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ABSTRACT

Jernfors, Toni

Metabolic and genomic characteristics of bank voles exposed to radionuclides
Jyvéaskyld: University of Jyvaskyld, 2021, 55 p.

(JYU Dissertations

ISSN 2489-9003; 507)

ISBN 978-951-39-9108-1

Diss.

Organisms defend against external disturbances using various metabolic and
genomic methods. Organisms experience stress when the disturbances grow
severe enough to debilitate survival or reproduction. Low dose ionising radia-
tion of environmental radionuclides is a form of contamination whose long-
term metabolic and genomic effects on wild populations on the molecular level
are not well understood. In this thesis I assess the metabolic and genomic con-
sequences of inhabiting an environment polluted by radionuclides derived
from the 1984 nuclear accident of Chernobyl, Ukraine, in the bank vole (Myodes
glareolus) using techniques such as quantitative PCR, RN A-sequencing, 16S am-
plicon sequencing of gut microbiota, high precision liquid chromatography and
gut tissue histology. I show that environmental radionuclides elicit expression
changes in DNA repair mechanisms, fatty acid energy metabolism and mito-
chondrial function, which may facilitate oxidative balance. I also show that di-
rect impact of radiation on the host rather than indirect effects through changes
in gut microbiota composition better explain the observed metabolic changes.
Moreover, bank voles exposed to radiation show immunosuppression and re-
duced mucus production in the colon, which may increase risk of infection. Fur-
thermore, I show that voles exposed to radionuclides exhibit higher ribosomal
DNA copy number, possibly improving genomic stability. Overall, inhabiting
an environment contaminated by radionuclides possibly impacts metabolic and
other regulatory mechanisms, causing diverse symptoms. Study of wildlife’s
responses and its capabilities to survive anthropogenic disturbances continues
to increase in importance along with increase in human population and land
use.

Keywords: Chernobyl; environmental stress; low dose ionising radiation; me-
tabolism; ribosomal DNA; RNA-sequencing; short chain fatty acids.

Toni Jernfors, University of Jyviskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland
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Elit puolustautuvat ulkoisia héiridtekijoitd vastaan erilaisin metabolisin ja ge-
nomisin keinoin. Stressiksi kutsutaan tilannetta, jossa hdirididen suuruus tai
kesto alkaa vaikuttaa haitallisesti eldimen selviytymiseen tai lisddntymiseen.
Ympadriston radionuklideista johtuva jatkuva matala-annoksinen séteily on
saastumisen muoto, jonka pitkdn aikavailin vaikutuksia elidihin on vain vahan
tutkittu molekyylitasolla. Viitoskirjassani tutkin, millaisia metabolisia ja geno-
misia seurauksia radionuklidien saastuttamalla Tshernobylin (Ukraina) ydin-
onnettomuusalueella eldminen aiheuttaa villeilld metsdamyyrdpopulaatioilla
(Myodes glareolus) kdyttdaen useita menetelmid kuten kvantitatiivista PCR:&4d,
RNA-sekvensointia, suolistomikrobiomin 16S-amplikonisekvensointia, korkean
erotuskyvyn nestekromatografiaa ja paksusuolen kudosvarjayksid. Osoitan, etta
ympdriston radionuklidit aiheuttavat muutoksia DNA:n korjaukseen, rasva-
happojen energia-aineenvaihduntaan ja mitokondrioiden toimintaan liittyvien
geenien ilmenemiseen, mikd mahdollisesti parantaa oksidatiivista tasapainoa.
Osoitan my®os, ettd sdteilyn suorat vaikutukset todenndkdisemmin selittaviét ai-
neenvaihdunnallisia muutoksia myyrissd kuin epdsuorat vaikutukset suoliston
mikrobiston kautta. Lisdksi séteilylle altistuneilla metsamyyrilld havaittiin im-
eritystd, mikd voi lisdtd infektion riskid. Lopuksi osoitan, ettd sateilylle altis-
tuneilla myyrilld havaittiin korkeampaa ribosomaalisen DNA:n kopioluku-
madrad, mikd saattaa lisdtd genomin tasapainoa. Tulokset osoittavat yleistetysti,
ettd pitkdaikainen ympariston stressi todenndkoisesti vaikuttaa aineenvaihdun-
nallisiin ja muihin sddnteleviin mekanismeihin aiheuttaen monipuolista oirei-
lua. Luonnonvaraisen elioston kykyyn vastata ihmisperdisiin hdirioihin liitty-
van tutkimuksen tarkeys lisddntyy sitd mukaa, kun vdeston méaarad ja maankayt-
to lisddntyvat.

Avainsanat: Aineenvaihdunta; lyhytketjuiset rasvahapot; ionisoiva siteily; ribo-
somaalinen DNA; RNA-sekvensointi; TSernobyl; ympéristostressi.

Toni Jernfors, Jyvdskylin yliopisto, Bio- ja ympiristotieteiden laitos PL 35, 40014 Jy-
viskyldn yliopisto
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1 INTRODUCTION

1.1 Environmental change and stress in the anthropocene

Anthropogenic effects such as land use, pollution, climate change, habitat loss
and propagation of invasive species have made humanity a major selective
force in the ecosphere (Palumbi 2001, Acevedo-Whitehouse and Duffus 2009).
Anthropogenic factors impose “stress” on wildlife, and the human ecological
footprint has led to accelerated rates of local extinctions and species loss
(Barnosky et al. 2011), suggesting that processes of genetic adaptation are insuf-
ficient to promote survival in changing environments as they can take tens of
generations to take effect (Urban et al. 2014). Organisms can cope with homeo-
static disturbances in the short term by metabolic adjustments or in the long
term by inducing acclimatized phenotypes during development. However,
when stress occurs chronically or at high intensity, overproduction of stress re-
sponse mediators can begin to cause pathological damage or otherwise fail to
control homeostasis, thus harming health (Del Giudice et al. 2018). Indeed, an-
thropogenic effects have accelerated phenotypic change in wildlife (Hendry et
al. 2008, Merild and Hendry 2014, Urban et al. 2014, Lourenco et al. 2016, Alberti
et al. 2017). As biodiversity is closely linked to human health, wellbeing and so-
cietal needs (Romanelli et al. 2015), study of wildlife’s responses and its capabil-
ities to survive anthropogenic disturbances continues to increase in importance
as the human population and land use are likely to rise in the future.

1.2 Homeostatic control mechanisms

1.2.1 Homeostatic control and stress

Although the concept of stress is impossibly broad, in biological systems it can
generally be understood that stress occurs when a biological control system
fails to control a fitness-maintaining variable that can be either internal or ex-
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ternal to the organism. On systemic level, organisms respond to homeostatic
disturbances by mounting a wide variety of responses such as maintenance and
control of physiological variables (e.g., blood pressure, blood electrolytes, body
temperature), mode of primary metabolism (emphasis of glycolysis or fatty acid
oxidation), and cellular homeostasis (oxidative balance, DNA repair) (Del
Giudice et al. 2018) (Fig. 1). Control of homeostatic variables is broadly catego-
rized under two strategies, the feedback and feedforward mechanisms. Briefly,
in feedback control, a variable e.g. blood pressure is monitored and, in instance
of deviation from a reference level, a response occurs. Feedforward controllers
in turn can incorporate information from past and present stressors, predicting
future disturbances and allowing rapid response. “Stress” occurs when a dis-
turbance cannot be controlled for due to its amplitude of frequency, impacting
survival or reproductive success (Koolhaas et al. 2011).

Chronic, health-impairing stress is exemplified by the immunosuppressive
effects of stress hormones such as glucocorticoids. The immune system is ex-
pensive in resources and energy, thus in the short-term immunosuppression
helps reroute energy to more immediate responses such as wound healing or
detoxification. However, prolonged stress can have debilitating effects on an
organism’s immunocompetence. Indeed, increased parasite load and risk of
disease in wildlife is a common consequence of environmental pollution
(Acevedo-Whitehouse and Duffus 2009).

The capability to mount suitable stress responses is an integral component
of plasticity and thus survival in environments that are being changed by hu-
man action. Recently, there has been growing evidence on diverse mechanisms
that may provide additional flexibility for coping with stress in the long-term
due to their (1) effects on the organism’s phenotype, (2) inducibility by the envi-
ronment and (3) partial heritability, potentially promoting survival in changing
environments on a population level (Alberdi et al. 2016, Danchin et al. 2019). In
the next section I present two such elements of interest: the gut microbiota and
ribosomal DNA copy number variation (Fig. 1).
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FIGURE1 Stress-responsive physiological and genomic characteristics studied in this
thesis. Organisms mount various systemic responses when subjected to envi-
ronmental stress that can fail when the duration or intensity of stress factors
exceed the scope of responses.

1.2.2 Gut microbiota

The gut microbiota is a community of predominantly bacteria, microfungi and
protists that reside in the animal gastrointestinal tract in a symbiotic relation-
ship with the host (Shreiner et al. 2015). Gut microbiota provides various ser-
vices to the host, such as aid in digestion of foodstuffs (Gentile and Weir 2018),
regulation of gut development and physiology (Birchenough et al. 2015,
Schroeder 2019), regulation of host metabolism (den Besten et al. 2013, Canfora
et al. 2015), facilitation of host immune system (Hooper et al. 2012) and prevent-
ing colonization by pathogenic microbes in the gut (Pickard et al. 2017). The gut
microbiota affect host feeding behavior and neuronal development (Sampson
and Mazmanian 2015), exemplifying the close symbiotic relationship with the
host.

The composition of gut microbiota is affected by various factors, most no-
tably by diet (David et al. 2014), and by other environmental factors such as sea-
son (Maurice et al. 2015, Sommer et al. 2016), parasites (Cortés et al. 2020), habi-
tat degradation (Amato et al. 2013) and social interactions (Dill-McFarland et al.
2019). While environmental factors can change gut microbiota composition rap-
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idly, a portion of the microbiota is also determined by host genetics (Goodrich
et al. 2014) and maternal inheritance (Ferretti et al. 2018).

The gut microbiota produce short chain fatty acids (SCFA) as fermentation
side products, most abundantly acetate, propionate and butyrate (den Besten et
al. 2013). These metabolites mediate most of the host-microbiota interactions
and affect the host in diverse ways, e.g. by providing host colon cells with addi-
tional energy, acting as signaling molecules to influence metabolism and pro-
moting health through their antioxidative capabilities (Huang et al. 2017). Dis-
ruption to the relationship between host and gut microbiota, dysbiosis, is impli-
cated in various diseases and conditions such as inflammatory bowel disease,
diabetes (both type I and II), cancer, depression and autism spectrum disorders
(DeGruttola et al. 2016). In humans, many of these health issues can be traced to
a gut microbiota composition resulting from diet, lifestyle and environment
typical to industrialized societies (Sonnenburg and Sonnenburg 2019).

The gut metagenome accounts for a significant portion of host organism’s
potential for phenotypic variation, for instance, a winter-type metagenome
promotes energy storage in the brown bear preparing it for overwintering
(Sommer et al. 2016), and transplantation of a cold-adapted gut microbiota into
germ-free mice improves their cold tolerance through modulating energy ho-
meostasis in the host (Chevalier et al. 2015). Reciprocally, environmental condi-
tions such as diet, stress and infections drive evolution within the gut microbio-
ta. Exemplifying this circular interaction, desert woodrat (Neotoma lepida) popu-
lations in contact with toxic plants have developed a gut microbiota with en-
hanced detoxification capabilities (Kohl et al. 2014). Considering the deep host-
microbiota interactions and partial heritability of the microbiota, it has been
proposed that the combined genomes of the host and microbiota form a single
unit, the hologenome, that undergoes selection (Zilber-Rosenberg and
Rosenberg 2008).

1.2.3 Genomic tandem repeat loci as environmental sensors

Interest in structural genomic variants and their effect as drivers of ecological
and evolutionary processes is increasing (Mérot et al. 2020). Ribosomal DNA
(rDNA) copy number variation (CNV) is a form of structural variation that gar-
ners special attention due to characteristics such as rapid copy number mutabil-
ity and possibility to act as an environmental sensor (Bughio and Maggert
2019). rDNA is the originating genomic region of ribosomal RNAs that, togeth-
er with riboproteins, form the protein translating organelles, ribosomes
(Gibbons et al. 2015). rDNA loci are among the most ancient and most studied
loci of the genome, and research on rDNA has advanced understanding of cy-
togenetics, cancer and ageing (Kobayashi 2014, Schofer and Weipoltshammer
2018, Symonova 2019). In eukaryotes, rDNA is arranged as tandemly repeating
units of large (>10 kb) 45S sequences that can exist in multiple chromosomes
(e.g., in chromosomes 13, 14, 15, 21 and 22 in humans) and the separately occur-
ring 5S locus. The 45S units are transcribed and then processed into 18S, 5.85
and 285 rRNAs, which form the small and large ribosomal subunits (Fig. 2).
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FIGURE 2  General structure of ribosomal DNA in animals.

