assessing effects of radiation on abundance of
mammals and predator—prey interactions in Chernobyl using tracks in
the snow. Ecol Indic. 2013;1(26):112-6.

Beaugelin-Seiller K, Garnier-Laplace J, Della-Vedova C, Métivier JM, Lep-
age H, Mousseau TA, et al. Dose reconstruction supports the interpreta-
tion of decreased abundance of mammals in the Chernobyl Exclusion
Zone. Sci Rep. 2020;10(1):14083.

Deryabina TG, Kuchmel SV, Nagorskaya LL, Hinton TG, Beasley JC, Lere-
bours A, et al. Long-term census data reveal abundant wildlife popula-
tions at Chernobyl. Curr Biol. 2015;25(19):R824-6.

Webster SC, Byrne ME, Lance SL, Love CN, Hinton TG, Shamovich D, et al.
Where the wild things are: influence of radiation on the distribution of
four mammalian species within the Chernobyl Exclusion Zone. Front Ecol
Environ. 2016;14(4):185-90.

Galvan |, Bonisoli-Alquati A, Jenkinson S, Ghanem G, Wakamatsu

K, Mousseau TA, et al. Chronic exposure to low-dose radiation at
Chernobyl favours adaptation to oxidative stress in birds. Funct Ecol.
2014,28(6):1387-403.

Hancock S, Vo NTK, Goncharova RI, Seymour CB, Byun SH, Mothersill CE.
One-decade-spanning transgenerational effects of historic radiation dose
in wild populations of bank voles exposed to radioactive contamination
following the Chernobyl nuclear disaster. Environ Res. 2020;180: 108816.
Mgller AP, Barnier F, Mousseau TA. Ecosystems effects 25 years

after Chernobyl: pollinators, fruit set and recruitment. Oecologia.
2012;170(4):1155-65.

Lerebours A, Robson S, Sharpe C, Nagorskaya L, Gudkov D, Haynes-Lovatt
C, et al. Transcriptional Changes in the Ovaries of Perch from Chernobyl.
Environ Sci Technol. 2020;54(16):10078-87.

Mousseau TA. The biology of Chernobyl. Annu Rev Ecol Evol Syst.
2021;52:87-109.

Turnbull J. Checkpoint dogs: Photovoicing canine companionship in the
Chernobyl Exclusion Zone. Anthropol Today. 2020;36(6):21-4.

Backer LC, Grindem CB, Corbett WT, Cullins L, Hunter JL. Pet dogs

as sentinels for environmental contamination. Sci Total Environ.
2001;274(1):161-9.

Wise CF, Hammel SC, Herkert N, Ma J, Motsinger-Reif A, Stapleton HM,

et al. Comparative exposure assessment using silicone passive samplers
indicates that domestic dogs are sentinels to support human health
research. Environ Sci Technol. 2020;54(12):7409-19.

Dalton D. Chernobyl / First Spent Nuclear Fuel Canister Loaded In ISF-2
Storage Facility [Internet]. NucNet: The Independent Global Nuclear News
Agency. 2020 [cited 2022 Nov 8]. Available from: https.//www.nucnet.
org/news/first-spent-nuclear-fuel-canister-loaded-in-isf-2-storage-facil
ity-11-4-2020

Ager AA, Lasko R, Myroniuk V, Zibtsev S, Day MA, Usenia U, et al. The
wildfire problem in areas contaminated by the Chernobyl disaster. Sci
Total Environ. 2019;696: 133954.

Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-
generation PLINK: rising to the challenge of larger and richer datasets.
Gigascience. 2015;4(1):7.

Jombart T. adegenet: a R package for the multivariate analysis of genetic
markers. Bioinformatics. 2008;24(11):1403-5.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Page 13 of 14

Weir BS, Cockerham CC. Estimating F-statistics for the analysis of popula-
tion structure. Evolution. 1984;38(6):1358-70.

Goudet J. hierfstat, a package for r to compute and test hierarchical
F-statistics. Mol Ecol Notes. 2005;5(1):184-6.