Characteristic to rDNA is its very high CNV, which can vary between tens to
thousands depending on species (Prokopowich et al. 2003, Symonova 2019,
Lavrinienko et al. 2021b) and showing upwards tenfold variation in rDNA copy
number even within species (e.g. 40 - 400 copies in humans) (Parks et al. 2018,
Symonova 2019, Lavrinienko et al. 2021b). rDNA copy number shows geo-
graphic variation in diverse taxa, such as humans (Parks et al. 2018), conifers
(Strauss and Tsai 1988) and Daphnia (Harvey et al. 2020).

rDNA CNV can be induced by environmental factors such as diet and
genotoxic stress (Kobayashi 2011, Aldrich and Maggert 2015, Jack et al. 2015,
Salim et al. 2017), with observable changes arising as soon as one generation
(van Cann 2019). While details on the mechanics of IDNA CNV are still not ful-
ly known, one factor is rDNA’s instability. As a repetitive genomic region,
rDNA is prone to copy number changes resulting from unequal sister chroma-
tid exchange during meiosis or homologous recombination DNA repair
(Bughio and Maggert 2019). Moreover, there appear to be species-specific
mechanisms that facilitate copy number expansion, for instance, the interaction
of replication fork barrier protein Fobl and barrier sequences in Saccharomyces
cerevisine (Kobayashi et al. 1998) and meiotic magnification in Drosophila
(Bianciardi et al. 2012).

rDNA CNV is known to affect cell processes, and loss in rDNA copy
number is often associated with genomic instability (Kobayashi 2011), cellular
senescence (Saka et al. 2013, Kobayashi 2014) and cancer (Xu et al. 2017). Con-
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versely, high rDNA copy number is associated with genomic stability, for in-
stance, S. cerevisiae strains with high rDNA copy number are more resistant to
mutagens (Ide et al. 2010). Indeed, rDNA CNV is correlated with mitochondrial
abundance and regulation of gene expression for a range of genes involved in
chromatin maintenance and the nucleolus (Paredes et al. 2011, Gibbons et al.
2014, Kobayashi and Sasaki 2017, Salim and Gerton 2019), although it is not
known whether this is a feature of rDNA per se or of genomic heterochromatin
content, of which rDNA is a major constituent of.

Another major constituent of heterochromatin are the satellite repeats of
the centromeric and pericentromeric regions that have been found to affect gene
expression possibly by containing originating sequences for noncoding RNAs
(Ideue and Tani 2020), although evidence on CNV of centromeric satellites in
response to environmental factors is scarce. However, repetitive constituents of
heterochromatin such as rDNA, telomeres (Goytisolo et al. 2000, Zhang et al.
2016) or heterochromatic content in general (Yan et al. 2011, Larson et al. 2012)
commonly show correlation between repeat copy number and genomic stability
(i.e. radioresistance or lower frequency of DNA damage) and ageing (Qiu 2015).
According to genomic safeguard hypothesis, heterochromatin content may con-
fer protective effects for more vulnerable, active genomic regions by forming a
barrier and localizing DNA damage to peripheral genomic regions (Qiu 2015).

1.3 The Chernobyl nuclear power plant accident and the wildlife
of the exclusion zone as a model system

1.3.1 The accident and establishment of the exclusion zone

The nuclear accident of the former Chernobyl nuclear power plant (CNPP) is
one of the most severe environmental disasters. On April 26th, 1986, CNPP reac-
tor 4 exploded due to an erroneous safety experiment, exposing the reactor core
(International Atomic Energy Agency 2006). The reactor continued to burn for
ten days, releasing more than 9 million terabecquerels of radioactive material
into the atmosphere. The nuclear fallout affected large areas of Europe, with
much of the radionuclides being deposited in Ukraine, Belarus, and Eastern
Russia. The accident caused a substantial socioeconomic cost due to large-scale
evacuations, with a total of over 350,000 people affected in Ukraine, Belarus,
and Russia. To limit human access to the contaminated area, The Chernobyl
Nuclear Power Plant Zone of Alienation, or Chernobyl Exclusion Zone (CEZ)
was established around ca. 30 km radius of the CNPP.

Radionuclide contamination in the CEZ today mostly consists of particles
with long half-lives, most notably strontium-90 (*°Sr), cesium-137 (137Cs) and
plutonium-239 (»*°Pu), with highly volatile fuel particles such as 131 and 134Cs
having since been mostly decayed after over thirty years (Chesser et al. 2000,
Beresford et al. 2016). Ambient radiation levels in the CEZ are still considered
too high for permanent human habitation. Lack of human activity and land use
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the CEZ has effectively transformed into a wildlife sanctuary through inadvert-
ent rewilding (International Atomic Energy Agency 2006, Perino et al. 2019),
and in 2016, roughly two thirds of the CEZ was organized as a wildlife reserve,
the Chernobyl Radiation and Ecological Biosphere Reserve. The absence of hu-
man action, free movement of wildlife and heterogeneous patterns of radionu-
clide contamination on the local scale facilitating effective control area setups
has made the CEZ a remarkable natural laboratory to study effects of radionu-
clide contamination on wildlife in their natural environment.

1.3.2 Ionizing radiation and its effects on tissues

Ionizing radiation (IR) consists of charged particles (alpha and beta particles)
and photons containing sufficient energy (gamma and X-rays) to excite and de-
tach electrons from atoms and molecules, ionizing impacted matter
(International Atomic Energy Agency 2010). All organisms are exposed to very
low doses of IR from natural sources such as cosmic background radiation and
radioactive materials in Earth’s crust such as radon gas. Impacts of IR on bio-
logical matter are divided in two categories of direct and indirect action (Ward
1988, Desouky et al. 2015). In direct action, radiation impacts biomolecules,
causing structural damage. This is particularly damaging towards DNA, as dis-
ruption of DNA’s double-helical structure leaves the DNA sequence vulnerable
to mutations. Indirect action mainly consists of reactive oxygen species (ROS)
such as hydroxyl and peroxide radicals that are released when radiation breaks
down water and other molecules in cells, increasing the level of oxidative stress
within the biological system (Desouky et al. 2015, Einor et al. 2016). An organ-
ism’s total absorbed radiation dose consists of external dose from ambient radi-
ation as well as internal dose received from internalized radionuclides, mostly
from 137Cs due to its water-soluble salts and °Sr for its tendency to deposit in
bones as a calcium analogue (Chesser et al. 2000, Beresford et al. 2020a).

The detrimental effects of IR on tissues are well known in context of medi-
cal use and accidents with large, rapidly delivered doses, and recommendations
for radioprotection are based on exposure models from controlled laboratory
studies (International Atomic Energy Agency 2010, Rihm et al. 2018). United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)
and other international radioprotection organizations consider absorbed doses
and dose rates below 100 mGy and 0.1 mGy/min as low dose, where effect siz-
es of most responses to IR become negligible. Ambient radiation dose rates en-
countered in contaminated areas of the CEZ today are in the low-dose range (4-
40 nGy/h), which is an equivalent of several (2-5) chest X-ray scans (0.1 mSv)
per day.

1.3.3 Effects of radionuclides on wildlife in the Chernobyl Exclusion Zone
Even at dose rates perceived as low dose, harmful effects have been observed in

wildlife inhabiting contaminated areas such as Chernobyl and Fukushima, as
well as uranium mines and nuclear test sites (reviewed by Mousseau et al. 2014,



18

Lourengo et al. 2016). Various effects of low dose IR have been recorded across
several taxa, suggesting that organisms exhibit differing radiosensitivities.
Wildlife inhabiting contaminated areas may be more radiosensitive in general,
potentially due to interacting effects from multiple stressors (Garnier-Laplace et
al. 2013, Real and Garnier-Laplace 2020) thus highlighting the need to further
study populations exposed to chronic low-dose IR in natural settings.

At the population level, exposure to radionuclides associates with de-
crease of abundance in various taxa, such as birds (Garnier-Laplace et al. 2015),
soil invertebrates (Mgller and Mousseau 2018) and mammals (Mappes et al.
2019, Beaugelin-Seiller et al. 2020), although other studies have found conflict-
ing results for instance with abundances of large mammals (Deryabina et al.
2015). The apparent flourishing of wildlife in the CEZ has made it an effective
wildlife sanctuary, although this is more likely representative of the absence of
detrimental human presence than insignificance of radiation effects. At the in-
dividual level exposure to environmental radionuclides has been associated for
instance with size reduction in brain (Meller et al. 2011) and other organs, re-
duced sperm quality (Meller et al. 2014), tumors and albinism (Meller et al.
2013), increased parasite load (Morley 2012) and change in gut microbiota com-
position (Lavrinienko et al. 2018). On the molecular level, elevated DNA dam-
age and chromosomal aberrations are a common consequence of IR in both
humans and wildlife (Dzyubenko and Gudkov 2009, Bonisoli-Alquati et al.
2010, Salnikova et al. 2012), with similar effects observed due to accident of Fu-
kushima NPP as well (Hiyama et al. 2012, Chen et al. 2014). Further effects ob-
served in wildlife in the CEZ include increased oxidative stress (Einor et al.
2016), telomere shortening (Kesdniemi et al. 2019b) and mitochondrial DNA
damage (Keséniemi et al. 2020).

Despite the numerous effects of IR observed in wildlife inhabiting the
CEZ, it is surprising that by the start of this thesis project few studies examined
molecular effects other than standard DNA damage markers and mutation rates
or nucleotide diversity (Lourenco et al. 2016). As such, little is known about the
effects of radionuclide contamination on metabolism or the genome in a natural
setting, and what kind of systemic stress responses organisms subjected to
chronic low dose IR utilize in the wild. Radiosensitivity differences between
species may be explained by differences in diet, metabolism, or lifestyle. For in-
stance, species utilizing carotenoid- and pheomelanin-based pigments in plum-
age experience stronger negative effects of IR, as synthesis of these pigments are
costly in antioxidants that are also needed to maintain oxidative balance (Einor
et al. 2016). Alternately, antioxidative potential may be allocated to mitigate im-
pact of IR at the cost of fur coloration (Boratynski et al. 2015), which in turn can
have ecological costs. Interaction of direct and indirect effects of IR can be ex-
emplified in the bank vole, where abundance loss that correlates IR can be miti-
gated with food supplementation to a degree (Mappes et al. 2019). The bank
vole (Myodes glareolus) provides an especially intriguing model species to study
impacts of environmental radionuclides on a wild population as they carry
some of the highest radionuclide loads among wildlife in the CEZ.
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1.4 Aims of the study

My aims in this thesis are to characterize genomic and metabolic effects of in-
habiting an environment contaminated by radionuclides. I will use a multidis-
ciplinary approach (Table 1) using the bank vole population inhabiting the CEZ
as a model to gather data on various biological systems across four studies.

Objective 1: Surveying markers of DNA repair (Study I)

As bank voles inhabiting the CEZ show little to no genetic damage i.e. micronu-
clei (Rodgers and Baker 2000, Rodgers et al. 2001) despite evidence of increased
oxidative stress in the form of cataracts (Lehmann et al. 2016), I expected upreg-
ulation in DNA repair pathways in response to radionuclides. In Study I, I thus
quantified impact of chronic environmental IR on gene expression using qPCR
in a pilot experiment in five candidate DNA repair-related genes Atm, Mrell,
Brcal, p53 and p21 in bank vole liver tissue.

Objective 2: Transcriptomics of low dose IR exposure (Study II)

What physiological systems and pathways are affected in response to chronic
low-dose IR in a natural environment? While evidence on increased mutation
rates in the bank vole is disputable (Baker et al. 2017), fibroblasts isolated from
bank voles inhabiting the CEZ display increased tolerance to oxidative and
genotoxic stresses (Mustonen et al. 2018). I hypothesised that bank voles in the
CEZ have identified efficient mechanisms to maintain genome integrity in re-
sponse to chronic stress from radionuclides. Here I mainly used RNA sequenc-
ing techniques to examine broad metabolic effects in liver tissue and the im-
mune system in spleen tissue.

Objective 3: Metabolism-microbiota interactions (Study III)

Animals exposed to persistent environmental contamination are commonly
characterized by compromised immune system (Acevedo-Whitehouse and
Duffus 2009). Also, exposure to radionuclides is known to affect gut microbiota
composition in bank voles (Lavrinienko et al. 2018) which may affect the
amounts of short chain fatty acids (SCFA) produced by the gut microbiota. As
SCFA affect gut health and host metabolism (Canfora et al. 2015), I investigated
whether changes in host metabolism observed in objective 2 are driven by
changes in gut health and gut microbiota. I measured several features of rodent
health: morphology and gene expression of colon tissue, SCFAs in blood plas-
ma, gut microbiota composition using 16S amplicon sequencing and microbio-
ta-derived metabolites in faecal samples using liquid and gas chromatography.
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Objective 4: Genomic tandem repeat copy number variation (Study IV)

Here, I hypothesized that change in rDNA and pericentromere content will be a
feature of the genomes of organisms exposed to radionuclides. rDNA has been
identified as an environmental sensor with impact on gene expression reminis-
cent of epigenetic markers e.g. methylation (Bughio and Maggert 2019), but
studies placing rDNA copy number variation in ecological context are lacking.
Non-coding heterochromatin content has also been suggested to have protec-
tive functions against IR (Qiu 2015). I used qPCR to quantify the relative
amounts of (1) 185 rDNA and (2) Msat-160 (a pericentromeric satellite se-
quence) as proxies for heterochromatin content in genomes of bank voles ex-
posed to radionuclides.
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2 METHODS

2.1 The bank vole as a model organism

The bank vole (Myodes glareolus) (Fig. 3) is a small, burrowing woodland rodent
ubiquituous to deciduous and coniferous forests in Europe and northern Asia
(Macdonald 2006). The bank vole has an opportunistic diet that mainly consists
of forest floor items such as forbs, grasses, invertebrates, berries, lichen and
fungi (Calandra et al. 2015). The species has a litter size of 2-10 pups and a short
period until sexual maturity (ca. 20 days), allowing it to have up to four repro-
duction cycles per breeding season typically from May to September, depend-
ing on latitude (Koivula et al. 2003, Mappes and Koskela 2004). Breeding fe-
males are highly territorial and have home ranges of ca. 1 km, with males being
slightly more mobile (Kozakiewicz et al. 2007). Overall, the species has a range
expansion rate of 1-5 km per breeding season (White et al. 2012). The bank
vole’s lifespan in the wild is up to 1.5 years, which includes one breeding and
one overwintering season (Innes and Millar 1994).



FIGURE3  The bank vole (Myodes glareolus). Photo: Pinja Rautio

The bank vole is one of the first mammals to recolonize the Chernobyl exclusion
zone following the 1986 CNPP disaster (Chesser et al. 2000) and has since be-
come a central model organism in studying the effects of chronic low-dose IR
on a wild animal population. It is commonly occurring in the CEZ and trappa-
ble even in highly contaminated areas such as the Red Forest. Its burrowing
lifestyle and diet brings it to constant contact to external and ingested radionu-
clides (Chesser et al. 2000), and its territoriality makes it highly likely that indi-
viduals are exposed to radionuclides throughout their whole lives in the CEZ,
where radiation levels substantially vary along geographical patterns. An esti-
mated 50 generations of bank voles have inhabited the CEZ since the accident
(Baker et al. 2017).

2.2 Field expeditions and sampling in the Chernobyl exclusion
zone

The datasets used in this thesis consist of various bank vole tissues and fecal
samples, collected during field seasons in 2015-2017 in the Chernobyl exclusion
zone (CEZ) and other locations in Ukraine (Fig. 4). Please see Table 1 for an
overview of datasets and methods across the four studies in this project.
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FIGURE4 Sampling locations in Ukraine and the CEZ (dashed border). CNPP = Cher-
nobyl Nuclear Power Plant. Map data © 2021 Google.

TABLE 1 Sample size, source tissues and main methods used in each subproject.
Study Sample size Sources Methods
I 71 Liver qPCR (candidate DNA damage response
genes)
II 40 Liver, spleen RNA-seq, stable isotope analysis
111 45 Colon, blood, feces RNA-seq, tissue histology, liquid & gas

chromatography (SCFA quantification),
16S amplicon sequencing (gut microbio-
ta composition)

Iv 202 Skin (ear) qPCR (ribosomal DNA + pericentromer-
ic satellite Msat-160 copy number)

As I targeted wild bank vole populations exposed to radionuclides in this pro-
ject, I attempted to control for confounding factors by using a study area strate-
gy that includes geographically close areas within the CEZ with differing levels
of ambient radiation as well as radionuclide-free control areas outside the CEZ
with similar mixed forest habitats, made possible by the heterogenous patterns
of radiation levels in the CEZ. Please refer to the individual chapters for details
on number and distribution of trapping locations. Ambient radiation was
measured at each location by averaging repeated measurements at a height of
one cm from the ground, using a handheld Geiger counter (Gamma- Scout
GmbH & Co. KG, Germany). Generally, for the purposes of analyses, bank
voles were assigned in three exposure groups based on ambient radiation dose
rates: CEZ-High (CH, ~4-40 pGy/h, ref), CEZ-Low (CL, near background level
dose rate), and control areas outside the CEZ (CONT). This scheme was applied
in studies I and IV but limited in studies II and III due to high cost of analyses
involved, where only CH and CONT groups were used.

Bank voles were trapped using Ugglan Special2 live traps with potato and
sunflower seed bait at several trapping locations that were separated by at least
500 m. Generally, at each trapping location, traps were placed in 3x3 or 4x4
grids with 15-20 m intertrap distance. Traps were set late afternoon and
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checked in the next morning over three consecutive trapping nights. In the CEZ,
captured bank voles were transferred to a laboratory in the town of Chernobyl
for processing and tissue collection within the same day. Bank voles were sexed
and measured for length, weight and head width and internal absorbed dose
and sacrificed by cervical dislocation. Collected samples included blood, skin,
liver, spleen and colon tissues as well as fecal samples (Table 1). In addition, the
bank voles” habitats were sampled for putative food items such as fungi, nuts,
invertebrates and herbaceous plants to survey for a potential bank vole diet
(Study II). Details on procedures and tissues collected are presented in the indi-
vidual studies.

While ambient radiation in the CEZ can vary at very small scales (down to
~200 m distances, Beresford et al. 2020b), external radiation at trapping location
has been found to correlate well with external absorbed dose rates in the bank
vole (Lavrinienko et al. 2020). However, external measurements fail to account
for internal absorbed dose, which can comprise a considerable portion of an or-
ganism’s total absorbed dose rate, depending on diet and overall lifestyle of a
species (Beresford et al. 2020a, Lavrinienko et al. 2021a). In studies II-1V, cap-
tured bank voles were measured for internal absorbed dose rate from 37Cs us-
ing whole-body gamma spectrometry using a SAM 940 radionuclide identifier
system (Berkeley Nucleonics Corporation, San Rafael, CA, USA). Internal dose
rates in the bank vole have been found to be consistent over repeated measure-
ments, giving an accurate estimate of total lifetime absorbed doses combined
with external dose rates (Lavrinienko et al. 2020). For technical details of inter-
nal absorbed dose measurements, please refer to supplementary information of
studies I and IV.

2.3 Quantification of gene expression

2.3.1 Quantitative PCR

In Study I, I quantified gene expression of five DNA repair genes, Atm, Mrell,
Brcal, p53 and p21, in bank voles inhabiting the CEZ. The target genes’ mRNA
homologs in the prairie vole Microtus ochrogaster were aligned to a draft bank
vole genome (Genbank accession no. GCA_001305785) using web BLAST
(Altschul et al. 1990). Primer3 web (Untergasser et al. 2012) was then used to de-
sign primers on resulting alignments. Total RNA was extracted from liver tissue
of bank voles exposed to radionuclides using RNeasy Mini Kit (Qiagen) accord-
ing to manufacturer’s protocol, followed by reverse transcription into cDNA
using iScript cDNA Synthesis Kit (Bio-Rad). Quantitative PCRs were conducted
on the LightCycler 480 platform (Roche) using SYBR Green I Master chemistry
(Roche).



25
2.3.2 RNA sequencing

In studies II and III, I used high-throughput RNA sequencing (Wang et al. 2009,
Stark et al. 2019) that provides a comprehensive approach to gene expression.
Total RNA was isolated from liver and spleen tissues of 40 female bank voles
(Study II) and distal colonic tissue of 44 female bank voles (Study III) exposed
to radionuclides using RNeasy Mini Kit (Qiagen) according to manufacturer’s
protocol. RNA samples were sent to Beijing Genomics Institute (BGI) Hong
Kong (www.bgi.com/global/) for library preparation and sequencing. mRNA-
focused sequencing libraries were prepared with TruSeq RNA Library Prep Kit
(Illumina) and sequenced for 100bp paired-end (PE) reads on Illumina HiS-
eq4000 platform (BGI Hong Kong) resulting in sequencing depth of ~16 million
PE reads per sample library.

2.4 Stable isotope analysis

In Study II, I used stable isotope analysis (SIA) to analyze variation in bank vole
diet. Foods differ in their isotopic composition, and thus analysis of isotope pro-
tiles of nitrogen and carbon in animal tissue can provide information on routine
diet when compared to a background of isotope profiles of putative food items
from the animal’s habitat (Baltensperger et al. 2015). Due to isotope fractiona-
tion and metabolic differences in macronutrient routing, 1N tends to become
enriched in animals consuming a protein-rich diet, thus ratio of ’N/14N (81°N)
informs of an animal’s trophic level. Ratio of 13C/12C (613C) informs mainly of
plant diversity in diet, although factors of 13C enrichment are diverse and not
entirely known. Isotope turnover rate differs according to tissue. For instance,
fur retains signal from diet in rodents for several months (Kurle et al. 2014).
Here, 8'°N and 6'3C isotope profiles were analyzed from fur samples of 40 bank
voles used in Study II. Briefly, dried fur samples were analysed for stable iso-
topes of carbon and nitrogen using a Thermo Finnigan DELTAplus Advantage
CF-IRMS connected to a Carlo Erba Flash EA1112 elemental analyser. Dried
pike (Esox lucius L.) white muscle was used as an internal working standard for
the fur samples. For details on methods, please refer to appendix S1 of Study II.

2.5 Colon tissue histology

In Study III, I performed histological analyses to investigate health and condi-
tion of colon epithelium in bank voles exposed to radionuclides. Colon tissue
samples were fixed in 10% formalin solution and in metha-Carnoy solution
(60% methanol, 30% chloroform, 10% glacial acetic acid). After fixation, the
samples were dehydrated, embedded in paraffin with a vertical orientation and
cut into 5 pm thick sections. Tissue sections fixed in 10% formalin solution were
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stained with hematoxylin and eosin (H&E), a gold standard method for inspec-
tion of general tissue condition, and tissue sections fixed in metha-Carnoy solu-
tion were stained with alcian blue with carmine as counterstain for visualiza-
tion of mucus-secreting goblet cells in the colon epithelium (Suvarna et al. 2013).
For details on staining protocol please see Study III. For the morphometrical
analysis, the digital microphotographs of stained colon sections were taken at a
magnification of x100 or x400 using a computer-assisted image analyzing sys-
tem consisting of Olympus BX41 microscope and Olympus C-5050 Zoom digital
camera. Crypt depth (pm), colonocyte height (um), colonocyte nucleus cross-
sectional area (um?2) and goblet cell cross-sectional area (um2) were measured
using Image ] v1.42q software. Samples were assigned a colonic goblet cell state
classification (normal, hypo- or hypertrophic) based on goblet cell size and
amount of mucus-containing vesicles.

2.6 Quantification of short chain fatty acids

To determine the gut microbiota’s effect on host metabolism (Study III), concen-
trations of short-chain fatty acids (SCFAs) were quantified in both fecal matter
and blood in bank voles exposed to radionuclides. Fecal and blood samples
were sent to Division of Food and Nutrition Science in Chalmers University of
Technology, Sweden, for SCFA quantification. In feces, concentrations of seven
SCFAs, acetic, propionic, isobutyric, butyric, isovaleric, valeric and caproic ac-
ids were analyzed using a GCMS-TQ8030 gas chromatography-mass spectrom-
etry system (Shimadzu) according to (Cheng et al. 2020). In blood, concentra-
tions of nine SCFAs, formic, acetic, propionic, isobutyric, butyric, succinic, iso-
valeric, valeric and caproic acids were analyzed by Triple Quad 6500+ LC-
MS/MS System (SCIEX) according to (Han et al. 2015). Detailed descriptions of
methods can be found in Study IIL

2.7 Gut microbiome sequencing

Composition of the gut microbiota in bank voles inhabiting the CEZ and near
Kyiv (Study III) was determined using thigh-throughput amplicon sequencing
of the V4 region of the 16S ribosomal RNA (rRNA) locus. Briefly, DNA was iso-
lated from fecal samples using PowerFecal DNA Isolation kit (Qiagen) accord-
ing to manufacturer’s protocol. DNA was sent to BGI Hong Kong for library
preparation  following the  Earth  Microbiome  Project  protocol
(www .earthmicrobiome.org/ protocols-and-standards/) and sequencing on an
[Mlumina HiSeq 2500 platform to provide 250 bp paired end reads.
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2.8 Quantification of ribosomal DNA and pericentromeric satel-
lite copy number

In Study IV, I measured relative copy number of two tandemly repeated loci,
ribosomal 185 DNA and a pericentromeric satellite Msat-160 in bank voles ex-
posed to radionuclides using qPCR. DNA was extracted from ear tissue sam-
ples using DNeasy Blood Tissue Kit (Qiagen), following manufacturer’s proto-
col. rDNA and Msat-160 sequences were identified in bank vole draft genome
(Genbank GCA_001305785) by BLAST alignments 185 rDNA (GenBank
NR_003278.3) and Msat-160 (GenBank FN859393) homologues in mouse (Mus
musculus) and Eurasian water vole (Arvicola amphibius), respectively. Aligned
sequences were used to design primers in Primer3 web. Quantitative PCRs
were conducted on the LightCycler 480 platform (Roche) using SYBR Green I
Master chemistry (Roche), using gene 36b4 as single-copy control (Cawthon
2002). Raw quantification cycle (Cq) data were corrected for PCR efficiency (E)
and transformed into relative values using the Pfaffl method (Pfaffl 2001). See
Study IV for details.