Pilot M, Malewski T, Moura AE, Grzybowski T, Oleriski K, Rus¢ A, et al. On
the origin of mongrels: evolutionary history of free-breeding dogs in
Eurasia. Proc Biol Sci. 2015;282(1820):20152189.

Pilot M, Malewski T, Moura AE, Grzybowski T, Oleriski K, Rus¢ A, et al. Data
from: On the origin of mongrels: evolutionary history of free-breeding
dogs in Eurasia [Internet]. Dryad; 2015 [cited 2022 Nov 7]. Available from:
http://datadryad.org/stash/dataset/doi:10.5061/dryad.078nc

Zheng X, Levine D, Shen J, Gogarten SM, Laurie C, Weir BS. A high-per-
formance computing toolset for relatedness and principal component
analysis of SNP data. Bioinformatics. 2012;28(24):3326-8.

Yang J, Benyamin B, McEvoy BP, Gordon S, Henders AK, Nyholt DR, et al.
Common SNPs explain a large proportion of the heritability for human
height. Nat Genet. 2010;42(7):565-9.

Meyermans R, Gorssen W, Buys N, Janssens S. How to study runs of
homozygosity using PLINK? A guide for analyzing medium density SNP
data in livestock and pet species. BMC Genomics. 2020;21(1):94.

Sams AJ, Boyko AR. Fine-scale resolution of runs of homozygosity reveal
patterns of inbreeding and substantial overlap with recessive disease
genotypes in domestic dogs. G3 (Bethesda). 2019,9(1):117-23.

Morrill K, Hekman J, Li X, McClure J, Logan B, Goodman L, et al. Ancestry-
inclusive dog genomics challenges popular breed stereotypes. Science.
2022;376(6592):eabk0639.

Beerli P. How to use MIGRATE or why are Markov chain Monte Carlo
programs difficult to use? In: Rizzoli A, Vernesi C, Bertorelle G, Hauffe HC,
Bruford MW, editors. Population Genetics for Animal Conservation [Inter-
net]. Cambridge: Cambridge University Press; 2009 [cited 2022 Oct 20].
p. 42-79. Available from: https://www.cambridge.org/core/books/popul
ation-genetics-for-animal-conservation/how-to-use-migrate-or-why-are-
markov-chain-monte-carlo-programs-difficult-to-use/8AE833A69DFE912
44AD5507B0048D226

Beerli P. Comparison of Bayesian and maximum-likelihood inference of
population genetic parameters. Bioinformatics. 2006;22(3):341-5.

Beerli P, Felsenstein J. Maximum likelihood estimation of a migration
matrix and effective population sizes in n subpopulations by using a
coalescent approach. Proc Natl Acad Sci U S A. 2001;98(8):4563-8.

Beerli P, Mashayekhi S, Sadeghi M, Khodaei M, Shaw K. Population genetic
inference with MIGRATE. Curr Protoc Bioinformatics. 2019;68(1): e87.
Beerli P, Palczewski M. Unified framework to evaluate panmixia and
migration direction among multiple sampling locations. Genetics.
2010;185(1):313-26.

Antao T, Lopes A, Lopes RJ, Beja-Pereira A, Luikart G. LOSITAN: A work-
bench to detect molecular adaptation based on a Fst-outlier method.
BMC Bioinformatics. 2008;9(1):323.

Hoban S, Kelley JL, Lotterhos KE, Antolin MF, Bradburd G, Lowry DB, et al.
Finding the genomic basis of local adaptation: Pitfalls, practical solutions,
and future directions. Am Nat. 2016;188(4):379-97.

Bult CJ, Blake JA, Smith CL, Kadin JA, Richardson JE, the Mouse Genome
Database Group. Mouse Genome Database (MGD) 2019. Nucleic Acids
Res. 2019;47(D1):D801-6.

Mahaney B, Meek K, Lees-Miller S. Repair of ionizing radiation-induced
DNA double-strand breaks by non-homologous end-joining. Biochem J.
2009;1(417):639-50.