2.9 Bioinformatics

2.9.1 Transcriptomics

Two transcriptome assemblies, a combined liver and spleen assembly (Study II)
and a colon tissue assembly (Study III) were assembled from read data generat-
ed by RNA sequencing (section 2.3.1) using de novo transcriptome assembler
Trinity (Grabherr et al. 2011). The assemblies were annotated using Trinotate
annotation pipeline (Bryant et al. 2017). Subsequent mapping, transcript count
estimation, quality checking and statistical analysis steps were performed ac-
cording to the extended Trinity transcriptomics pipeline
(github.com/ trinityrnaseq/ trinityrnaseq/wiki) (Haas et al. 2013) using default
settings unless stated otherwise. Transcriptome completeness was estimated
using BUSCO (Simao et al. 2015), which scans the assembly for the presence of
near-universal single-copy orthologs (BUSCOs) and relating the number of
identified BUSCOs to a database of related species, in this case, the mammalian
BUSCO database. Transcriptomes were annotated using Trinotate automated
annotation pipeline (Bryant et al. 2017). Reads from all individual samples were
mapped to the transcriptomes using Bowtie (Langmead et al. 2009), and read
counts were estimated on both transcript and gene level using RSEM (Li and
Dewey 2011), producing expression tables to be used in statistical testing.
Please refer to Studies II and III for further details on analysis pipeline and
software.
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2.9.2 Gut microbiomics

Read data were de-multiplexed, and adapters and primers were removed by
BGI. The paired end sequences were processed using giime2 (Bolyen et al. 2019)
analysis platform. Briefly, reads were truncated at the 3' end to remove low-
quality bases, after which data were denoised using default parameters in da-
da2 (Callahan et al. 2016) to produce the amplicon sequence variant (ASV) table.
Taxonomies were assigned using a naive Bayes classifier, pretrained on the
Greengenes version 13_8 165 rRNA gene sequences (Bokulich et al. 2018). Please
refer to Study III for details.

2.10 Statistical analyses

The studies in this project utilize generalized linear and mixed models as well
as nonparametric tests in R (The R Core Team 2018) to examine differences in
various variables such as organ sizes, body condition index (= standardized re-
siduals from linear model of weight and head width, Labocha et al. 2014) and
genes of interest either among exposure groups or using total absorbed dose
rate as a continuous variable. Detailed information about methods as well as
relevant R packages can be found in the individual thesis chapters.

This project utilizes large datasets produced by high-throughput sequenc-
ing methods i.e., RNA sequencing data of bank vole tissues (Studies II and III)
and 165 rRNA amplicon sequencing data of bank vole gut microbiome (Study
III). Due to the large amount of data generated, these datasets were analyzed in
an exploratory manner using best practice guidelines (Conesa et al. 2016, Bryant
et al. 2017, Knight et al. 2018). Briefly, transcript count data was first examined
using principal component analysis (PCA) to explore and visualize sample clus-
tering patterns based on similarities in gene expression. The sample scores on
principal components representing treatment-related clustering were further
used in hypothesis-based tests, for example to examine the effect of IR and oth-
er factors such as colon goblet cell state (Study III) on gene expression. Specific
differentially expressed genes between exposure groups CH and CONT were
identified using ‘DESeq2’ (Love et al. 2014) in R. Finally, to examine functional
differences in gene expression between exposure groups, gene ontology (GO)
term enrichment analysis using R package ‘GOSeq’ (Young et al. 2016) was
used. GO terms are hierarchical identifiers assigned to genes that describe gene
functions and related metabolic pathways. GO term enrichment analysis identi-
fies commonly occurring (significantly enriched) GO terms among differentially
expressed genes, providing an overview of biological pathways affected by
treatment.

Analyses of microbial communities (microbiota) were performed using
tools in the Qiime2 platform (Bolyen et al. 2019) in three categories: 1) within-
sample diversity, or alpha diversity, measured in species richness (number of
ASVs) and evenness (Shannon index), 2) population-wide structure in abun-
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dance and composition of taxa, beta diversity, measured in metrics of dissimilari-
ty (Bray-Curtis) and phylogenetic distances (UniFrac, Lozupone et al. 2007), and
3) differential abundance of ASVs or agglomerated taxonomical groups be-
tween samples. Beta diversity matrices were further reduced using principal
coordinates analysis (PCoA) to visualize sample clustering patterns. Permuta-
tional analysis of variance (PERMANOVA) in R package ‘vegan’ (Oksanen et al.
2018) was used to examine amount of variance in beta diversity explained by
exposure group, total received dose rate and goblet cell state.
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3 MAIN RESULTS AND DISCUSSION

3.1 Overview of the results

In this thesis, I examine the metabolic and genomic effects of chronic exposure
to radionuclide contamination in a bank vole population inhabiting the Cher-
nobyl Exclusion Zone, producing four manuscripts. An overview of the main
results and conclusions in each study is presented in Table 2. In this section I
summarize and discuss the main results discovered in this project.

TABLE 2

Main results and conclusions from each subproject.

Study Main results

Conclusions

I

Bank voles inhabiting the CEZ exhibit
upregulation of Atm, Mrell

Bank voles inhabiting the CEZ experience
oxidative stress.

II

Upregulation of hepatic FAO, immuno-
suppression with evidence of inflamma-
tion, increase in dietary N

Metabolic shift towards FAO may act as a
systemic response towards chronic low
dose IR. Evidence of chronic stress reduc-
ing immunocompetence.

I

Weakened colonic mucus layer, radia-
tion-associated reduction in circulating
propionate, butyrate and formate

Stress-related poor health of bank vole
gut. Radiation likely impacts host metab-
olism directly instead of gut microbiota-
related changes.

v

Increase in copy number of rDNA and
pericentromeric satellite Msat-160

Highly localized patterns of CN variation
on studied loci. Evidence supports heter-
ochromatin safeguard hypothesis.
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3.2 Bank voles inhabiting the CEZ are characterized by a meta-
bolic shift towards fatty acid oxidation

3.2.1 Gene expression profile implies persistent oxidative stress and metabol-
ic shift in primary metabolism (Studies I and II)

In Study I, I found significant upregulation in two genes, Atm and Mrell
among bank voles inhabiting the CEZ (Study I: Fig. 2). Atm is an upstream sig-
naling protein that is activated by DNA double-strand breaks and increased cel-
lular oxidative stress, and regulates multiple pathways related to genomic sta-
bility, including initiation of DNA repair functions and regulation of oxidative
balance (Guo et al. 2010, Cosentino ef al. 2011). Mrel1 is a constituent protein of
the MRN complex, which has multiple functions in DNA damage sensing, re-
pair, genome maintenance and telomere homeostasis (Lee and Paull 2007,
Lamarche et al. 2010, Deng et al. 2011). With no observed change in Brcal, p53
and p21 expression, and the measured radiation levels being generally insuffi-
cient to induce DNA double-strand breaks, it suggested that upregulation of
Atm and Mrell in bank voles in the CEZ was mainly indicative of oxidative
stress response without gross genomic damage. These findings were concomi-
tant with results on increased cellular resistance to oxidative stress (Mustonen
et al. 2018) and altered telomere homeostasis (Kesdniemi et al. 2019b) from con-
current studies.

Contrary to expectations from Study I, in Study II, I did not observe up-
regulation in enzymatic pathways regulating oxidative balance such as oxi-
doreductases that are typically used as markers of oxidative stress. Instead, the
stress response appears to be focused on the endoplasmic reticulum and mito-
chondria via upregulation of Atfb, Slc25a27 and Pycr1 (Study II: Table 2). Also, 1
found upregulation in synthesis and metabolism of scavenger molecules such
as haptoglobin and vitamins B5, A and C. As a novel observation, bank voles
inhabiting the CEZ appear to have emphasized fatty acid oxidation (FAO) as
evidenced by enrichment of GO terms such as fatty acid beta-oxidation and li-
pid catabolic process (Fig. 5), upregulation of key FAO-promoting genes such
as Cptla and Fgf21 as well as glycolysis-inhibiting gene Pdk4 (Fig. 6). These re-
sults indicate a shift in primary metabolism, which may act as a system-wide
coping mechanism against persistent oxidative stress (Martinez et al. 2013).

Normally, FAO is associated with fasting, starvation or a high-fat diet in
human and rodent models (Kersten 2014), which is striking as the studied voles
did not display reduced body condition. However, the FAO-emphasizing phe-
notype is also associated with a “preserving’ mode of metabolism with links to
improved oxidative balance and genomic stability, possibly by association with
NAD+ and sirtuins (Poljsak and Milisav 2016, Mei et al. 2016) as opposed to cel-
lular growth-emphasizing energy pathways (Yuan et al. 2013). That FAO is as-
sociated with stability and maintenance is exhibited by increased lifespan in ro-
dents under caloric restriction (Heydari et al. 2007). To determine whether bank
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vole diet factored in the observed metabolic changes, I conducted stable isotope
analysis (SIA). I observed a higher 615N value in bank voles inhabiting the CEZ
compared to control, suggesting that the voles inhabiting the CEZ are placed on
a higher trophic level (Study II: Fig. 4). Combined with shift in gut microbiota
composition (Lavrinienko et al. 2018) this suggested a possible diet-based origin
with increased animal protein sources for the apparent shift in metabolism, alt-
hough previous studies have shown decrease in invertebrate abundance in the
CEZ (Moller and Mousseau 2018). Alternatively, shift in trophic level can also
be caused by self-digestion from starvation (Petzke et al. 2010), although the
bank voles inhabiting the CEZ did not exhibit reduced body condition index.
Regardless, these findings on metabolic shift were particularly interesting, as
prior to this experiment change in lipid metabolism in response to IR had been
described only in Atlantic salmon and at much high dose rates than encoun-
tered in the CEZ (Song et al. 2016). A FAO-emphasizing metabolic phenotype
may offer advantages in an environment characterized by chronic low dose IR
due to its association with genomic stability.

3.2.2 Possible role of mitochondria in response to chronic low dose ionizing
radiation (Studies II and III)

Several findings from this project (Studies II and III) as well as further evidence
from a later study examining protein-level signals of metabolic shift (Kesaniemi
et al. in preparation) point toward mitochondrial function being affected by ra-
dionuclide contamination, either directly causing or otherwise reflecting the
signals of metabolic rewiring.

Mitochondrial myopathies are neuromuscular diseases caused by dam-
aged mitochondria, and are known to induce a FAO-emphasizing phenotype
that is mediated by AKT signaling and secretion of FGF21 in skeletal muscle
(Tyynismaa et al. 2010, Forsstrom et al. 2019). Bank voles inhabiting the CEZ
show some signals of this, i.e. upregulation in transcription of Fgf21 and stress
response factor Atf5 in the liver (Study II), increased damage in mitochondrial
DNA (mtDNA) (Kesaniemi et al. 2020), and increased protein-level expression
of FGF21 in skeletal muscle (Kesdniemi et al. in preparation), implying that mi-
tochondria of bank voles exposed to radionuclides experience oxidative stress.
Furthermore, bank voles inhabiting the CEZ exhibit increased formate concen-
tration in blood plasma (Study III). Formate acts as a pool of methyl groups in
one carbon metabolism, which is largely controlled by mitochondrial function
(Pietzke et al. 2019). Indeed, the liver gene expression profile shows enrichment
of GO terms for one carbon metabolism (Fig. 5). Also, Kesdniemi et al. (in prep-
aration) found consistent dephosphorylation of AKT in several tissues in bank
voles inhabiting the CEZ. Dephosphorylation of AKT promotes the metabolic
mode of catabolism and cell survival as opposed to anabolic pathways and cell
growth and division (Manning and Toker 2017), which together with FAO-
promoting gene expression profile in the liver and expression of systemic
FGF21 provides a strong case for metabolic rewiring in bank voles exposed to
radionuclides.
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Ultimately, these results are correlative across several studies utilizing
captured wild animals, and thus some inconsistencies cannot be explained. For
instance, mitochondrial dysfunction should not result in increased formate pro-
duction. Interestingly, change in mitochondrial function and fatty acid metabo-
lism are implicated in response to effects of spaceflight (da Silveira et al. 2020).
This suggests a crucial role for mitochondrial homeostasis in relation to radia-
tion exposure and thus offering intriguing new areas for future research.
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FIGURES5 Summarized list of significantly enriched GO terms (FDR < 0.05) among
DEGs between uncontaminated Kyiv control and CEZ populations for (a) liv-
er and (b) spleen. GO terms are ordered by category. BP: biological pathway,
CC: cell compartment, MF: molecular function and by Z-score, which indi-
cates the general direction of expression difference of a group of genes con-

taining a given GO term (Study II).
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doplasmic reticulum, FAO: fatty acid oxidation, VLDL: very-low-density lip-
oprotein (Study II).

3.3 Gene expression and gut tissue histology implies immuno-
suppression (Studies II and III)

RNA sequencing and differential expression analysis conducted in Study II re-
vealed enriched GO terms relating to immune system function in bank voles
inhabiting the CEZ (Fig. 5), with specific DEGs indicating immunosuppression
in the liver (e.g. downregulation of immunoproteasome subunits and parts of
the JAK-STAT signaling pathway, Study II: Table 2) as well as activation of in-
nate immunity via granulocytes in the spleen (e.g. upregulation of proinflam-
matory mediators such as Cmal and Lox5, Study II: Table 2). Moreover, in Study
III, upregulated transcripts in colon tissue of bank vole exposed to radionu-
clides contained several enriched GO terms relating to immune system signal-
ing (Study III: Table S8), although noise in the data prevented meaningful ex-
amination of details.

Relation between the immune system and IR is complex (Di Maggio et al.
2015, Frey et al. 2015), however, the observed immunosuppressive effects paral-
lel known impacts of chronic stress on immune system. As part of stress re-
sponse, glucocorticoids (stress hormones) typically suppress the immune sys-
tem for a short-term boost in performance to deal with an immediate stressor. A
prolonged stress reaction however can be detrimental to long-term immuno-
competence and increase vulnerability to pathogen infection (Acevedo-
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Whitehouse and Duffus 2009), signs of which are exhibited by bank voles in-
habiting the CEZ with upregulation of genes related to granulocyte function.
Indeed, small mammals in the CEZ, including bank voles, show higher loads of
protozoan parasites (Morley 2012) and helminth infections (Sazykina and
Kryshev 2006), although viral load in bank voles does not show relationship
with environmental radiation (Kesdniemi et al. 2019c). These changes in im-
mune system along with upregulation in certain stress response and cell cycle
inhibiting genes Atfb and Gadd45a provide additional evidence of an ongoing
stress response to low dose IR even after 50 generations of inhabitation of an
environment contaminated by radionuclides. This observation is notable due to
both the control populations” proximity to a metropolis and lack of human
presence in the CEZ, as human presence in general forms a major stress factor
to wildlife (Acevedo-Whitehouse and Duffus 2009).

In Study III, I did not observe visual cues of pathological damage or in-
flammation such as edema or structural disturbance of the epithelium by visual
examination of colon tissue cuts, which was surprising considering the upregu-
lation of proinflammatory factors in spleen. Instead, bank voles from the CEZ
exhibited hypotrophic goblet cells with a smaller area and reduced amount of
mucus bodies at a risk ratio of 5.8 (95% confidence interval of 1.34-25.17) com-
pared to control (Fig. 7). Also, the hypotrophic cell condition was correlated
with downregulation of Clcal and Agr2 (Study III: Fig. 6), genes that are in-
volved in secretion and formation of the outer mucus layer (Park et al. 2009,
Nystrom et al. 2018). Goblet cells of the colonic epithelium produce and secrete
the mucus layer which functions as an important barrier against pathogens
(Birchenough et al. 2015). The observed reduction in mucus production may
present an increased risk of infection, signs of which were observed in gene ex-
pression data from liver and spleen tissue in Study II as activation of granulo-
cytes in the spleen. While the reason for goblet cell hypotrophy remains un-
known, bank voles inhabiting the CEZ were also associated with increased
abundance of Bacteroidetes family Muribaculaceae, with concomitant decrease in
Firmicute families Ruminococcaceae and Lachnospiraceae (Study III: Fig. 10B).
These three families have been found to be sensitive to radiation in other stud-
ies as well (Lavrinienko et al. 2020, 2021a, Antwis et al. 2021), possibly in a way
that interacts with season. While Ruminococcaceae and Lachnospiraceae are known
to contain several mucus layer inhabiting members, further research is needed
to identify exact radiosensitive species and their interactions with the mucus
layer.
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FIGURE7 A) normal, B) hyper- and C) hypotrophic colonic mucous goblet cells (alcian
blue with carmine supplementation, x 400). Mucin bodies (in blue) appear
smaller and fewer in number in hypotrophic goblet cells than normal. D)
Odds ratio of bank voles exposed to radionuclides exhibiting goblet cell hy-
potrophy and abnormality (hyper+hypotrophic cells). E) Goblet cell cross-
sectional area across study areas (Study III).

3.4 Radiation impacts host metabolism directly rather than
through microbiota-mediated changes (Study III)

While I observed radiation-associated reduction in concentrations of circulating
propionate and butyrate, fecal concentrations of the three major fecal SCFAs
(acetate, propionate and butyrate) were more representative of individual study
areas rather than radiation (Study III: Fig. 7). A portion of SCFAs is absorbed
from the gut into the portal vein, through which they are transported to the liv-
er and then to peripheral circulation. Circulating SCFAs better represent host
metabolism than fecal SCFAs, as the colonic concentration of SCFAs is subject
to many factors such as time of day, host absorption rate and microbiota com-
position (Boets et al. 2017, Miiller et al. 2019). Here, radiation appears to directly
impact uptake, regulation by the liver or usage by peripheral tissues of propio-
nate and butyrate. SCFAs affect gene expression in liver and peripheral tissues
mainly by acting as signaling molecules for G protein coupled receptors and by
histone acetylase inhibition, typically increasing fatty acid oxidation and reduc-
ing inflammation (Liu et al. 2018, Miiller et al. 2019). While reduction in circulat-
ing SCFAs appears to conflict with observed upregulation of FAO (Study 1I),
butyrate has previously shown paradoxical effects on metabolism depending
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on tissue condition (Liu et al. 2018, van der Hee and Wells 2021), highlighting
the need for further research on metabolic effects of SCFAs.

3.5 Genomic architecture as a responsive element to environmen-
tal contamination (Study IV)

Here, I observed increase in mean copy number of both rDNA and Msat-160
repeats among bank voles inhabiting contaminated areas of the CEZ (Fig. 8).
Copy number increase in contaminated areas was significantly higher than in
noncontaminated areas within the CEZ, revealing capability for copy number
variation (CNV) in heterochromatic repeats over a fine geographic scale. Both
rDNA and Msat-160 may contribute to genomic stability as part of heterochro-
matin by physically surrounding and protecting the more vulnerable, actively
transcribed genomic regions in the nucleolar center (Geyer et al. 2011, Qiu 2015).
In addition, rDNA CNYV is known to have multiple associations with genomic
stability (Ide et al. 2010, Paredes et al. 2011, Kobayashi 2011, 2014, Saka et al.
2013, Gibbons et al. 2014, Xu et al. 2017, Kobayashi and Sasaki 2017). As such,
increased copy number in rDNA and Msat-160 may provide a fitness advantage
against IR in the CEZ, either through selection from standing CNV in the popu-
lation or by inducing copy number maintaining mechanisms during develop-
mental phase.

Another important finding of this study was a positive correlation be-
tween rDNA and Msat-160 CN among bank voles in noncontaminated areas
both within and outside the CEZ, which however was not observed among
bank voles exposed to radionuclides (Study IV: Table 3). It is notable that loss of
correlation between various processes is a common observation among bank
voles inhabiting the CEZ, as with the weakening of gene co-expression net-
works (Study II), lack of relationship between mtDNA CN and expression of
mitochondrial synthesis—modulating gene PCGla (Kesdniemi et al. 2020) and
lack of correlation in telomere content between tissues (Kesdaniemi et al. 2019b),
suggesting that chronic radiation stress disrupts a putative mechanism that
normally maintains typical genome architecture.
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FIGURE 8  Relative rDNA and Msat-160 copy numbers (Study IV).
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4 CONCLUSIONS AND FUTURE DIRECTIONS

These results provide a wealth of new information on how inhabitation of envi-
ronments contaminated by radionuclides and the resultant chronic exposure to
low dose IR both internally and externally affect wildlife on a molecular level.
The apparent immunosuppression and upregulation of stress response genes
such as Atf5 inform of an ongoing stress response. One of the definitions of
stress is the failure to control a fitness-critical variable (Del Giudice et al. 2018).
Indeed, breeding success is reduced in bank voles in the CEZ along a radiation
gradient (Mappes et al. 2019).

Stress responses are regulated by complex, interconnected signaling net-
works, and thus a repeated failure to control homeostasis caused by chronic
stress can result in various harmful effects that at first glance do not appear to
be connected (Del Giudice et al. 2018), as exemplified by the extremely complex
pathophysiology of metabolic syndrome in humans (Rochlani et al. 2017). Here,
observations that may reflect a loss of regulative function caused by lifelong
(including development) habitation of LDIR environment include the weaken-
ing of gene co-expression networks (Study II), high interindividual variation in
various host parameters and gut microbiota among CEZ samples compared to
control (Study III), the lack of relationship between mtDNA CN and expression
of mitochondrial synthesis-modulating gene PCG1la (Kesaniemi et al. 2020), and
lack of correlation in telomerase expression and telomere content between tis-
sues (Kesdaniemi et al. 2019b). In community microbiology, the instabilization of
gut community composition due to failure to control homeostasis has been
dubbed Anna Karenina principle, following the quote by Leo Tolstoy: “All
happy families are alike, each unhappy family is unhappy in its own way”
(Zaneveld et al. 2017). Here, the stress-related “failure to control” may be central
in understanding several observations in this thesis as well as other studies in-
vestigating bank voles of the CEZ.

The expression of the FAO-emphasizing phenotype in bank voles exposed
to radionuclides is a novel observation, which had previously been observed
only in a controlled experiment with the Atlantic salmon (Salmo salar) (Song et
al. 2016), and later, as an effect of spaceflight in humans and mice (da Silveira et
al. 2020). One of the most important questions raised by these results is whether
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the observed metabolic shift is adaptive given its potentially beneficial health
effects, or a sign of a low-dose IR related radiation syndrome given the similari-
ty to symptoms of mitochondrial myopathy (Forsstrom et al. 2019). According-
ly, protein level expression of FGF21 should be examined as a potential new
marker for low dose IR stress. Future research on effects of radiation on circu-
lating SCFAs should also incorporate temporal sampling as well as sampling
from the portal vein for a more accurate representation of SCFA influx from the
gut. Research focusing on fatty acid metabolism and mitochondrial function as
a response to low-dose IR should be of great interest in the future, given that
radiation dose rates in space are similar to the CEZ (Blue et al. 2019), and that
interest in space development and exploration is increasing in the private sector
(Weinzierl 2018).

With the recent construction of enclosures in the CEZ in collaboration with
Taras Shevchenko National University of Kyiv, reciprocal transplant experi-
ments can be conducted to unravel the genetic basis of phenotypes from devel-
opmental plastic effects. While there is some evidence of adaptation as shown
by fibroblasts extracted from bank voles exposed to radionuclides being more
viable under stress in vitro (Mustonen et al. 2018), experiments investigating lo-
cal adaptation in the CEZ are still scarce. Recently, reciprocal transplant exper-
iments have been used to great effect in conjunction with modern genomic
methods such as SNP calling and RNA sequencing (Leinonen et al. 2013, Lovell
et al. 2016, Gould et al. 2018). Here, for instance, gene expression data can be ex-
amined for number and habitat specificity of differentially expressed genes or
transcripts, as divergence in regulatory elements typically manifests as a specif-
ic response to “home conditions” in locally adapted populations. If evidence of
local adaptation is found, further information on cis- and trans-acting regulatory
variation can be obtained from allele specific expression analysis (ASE), which
incorporates parental genotypes with gene expression data (Lovell et al. 2016).
Challenges include intensive labor of handling mammals and cost of sequenc-
ing to secure the depth necessary for investigation of isoform-specific expres-
sion.

Study IV of this thesis provides much needed new data on local rDNA CN
variation in animals and encourages further research on rDNA dynamics in
evolution, for instance by using selection line experiments. Study of rDNA in
mammals as opposed to e.g., yeast or Drosophila however presents major chal-
lenges: 1) large inherent variation in rDNA CN requires large sample numbers
to resolve, a problem which is 2) exacerbated by generation time and workload
required to rear rodents. Moreover, 3) the molecular characteristics of the rDNA
locus (e.g., nonviability of rDNA knockouts and large proportion of transcrip-
tionally silent copies) makes rDNA difficult to manipulate and to make direct
correlations between copy number and phenotypic characteristics. Fortunately,
as tTDNA CN is a feature of genomic DNA it can be easily quantified using
qPCR or ddPCR at low cost and interested investigators may already have
samples of various taxa available from past sampling expeditions and selection
line projects as frozen tissue or isolated DNA.
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Sciences, University of South Carolina, Columbia, SC, United States

Exposure to ionizing radiation (IR) from radionuclides released into the environment
can damage DNA. An expected response to exposure to environmental radionuclides,
therefore, is initiation of DNA damage response (DDR) pathways. Increased DNA damage
is a characteristic of many organisms exposed to radionuclides but expression of DDR
genes of wildlife inhabiting an area contaminated by radionuclides is poorly understood.
We quantified expression of five central DDR genes Atm, Mrel1, p53, Brcal, and p21
in the livers of the bank vole Myodes glareolus that inhabited areas within the Chernobyl
Exclusion Zone (CEZ) that differed in levels of ambient radioactivity, and also from
control areas outside the CEZ (i.e., sites with no detectable environmental radionuclides)
in Ukraine. Expression of these DDR genes did not significantly differ between male
and female bank voles, nor among sites within the CEZ. We found a near two-fold
upregulation in the DDR initiators Mre71 and Atm in animals collected from the CEZ
compared with samples from control sites. As Atm is an important regulator of oxidative
stress, our data suggest that antioxidant activity may be a key component of the defense
against exposure to environmental radioactivity.