Xing X, Wu K, Dong Y, Zhou Y, Zhang J, Jiang F, et al. Hyperactive
Akt-mTOR pathway as a therapeutic target for pain hypersensitivity in
Cntnap2-deficient mice. Neuropharmacology. 2020;15(165): 107816.
Multhoff G, Radons J. Radiation, inflammation, and immune responses in
cancer. Front Oncol. 2012;4(2):58.

Butchart SHM, Walpole M, Collen B, van Strien A, Scharlemann JPW,
Almond REA, et al. Global biodiversity: indicators of recent declines. Sci-
ence. 2010;328(5982):1164-8.

Mgller AP, Mousseau TA. Are organisms adapting to ionizing radiation at
Chernobyl? Trends Ecol & Evol. 2016;31(4):281-9.

Cannon G, Kiang JG. A review of the impact on the ecosystem after ion-
izing irradiation: wildlife population. Int J Radiat Biol. 2022;98(6):1054—-62.
Natoli E, Bonanni B, Cafazzo S, Mills DS, Pontier D, Pilot M. Genetic infer-
ence of the mating system of free-ranging domestic dogs. Behav Ecol.
2021;32(4):646-56.


https://nap.nationalacademies.org/read/26547
https://doi.org/10.17226/26547
https://doi.org/10.17226/26547
https://www.iaea.org/sites/default/files/chernobyl.pdf
https://www.iaea.org/sites/default/files/chernobyl.pdf
https://www.youtube.com/watch?v=YjurGXDNDeI
https://www.youtube.com/watch?v=YjurGXDNDeI
https://www.nucnet.org/news/first-spent-nuclear-fuel-canister-loaded-in-isf-2-storage-facility-11-4-2020
https://www.nucnet.org/news/first-spent-nuclear-fuel-canister-loaded-in-isf-2-storage-facility-11-4-2020
https://www.nucnet.org/news/first-spent-nuclear-fuel-canister-loaded-in-isf-2-storage-facility-11-4-2020
http://datadryad.org/stash/dataset/doi:10.5061/dryad.078nc
https://www.cambridge.org/core/books/population-genetics-for-animal-conservation/how-to-use-migrate-or-why-are-markov-chain-monte-carlo-programs-difficult-to-use/8AE833A69DFE91244AD5507B0048D226
https://www.cambridge.org/core/books/population-genetics-for-animal-conservation/how-to-use-migrate-or-why-are-markov-chain-monte-carlo-programs-difficult-to-use/8AE833A69DFE91244AD5507B0048D226
https://www.cambridge.org/core/books/population-genetics-for-animal-conservation/how-to-use-migrate-or-why-are-markov-chain-monte-carlo-programs-difficult-to-use/8AE833A69DFE91244AD5507B0048D226
https://www.cambridge.org/core/books/population-genetics-for-animal-conservation/how-to-use-migrate-or-why-are-markov-chain-monte-carlo-programs-difficult-to-use/8AE833A69DFE91244AD5507B0048D226

Dillon et al. Canine Medicine and Genetics (2023) 10:1

56. Fuller N, Ford AT, Lerebours A, Gudkov DI, Nagorskaya LL, Smith JT.
Chronic radiation exposure at Chernobyl shows no effect on genetic

diversity in the freshwater crustacean, Asellus aquaticus thirty years on.

Ecol Evol. 2019;9(18):10135-44.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Population dynamics and genome-wide selection scan for dogs in Chernobyl
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Sample collection and genomic DNA isolation
	Variant filtering
	Population assignment and clustering analysis
	Genetic differentiation and inbreeding
	Migration and gene flow
	Breed analysis
	Outlier analysis

	Results
	Population assignment and clustering analysis
	Genetic differentiation and inbreeding
	Migration and gene flow
	Breed analysis
	Outlier analysis

	Discussion
	Conclusion
	Anchor 23
	Acknowledgements
	References