Keywords: chernobyl, ionizing radiation, DNA damage, DNA repair, oxidative stress, Atm, Mre11

INTRODUCTION

Accidental release of radionuclides into the environment presents a potential health risk to humans
and wildlife (Moller and Mousseau, 2006; Lourenco et al., 2016). On 26 April 1986, reactor 4 of
the Chernobyl Nuclear Power Plant (NPP) exploded, releasing an estimated 9 x 103 to 1 x 10*
petabecquerels (Pbq) of radionuclides over much of Eastern Europe, Russia, and Fennoscandia
(Dreicer et al., 1996). This accident, together with the accident at the Fukushima Daiichi NPP
in 2011, stimulated public and scientific interest in the impacts of environmental radionuclides
on natural ecosystems (Wheatley et al., 2016). To limit human exposure to radionuclides, the
Chernobyl Exclusion Zone (CEZ) was established at ~30km radius around the accident site.
The CEZ still contains elevated levels of isotopes with long half-lives, notably strontium-90,
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caesium-137, and plutonium-239 (about 29, 30, and 24,100
years, respectively). The wildlife inhabiting the CEZ provide
the best-studied model of the biological impact of exposure to
radionuclides (Moller and Mousseau, 2006).

One harmful effect of exposure to ionizing radiation (IR)
from radionuclides is elevated DNA damage, either directly
or by generating reactive oxygen species (ROS) through
radiolysis of intracellular water (Ward, 1988; Einor et al,
2016). Elevated DNA damage, for example as chromosomal
aberrations (Dzyubenko and Gudkov, 2009) or DNA breaks
(Bonisoli-Alquati et al., 2010; Fujita et al., 2014), has been
observed in wildlife and humans inhabiting areas affected
by the accidents at Chernobyl and Fukushima (reviewed by
Lourenco et al., 2016). That not all studies find elevated DNA
damage in areas with increased radioactivity (e.g., Bonisoli-
Alquati et al., 2015) points to interspecific differences in response
to environmental radionuclides (Moller and Mousseau, 2015).
Somewhat surprisingly, despite the many (>200) studies of
DNA damage, few studies have quantified activity of DNA
repair pathway genes on organisms exposed to environmental
radionuclides (Lourenco et al., 2016).

In eukaryotes, DNA repair is activated and regulated by
the DNA damage response (DDR) pathway, which is a multi-
branched signaling cascade initiated by the serine/threonine
kinases ATR and ATM upon detection of single-strand
DNA breaks (SSBs) and double-strand DNA breaks (DSBs),
respectively (Giglia-Mari et al., 2011). DSBs typically result
from exposure to highly genotoxic agents and IR (Ward, 1990)
and pose a serious problem for genomic integrity as they
cannot always be repaired without incorporating mutations,
thus increasing the risk of cancer (Cannan and Pederson,
2016). DSBs are detected by the MRE11-RAD50-NBS1 complex,
which activates ATM. Pathways activated by ATM include
p53-mediated cell cycle checkpoint and apoptosis, increased
antioxidant production, and DNA repair, where the choice
between non-homologous end joining (NHE]) and homologous
recombination (HR) repair is regulated by BRCA1 (Daley and
Sung, 2014).

Just three studies, all on plants, have quantified DNA
repair activity in wildlife affected by the Chernobyl and
Fukushima accidents. After exposure to high doses (750 Gy) of
IR, DNA repair activity in pollen and seed from two species
of plant depended upon the composition of radionuclides in
the soil in which the parental plants had grown (Boubriak
et al., 2008). Progeny of Arabidopsis inhabiting areas around
Chernobyl exhibited low recombination rates, despite X-ray
induced upregulation of homologous recombination repair-
related Rad54-like in samples from a contaminated area
(Kovalchuk et al, 2014). Unfortunately these studies within
the CEZ did not use replicate samples from contaminated
and uncontaminated sites, making it challenging to determine
whether radiation or a third variable accounts for these effects.
In rice (Oryza sativa) seedlings, exposure to low-dose IR affected
expression of stress response and DNA repair associated genes
(Hayashi et al., 2014), with some single-strand break repair
genes initially upregulated but suppressed after 24h of IR
exposure. Ultimately, plants have been found to be sensitive to

environmental radiation, and it has been suggested that they
could serve as bioindicator species for assessing radiation risk
(Nikitaki et al., 2017). The DDR of wild vertebrates exposed to
environmental radionuclides has rarely been studied, although,
for example, upregulation in the p53 gene has been observed in
wood mice (Apodemus sylvaticus) inhabiting a former uranium
mine area (Lourenco et al., 2013).

The subject of the physiological and ecological effects of
low-dose IR is highly controversial, as evidenced by several
conflicting studies concerning species diversity and abundance
in the CEZ. Populations of large mammals, such as the wild
boar (Sus scrofa), appear especially abundant (Deryabina et al.,
2015), but it is difficult to quantify the effect of human absence
on these populations. Here, we quantify mRNA transcription in
five DDR and repair genes in livers of the bank vole Myodes
glareolus, a small rodent that inhabits areas within and outside the
CEZ. Multiple populations from both experimental and control
regions were studied to ensure spatial replication of study sites
that differ in contamination levels. The bank vole is abundant
(typically 10-80 animals per hectare) in forest habitats in much
of Europe and Asia (Hutterer et al.,, 2016) and was one of the
first mammals to re-colonize the CEZ after the nuclear accident
(Baker et al.,, 1996). Bank voles inhabiting the CEZ show an
increased frequency of chromosomal aberrations (Goncharova
and Ryabokon, 1995) and increased oxidative stress in the form
of cataracts (Lehmann et al., 2016), although estimates of DNA
damage have returned conflicting results (Cristaldi et al., 1991;
Rodgers and Baker, 2000). We hypothesize that exposure to
low-dose IR stimulates the expression of key genes in the DDR
pathway.

MATERIALS AND METHODS

Sample Collection

Animals were caught using Ugglan Special live traps (Grahnab,
Sweden), with sunflower seeds and potato as bait, during
6th—11th May 2015, at 14 locations within the CEZ that
differed in levels of soil radionuclides (Figure 1). Bank voles
were also caught during 16th—27th August 2015 at three
separate regions outside the CEZ, where elevated levels of
soil radionuclides have not been detected: Brody (50°0594 N,
25°10752 E), Lubny (50°05564 N, 32°98566 E), and Korostyshev
(50°34422 N, 29°23673 E) in order to control for habitat effects.
At each trapping location, 20 traps were placed in a line,
with each trap separated by about 10m and with trapping
locations separated by at least 500 m. Procedures were performed
in accordance with relevant guidelines and regulations,
approved by the Finnish Animal Experiment Board and the
Finnish Ministry of the Environment (under the authorization
ESAV1/3834/04.10.03/2011 and ESAVI/7256/04.10.07/2014).
Ambient radiation levels at the trapping locations were measured
at 1cm above the ground with a hand-held GM dosimeter
(Inspector, International Medcom INC, Sebastopol, CA, USA)
calibrated to measure Sieverts (Sv); such measurements of
radiation are repeatable among days and even years (Moller
and Mousseau, 2013). Mean ambient radiation levels varied
among trapping locations from 0.1 to 12.3 uSv/h within
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FIGURE 1 | (a) Location of control population trapping sites in Ukraine. (b) Bank vole trapping sites in the Chernoby! Exclusion Zone (CEZ). Background radiation
intensity is shown as circles (<1.0 pGy/h) and as triangles (up to 12.3 nGy/h). Created using ESRI ArcGIS 10.5. Satellite imagery®.

the CEZ (Figure 1) and was 0.135 pSv/h at the three areas
outside the CEZ. To estimate lifetime external doses, animals
were allocated to two age groups based on head width, which
is often used as a proxy of age in small mammals (Kallio
et al, 2014): juveniles (<12.0mm) and adults (>12.1 mm).
Accumulated external doses were calculated for 1 month
(juveniles, ranging from 0.07 to 9.01 mGy) and for the range
of 2-5 months (adults, ranging from 0.20 to 28.64 mGy;
Datasheet 1).

After measuring head width (to 0.1 mm) and body mass (to
0.1 g), animals were euthanized by cervical dislocation and liver
tissue samples transferred to Allprotect Tissue Reagent (Qiagen).
We selected bank voles with 10-14 mm head width to reduce
variation associated with maturation. Samples were stored at
—80°C until processing.

Quantitative PCR (qPCR)
Intron-exon boundaries in five DSB damage response
genes Atm, Mrell, Brcal, p53, and p21 were identified
using sequences from a draft bank vole genome (Genbank
accession no. GCA_001305785). Bank vole gene sequences
were aligned using online BLAST (Altschul et al., 1990) with
default parameters against their putative mRNA homologs
in the prairie vole (Microtus ochrogaster) available in
Genbank: p53 (XM_005349777), Brcal (XM_013354463),
Atm (XM_013346263), Mrella (XM_013355380), and p2I
(XM_005360336). For normalization of gene expression, we
amplified two reference genes: beta-actin (Actb) and retention
in endoplasmic reticulum sorting receptor 1 (Rerl). Beta-
actin primers are based on a sequence from mouse (Mus
musculus) and primers for Rerl were based on the putative
gene sequence derived from bank vole genome. Primers were
designed using Primer3 (Rozen and Skaletsky, 2000; Table 1).
The mouse nucleotide database in Genbank was used to
identify common transcripts and avoid potentially rare splice
variants.

Up to 30mg liver tissue per sample was homogenized
using TissueLyser II (Qiagen) bead mill (2 x 2min at 25Hz),

TABLE 1 | gPCR primer information.

Gene Primer sequence (5’ -> 3') Size (bp) E

p53 CCA ACA CAA GCT CCT CTC CC 145 1.900
ATT CGC GTC CTG AGC ATC C

Brecat AGT TCC AGC CAC AAC CTT CAG 156 1.900
CCT CTT GAG ATG GGC AGT TCC

Atm GGA TGG CAT TGT GGT GAA GC 121 1.944
AGG ACC TAT TTC TCC CAA ACA CC

Mrella GGC ACA ACA TCT AGC AAA CGG 101 2.038
TGG CTG CTC ATG AAA GGG TC

Actb TGC GTG ACA TCA AAG AGA AG 197 1.906
GAT GCC ACA GGATTC CAT A

Rer1 GGC CGATCC TGG TGA TGT AC 132 1.986
CCA CGT CCT CCTTCC CTT TG

and total RNA was extracted with RNeasy Mini Kit (Qiagen)
that incorporated a DNase digestion step according to the
manufacturer’s protocol. Four hundred nanograms of total RNA
per sample was used for reverse transcription in 20 .l reaction
volumes using iScript cDNA synthesis kit (Bio-Rad) according to
the manufacturer’s protocol.

Quantitative PCRs were completed for each individual sample
in 16 pl final reaction volumes that contained 4 ng cDNA
template, 400 nM both forward and reverse primers and 8 pl
LightCycler 480 SYBR Green I Master (Roche). Thermal cycling
profiles were: 95°C for 5min followed by, 95°C for 10, 60°C
for 15s (for all primers), and 72°C for 10s (with recording),
using a LightCycler 480 Real-Time PCR System (Roche). Primer
specificity was determined by melt curve analysis and PCR
efficiencies were calculated from standard curves using five-fold
serial dilutions of mixed-sample liver cDNA (Table 1). All qPCRs
were run as three technical replicates and a sample was re-
analyzed if the standard deviation among replicates was >0.4.
Actb showed slightly greater variation in expression (SD = 0.97
cycles, n = 25) than Rerl (SD = 0.65 cycles, n = 25) across
samples.
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Data Analysis

Raw data were imported into GenEx v.6.1 to allow PCR efficiency
correction (Cq = CquOi;E
value and E is the PCR efficiency). Each sample was normalized
against the geometric mean expression of two internal reference
genes Actb and Rerl (Cqnorm = CqGOI — % i CqRGi) to
control for outlying values (Vandesompele et al., 2002). Cq values
were converted to relative linear scale with average expression of
the control groups set as the reference level, after which all data
were converted to log, scale (Datasheet 2). Subsequent statistical
analyses were performed in SPSS v.24.0 (IBM Corp. 2016).

First, we examined differences in gene expression between
three groups of samples: (1) animals within the CEZ caught from
areas with elevated ambient radiation dose rates (>1.0 wGy’/h,
mean 4.8 WGy/h, conferring a yearly external radiation dose of
between ~10 and 110 mGy at the most irradiated location), (2)
animals from within the CEZ where ambient radiation was not
dramatically elevated (<1.0 wGy/h, mean 0.20 pGy/h) and (3)
animals from outside the CEZ (mean 0.13 nGy/h). While the
levels of soil radiation do not differ significantly between the
latter two groups, bank voles inhabiting the CEZ may have moved
among areas prior to capture. Variation in gene expression
among the three groups and possible sex interaction was analyzed
using two-way analysis of variance (ANOVA), followed by a
Tukey’s post-hoc test. Second, as no significant differences in
gene expression could be attributed to an animal’s sex or among
samples within the CEZ (see Results), we made a comparison
in gene expression between animals collected (1) from within
the CEZ and (2) the three control areas, using a Students
t-test.

, where CqE is the uncorrected Cq

RESULTS

We quantified gene expression in five DDR genes Atm, Mrell,
P53, Breal, and p21 in bank voles populating the CEZ. We
chose these genes for their positions and signaling roles at the
top of the DDR cascade to investigate possible activation of
DDR response in a natural low-dose radiation environment. Our
analyses were based on data from 57 animals: 30 (14 males, 16
females) from the CEZ, and 27 (14 m, 13 f) from Brody, Lubny,
and, Korostyshev. Samples from the CEZ were further divided
into two groups of “elevated” (7 m, 5f) and “near-background”
(7m, 11f) levels of environmental radioactivity as described
above. Lifetime external doses within the “elevated” group were
estimated to range between 1.14 and 9.01 mGy for juveniles
and 2.82 to 28.64 mGy for adults, while in “near-background
group” ranges were 0.07-0.34 mGy for juveniles and 0.13-1.68
mGy for adults. Gene expression levels were found to be similar
between the three external control locations (Datasheet 2), and
thus were considered as a single control group. Liver was selected
as the tissue of interest as it is radiosensitive in a clinical context
(Christiansen et al., 2007; Stryker, 2007); moreover, liver tissue
appears sensitive to DNA damage, with liver tissue from bank
voles exposed to environmental radionuclides having shorter
telomeres compared with samples from control areas (Kesidniemi
et al. unpublished).

We found significant differential expression in Mrell and
Atm, which could be explained by radioactivity [2-way ANOVA,
Atm F(Z,Sl) = 952, P < 0001, Mrell F(2,51) = 10,18, P <
0.001; p53 F(y, 51 = 0.34, P > 0.05; Brcal F(y 51) = 0.04, P >
0.05; p21 F(3, 51y = 0.62, P > 0.05]. No significant differences
in the expression of any of the five genes could be explained
by sex [Atm F(y 51y = 0.19, P > 0.05; Mrell Fp, 51y = 0.60,
P > 0.05; p53 F5 51y = 0.07, P > 0.05 Brcal F( 5) =
1.82, P > 0.05 p21 F 5y = 0.03, P > 0.05]. Significant
upregulation (compared with samples from control areas) of Atm
and Mrell was observed in both “elevated” (Payn < 0.01, Ppgrer1
< 0.05) and “near-background” (P, < 0.001, Pprer < 0.001)
groups of samples from the CEZ, despite the significantly lower
amount of environmental radiation in the latter group of samples
(Figure 2); upregulation of Mrell was in fact slightly stronger
(but non-significantly so) in the “near-background” treatment.

Hence, relative quantification of five DDR genes among
samples (males and females) from (1) the CEZ and (2) the control
areas outside the CEZ revealed significant upregulation in Atm
and Mrel 1 in bank voles inhabiting the CEZ compared with bank
voles taken from control areas: transcription of mRNA increased
almost two-fold in Atm (1.93-fold increase, t(s5) = 4.51, P <
0.001) and Mrell (1.87-fold increase, t55) = 4.56, P < 0.001),
whereas no significant differences in mRNA levels of p53, Brcal,
or p21 were detected (Figure 2).

DISCUSSION

Exposure to IR causes DNA damage, and elevated DNA
damage is characteristic of wildlife inhabiting areas affected
by nuclear accident sites. An appropriate response from DNA
repair pathways is an expected response to exposure to
environmental radioactivity. We identified a significant, almost
two-fold, upregulation in expression of Atm and Mrell in
the livers of bank voles living within the CEZ, which is the
first evidence that expression of DNA repair-related genes is
stimulated in vertebrates exposed to low-dose environmental
radioactivity.

A notable feature of these data is the similar gene expression in
animals caught from within the CEZ, irrespective of the level of
soil radionuclides at the trapping location. The CEZ comprises
a mosaic of radionuclide contamination (Chesser et al., 2004)
where the variation in radionuclide levels in soil and vegetation
introduce small scale (few hundred meters) heterogeneity in the
overall received doses for bank voles (Chesser et al., 2000). One
explanation for the common upregulation effect is that bank
voles can readily disperse over 1km during the breeding season
(Kozakiewicz et al., 2007) and thus individuals trapped from the
areas with little or no soil radionuclides within the CEZ could
have been exposed to substantial levels of radionuclides prior to
capture. Bank voles inhabit burrows and have an opportunistic
diet (Butet and Delettre, 2011), and are thus exposed to a wide
variety of ingested radionuclides including the common fission
product caesium-137. Caesium-137 is particularly problematic
for ecosystems due to its capacity to form various water-
soluble salts. Bank voles can carry potentially high amounts of
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FIGURE 2 | Relative expression of five central DNA damage response (DDR) genes in livers of bank voles collected from the Chernoby! Exclusion Zone (CEZ)
(Ch-Background = <1.0 pGy/h, Ch-Elevated = up to 12.3 nGy/h) and control locations outside the CEZ. Gene expression was normalized against two internal
reference genes (Actb and Rer1) with the average expression in the control group set as the reference level. (A) Atm, (B) Mre11, (C) p53, (D) Brcal, and (E) p21.

internal radiation sources (Baker et al., 2017). In this scenario,
the common upregulation effect between contaminated and
non-contaminated areas represents an average expression for
inhabiting the CEZ especially if there are carry forward effects
from exposure to very high amounts of radionuclides in prior
generations. Such effects of past exposures have been reported
with respect to mitochondrial mutation rates in these same
voles (Baker et al., 2017) and would have the effect of averaging
effects over broader geographic scales. Another possibility is that
observed patterns reflect local adaptations that have spread from
populations at contaminated regions to adjacent areas via gene
flow (Moller et al., 2006; Fedorka et al., 2012) which could also
account for a “higher than expected” level of expression in less
contaminated areas within the CEZ.

Upregulation of DDR pathways of animals residing within
the CEZ may seem intuitive, but these pathways have not
been studied in wildlife inhabiting areas contaminated by
radioactivity. That Atm is upregulated is relevant as this gene
is positioned at the top of the DBS repair pathway. ATM is
primarily regulated at the protein level when subjected to IR
(Bakkenist and Kastan, 2003), but Atm promoter activity, and
protein abundance, is stimulated by exposure to IR in mice
tissues, including liver (Gueven et al., 2006); moreover, silencing

of ATM decreases radioresistance of glioma in vitro and in vivo
(Lietal, 2016). Perhaps crucially, ATM is an important regulator
of cellular oxidative stress (Barzilai et al, 2002), promoting
the production of NADPH (Cosentino et al., 2011). Moreover,
ATM can be activated by oxidative stress independently from
DBS-related activation by the MRN complex (Guo et al., 2010).
Antioxidant production likely constitutes a major part of the
adaptive response against environmental radioactivity in birds
within and around the CEZ (Galvan et al,, 2014) and in cell
lines of fibroblasts from bank voles (Mustonen et al., submitted).
Moreover, a change in fur color of bank voles within the CEZ
was attributed to downregulation of pheomelanin to reallocate
antioxidants to ROS defense (Boratynski et al., 2014). Indeed,
upregulation of oxidative stress response genes Cat and Fsd3
in Arabidopsis (Kovalchuk et al., 2014) indicate that increased
ROS defense could be a key coping strategy against exposure to
environmental radionuclides.

MREI1 is a constituent protein of the MRE11-RAD50-NBS1
complex, a multi-purpose maintainer of genomic stability whose
tasks include DSB detection and subsequent activation of ATM
protein (Lee and Paull, 2005) as well as DNA repair functions
and telomeric maintenance (Lamarche et al., 2010). Reduced
expression of the Mrell gene often leads to genomic instability,
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and increased protein levels of ATM and MREI11 in some tumors
are associated with resistance against radiotherapy (Tribius
et al, 2001; Deng et al., 2011). An apparently low frequency of
micronuclei in bank voles from the CEZ might indicate that this
species has some degree of radioresistance (Rodgers and Baker,
2000). Given our results, Atm and Mrell represent important
candidate genes that regulate genomic stability in bank voles
exposed to environmental radionuclides.

Our observation of no significant variation in expression of
p53 may be explained by this gene being primarily regulated
through post-translational modification of cellular protein
(Kruse and Gu, 2009), although transcriptional upregulation
has previously been detected in the livers of European wood
mice inhabiting an abandoned uranium mine area (Lourenco
et al., 2013). Significant enrichment of heavy metals (uranium
and cadmium) were also detected in these mice, contributing
to toxicity alongside radiation. Thus, radionuclide levels
comparable to studied areas in the CEZ are not severe enough
to induce transcription in p53. P21 is under transcriptional
regulation by p53 and is required for DNA damage related cell
cycle inhibition (Bunz, 1998). That p21 expression is not altered
in animals inhabiting the CEZ implies cell cycle control pathways
are not activated in response to increased Atm expression. Brcal
is upregulated in response to genotoxic stress (De Siervi et al,,
2010). A lack of change in expression of Brcal in bank voles from
the CEZ indicates that the homologous recombination repair
pathway is not a key component of the response to environmental
radionuclides, consistent with a recent study of expression of
DBS repair pathways during exposure to IR (Liu et al.,, 2016).
Arabidopsis from the CEZ show reduced recombination, which
might prevent gross chromosomal rearrangements (Kovalchuk
etal., 2014).

As the expression of p2I and Brcal is not stimulated it is
plausible that the low-dose IR environment of Chernobyl does
not cause sufficient DNA damage to warrant cell cycle arrest and
activation of DSB repair. Nonetheless, some genomic impact is
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1 | INTRODUCTION

Human actions pose numerous stressors such as warming, extreme
weather and pollutants, to wildlife at both global and local scales,

with loss and deterioration of habitat presenting major impacts to
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Abstract

Wildlife inhabiting environments contaminated by radionuclides face putative det-
rimental effects of exposure to ionizing radiation, with biomarkers such as an in-
crease in DNA damage and/or oxidative stress commonly associated with radiation
exposure. To examine the effects of exposure to radiation on gene expression in
wildlife, we conducted a de novo RNA sequencing study of liver and spleen tissues
from a rodent, the bank vole Myodes glareolus. Bank voles were collected from the
Chernobyl Exclusion Zone (CEZ), where animals were exposed to elevated levels of
radionuclides, and from uncontaminated areas near Kyiv, Ukraine. Counter to ex-
pectations, we did not observe a strong DNA damage response in animals exposed
to radionuclides, although some signs of oxidative stress were identified. Rather, ex-
posure to environmental radionuclides was associated with upregulation of genes
involved in lipid metabolism and fatty acid oxidation in the livers - an apparent shift
in energy metabolism. Moreover, using stable isotope analysis, we identified that fur
from bank voles inhabiting the CEZ had enriched isotope values of nitrogen: such
an increase is consistent with increased fatty acid metabolism, but also could arise
from a difference in diet or habitat between the CEZ and elsewhere. In livers and
spleens, voles inhabiting the CEZ were characterized by immunosuppression, such
as impaired antigen processing, and activation of leucocytes involved in inflamma-
tory responses. In conclusion, exposure to low dose environmental radiation impacts
pathways associated with immunity and lipid metabolism, potentially as a stress-in-

duced coping mechanism.

KEYWORDS
DNA repair, Myodes glareolus, pollution, radionuclides, RNAseq, stable isotope

many species (Acevedo-Whitehouse & Duffus, 2009). Organisms
that persist in the face of a changing environment need to mount
an appropriate genomic response, often achieved using altered
transcriptional activity. Analyses of these transcriptional changes

provide key insights into the biological pathways that underline
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any physiological response (Evans, Pespeni, Hofmann, Palumbi, &
Sanford, 2017; Pujolar et al., 2012).

Exposure to radionuclides is a source of genotoxicity to wildlife,
with numerous human activities, for example processes involved in
uranium mining, nuclear energy production and its waste treatment,
or nuclear tests, having left many contaminated areas worldwide (re-
viewed by Lourenco, Mendo, & Pereira, 2016). Perhaps the most no-
table areas of radionuclide contamination in the natural environment
are derived from the accidents at the Nuclear Power Plants (NPPs) at
Chernobyl (Ukraine, 1986) and at Fukushima (Japan, 2011). Wildlife
inhabiting the area surrounding the former NPP at Chernobyl pro-
vide the best-studied models of the biological impacts of exposure
to environmental radionuclides. The accident at the Chernobyl NPP
Reactor 4 released more than 9 million terabecquerels (TBq) of ra-
dionuclides over a wide area (>200,000 km?) of Europe and east-
ern Russia. Subsequently, the Chernobyl Exclusion Zone (CEZ) was
established at an approximately 30 km radius (~4,300 km? area)
around the accident site to limit human exposure to the radioactive
fallout. However, the wildlife inhabiting the CEZ are exposed to ele-
vated levels of persistent radioisotopes, notably strontium-90 (%%sr),
cesium-137 (**’Cs), and plutonium-239 (?*?Pu) (Mgller & Mousseau,
2006).

Detrimental effects of chronic exposure to radiation in wild-
life have been reported at multiple biological scales (reviewed by
Lourenco et al., 2016). For example, the community diversity of
soil bacteria (Romanovskaya, Sokolov, Rokitko, & Chernaya, 1998),
abundance of soil invertebrates (Mgller & Mousseau, 2018) and the
density of mammals (Mgller & Mousseau, 2013) negatively correlate
with levels of radiation within and around the CEZ. At the organismal
level, wildlife affected by Chernobyl fallout exhibit a suite of pheno-
typic effects such as aspermy and reduced sperm motility (Mgller,
Bonisoli-Alquati, Mousseau, & Rudolfsen, 2014) and smaller brains
(Mgller, Bonisoli-Alquati, Rudolfsen, & Mousseau, 2011): compara-
ble impacts have been reported in studies of organisms affected by
the Fukushima nuclear accident (Lourenco et al., 2016). Conversely,
many studies fail to find notable biological impacts of exposure to
environmental radionuclides, for example on the community diver-
sity of macro-organisms (Murphy, Nagorskaya, & Smith, 2011), or in
the abundance or density of wildlife (Deryabina et al., 2015). At a
molecular level, an apparent increase of DNA damage, chromosomal
aberrations (Lourenco et al., 2016), oxidative stress (Einor, Bonisoli-
Alquati, Costantini, Mousseau, & Mgller, 2016) and/or mutation rate
(Mgller & Mousseau, 2015) have been associated with exposure to
environmental radionuclides (but cf. [Kesdniemi et al., 2018] who
found no evidence that mutation rate was elevated in bank voles
inhabiting the CEZ). Despite the numerous and often contradic-
tory studies on the diverse impacts of exposure to environmental
radionuclides, changes in genome-wide gene expression associated
with exposure to low dose environmental radionuclides are poorly
understood.

While exposure to environmental radionuclides impacts gene
expression, it is hard to identify a general response of organisms be-
cause studies typically quantify expression of candidate genes from
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DNA repair and oxidative stress pathways. For example, the level

of soil radionuclides within and around the CEZ is associated with
the activity of some candidate radical scavenging and DNA damage
response genes in plants (Kovalchuk, 2004) and in a rodent, the bank
vole Myodes glareolus (Jernfors et al., 2018). Away from Chernobyl,
increased DNA damage and elevated expression of selected DNA
damage and repair candidate genes were observed in European
wood mice (Apodemus sylvaticus) exposed to uranium mining waste
(Lourenco, Pereira, Goncalves, & Mendo, 2013) and marine mussels
(Mytilus sp.) from sediments with low (0.61 pGy/hr) levels of radionu-
clides (Alamri, Cundy, Di, Jha, & Rotchell, 2012). A clear limitation of
the candidate gene approach is that it overlooks the potential action
of many other cellular and molecular processes. For example, bio-
medical studies have shown that in addition to inducing DNA repair
pathways, exposure to acute, high dose (>1 Gy) radiation can repress
the adaptive immune system while stimulating a proinflammatory
response (Di Maggio et al., 2015; Hekim, Cetin, Nikitaki, Cort, &
Saygili, 2015). The effects of chronic exposure to relatively low envi-
ronmental radiation in wildlife immunity is not well known. However,
a microarray study has shown that exposure to environmental radio-
nuclides correlates with upregulation of the inflammatory cytokine
IFNy in the intestines of pigs affected by radionuclide fallout from
Fukushima (Morimoto et al., 2017). Here, we used RNAseq to ana-
lyze the transcriptional response by wildlife (the bank vole) exposed
to environmental radionuclides.

The bank vole Myodes glareolus is a small rodent that inhabits de-
ciduous or coniferous forests throughout much of northern Europe
and Asia (Macdonald, 2007). This species is an ideal model to quan-
tify the genomic effects of exposure to environmental radiation as
it was one of the first mammals to recolonize areas contaminated
by radionuclides following the Chernobyl accident (Chesser et al.,
2000). As bank voles burrow in soil and have a varied diet (including
fungi, invertebrates and plants; Butet & Delettre, 2011), animals liv-
ing within the CEZ can experience considerable absorbed doses of
radiation (either from the soil or by consuming contaminated food);
for example, bank voles from the Red Forest had average absorbed
doses of radiocesium of 6.7 mGy/day (Baker et al., 2017; Chesser et
al., 2000).

To examine the effects of environmental radionuclide exposure
on gene expression in wild bank voles, RNAseq data were obtained
for the liver and spleen tissues, as they have contrasting biological
functions and different radiosensitivities. The liver is an organism's
metabolic centre where it regulates energy metabolism, detoxifica-
tion processes and produces diverse metabolites. The spleen has a
central role in maintaining immune system function, for example via
its association with storage and activation of immune cells, antibody
release, and production of inflammatory mediators. The spleen, like
other lymphoid organs, has a high radiosensitivity, in contrast to
the liver that apparently has a fairly low radiosensitivity (Rubin &
Casarett, 1968). We predicted that exposure to radionuclides will (a)
elicit changes in transcriptional activity of DNA repair and oxidative
stress response pathway genes, given the prevalence of studies re-
porting the impact of exposure to radionuclides on these molecular
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functions (reviewed by Einor et al., 2016; Lourenco et al., 2016).

Also, we expected to find (b) changes in gene expression affecting
the immune and inflammatory pathways given the prominence of
these pathways in biomedical literature examining molecular im-
pacts of exposure to radiation (Hekim et al., 2015; Kam & Banati,
2013). Finally, we predicted (c) more pronounced transcriptional dif-
ferences in immune responses in the spleen than in the liver, due to

its role in immune functions and its apparently high radiosensitivity.

2 | MATERIALS AND METHODS

2.1 | Sample collection

Bank voles were collected from four sampling areas (n = 40, 10
voles from each area) in Ukraine (18th-25th of July, 2016): two lo-
cations (Vesnyane and Gluboke, 33 km apart) within the Chernobyl
Exclusion Zone (CEZ) that were contaminated by radionuclides, and
two uncontaminated locations near Kyiv (Kyiv west and east, 26 km
apart; see map in Figure S1). We sampled voles from both sides of
the Dnieper and Pripyat rivers, which represent a population ge-
netic barrier. As bank voles from locations to the east of these riv-
ers are genetically more similar than bank voles from locations on
the west of these rivers (Kesaniemi, J., Lavrinienko, A., Tukalenko,
E., Boratynski, Z., Kivisaari, K., Mappes, T., Milinevsky, G., Mgller,
A.P., Mousseau, T.A. & Watts, P.C., unpublished data), our sampling
design incorporates two genetically different samples within each
treatment, while maintaining genetically similar samples among
treatments (e.g., the locations Vesnyane, CEZ and Kyiv west were
similar). Animals were sampled from similar mixed forest habitats.

Bank voles were trapped using the Ugglan Special2 live traps
(Grahnab, Sweden), with sunflower seeds and potato as bait.
Environmental radiation was measured at ground level at each trap-
ping site using a hand-held GM dosimeter (Inspector, International
Medcom INC, Sebastopol, CA, USA). The mean level of ambient
radiation dose rate (measured in uGy/hr) within the CEZ locations
was significantly higher than at the locations outside the CEZ (uGy/
hr, mean = SD: Vesnyane = 18.03 + 0.9, Gluboke = 14.74 + 5.3,
Kyiv west = 0.15 + 0.0, Kyiv east = 0.30 + 0.0; Kruskal-Wallis test,
42 =34.871,df = 3,p < .001).

We estimated ¥’Cs activity (whole-body burden) for each vole
using a SAM 940 radionuclide identifier system (Berkeley Nucleonics
Corporation, San Rafael, CA, USA) equipped with a 3" x 3" Nal de-
tector. The detector was shielded by 10 cm of lead to reduce noise
from the background radioactivity. With corrections for laboratory
background, the activity of **’Cs was evaluated from the obtained
spectra in energies window 619-707 keV with cesium photopeak
at 662 keV. Reliable measurements of cesium activity could not be
made for 14 voles from Kyiv, because the *¥’Cs activity in these an-
imals was below the detectability level, i.e. the decision threshold
(the level of 95% probability that the signal from detector is caused
by background fluctuation). Cesium activity (radiocesium Becquerels
per kg, Bqg/kg) was thus estimated for six bank voles from the Kyiv
locations (Bq/kg, median [lower quartile;upper quartile]: Kyiv = 542

[506; 594]) and all CEZ voles (Bg/kg, median [lower quartile; upper
quartile]: Vesnyane = 4,117 [2,620; 22,215], Gluboke = 12,319 [2,797;
27,044]). Cesium activity was significantly higher in voles from the
CEZ than from Kyiv locations (Mann-Whitney U test, U = 120.00,
p <.001,n = 26).

Animals were euthanized by cervical dislocation and the liv-
ers and spleens immediately stored in AllProtect Tissue Reagent
(Qiagen). Body size (weight, head width) was recorded for all individ-
uals. As a general estimation of physiological condition of the voles, a
body condition index was calculated for each individual as the stan-
dardized residual value from a linear regression of weight (depen-
dent variable) against head width: a positive body condition index
value reflects a better condition, i.e., heavier animals with greater
energy reserves (Schulte-Hostedde, Millar, & Hickling, 2001).

2.2 | RNA extraction, library
preparation and sequencing

Total RNA was extracted using RNeasy Mini Kit (Qiagen) according
to the manufacturer's protocol. Samples from both tissues and all
sampling locations were processed (RNA extractions and sequenc-
ing) at random order (see Appendix S1). Libraries were prepared
using an lllumina TruSeq RNA Sample Prep Kit version 2 for 100 bp
paired-end (PE) sequencing. Individually barcoded samples were se-
quenced on an Illumina HiSeq4000 (Beijing Institute of Genomics,

Hong Kong).

2.3 | De novo transcriptome assembly,
annotation and data analysis

Liver and spleen reads from four voles (one from each location) were
combined (a total of 156,478,452 PE reads) for de novo transcriptome
assembly. The transcriptome was assembled using Trinity version 2.4.0
(Grabherr et al., 2011) with default parameters. Most downstream
analyses followed Trinity best-practice guidelines (Haas et al., 2013;
see Appendix S1). The transcriptome was annotated using Trinotate
version 3.0.1 (https://trinotate.github.io/). Reads from liver (n = 39, as
sequencing of one liver RNA sample from Kyiv east failed, see Table S1)
and spleen (n = 40) samples were mapped to the transcriptome using
Bowtie version 1.1.1 (Langmead, Trapnell, Pop, & Salzberg, 2009),
with number of aligned reads quantified using rsem version 1.3.0 (Li
& Dewey, 2011). Transcript abundance was examined by principal
component analysis, which revealed one individual (from Vesnyane,
CEZ; Figure S2) to be clearly positioned outside the cluster of all other
samples (in both tissues). This outlier individual was removed from all
subsequent analyses (leaving final sample sizes of n = 38 for liver and
n =39 for spleen, Figure S2). Analysis of differential expression compar-
ing CEZ sites and uncontaminated Kyiv sites for the two tissues sepa-
rately were performed at the gene level using peseq2 version 1.10.1
(Love, Huber, & Anders, 2014), with a two-fold minimum change and
a maximum false discovery rate (FDR) threshold of 0.001. Biological
functions and pathways affected by environmental radiation were
identified using gene ontology (GO) enrichment analysis implemented
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TABLE 1 Transcriptome assembly statistics

Number of transcripts 445,192
Number of genes 273,880
GC% 48.10
Median contig length 453
Average contig length 1,050.39
N50 2,258
Number of transcripts in E90 set 51,173
E9ON50 2,874

by GOseq Bioconductor version 1.26.0 (Young, Wakefield, Smyth, &
Oshlack, 2010) on the DE genes (DEGs) within each tissue and the as-
sembled and annotated transcriptome as a background set.

2.4 | Gene coexpression networks

To investigate whether inhabiting the CEZ impacted gene expression
interactions, weighted topological overlap gene coexpression net-
works were constructed using wto (Gysi, Voigt, Fragoso, Almaas, &
Nowick, 2018) in r 3.5.0 (R Core Team, 2018). For both tissues sepa-
rately, pairwise correlation networks with positive and negative in-
teractions between genes were built for each of the four sites (using
wto. Complete mode with Pearson correlations and 1,000 bootstraps),
using 3,000 of the most highly expressed genes in both tissues (TPM
count data). Consensus networks were then built for the CEZ and Kyiv
sites. To identify similarities and differences between the consen-
sus networks, the networks were compared using CoDiNA (Gysi, de
Miranda Fragoso, Buskamp, Almaas, & Nowick, 2018) in r, where only
the significant correlations were retained (links with not significant wro
values [p > .001] were set to zero). CoDiNA assigns each link into one
of three categories; a links are present in both consensus networks
with the same sign (negative or positive correlation between genes),
B links are present in both networks but with a different sign of the
link's weight (different interaction between the genes), and y links are

specific to one of the networks (see Appendix S1).

2.5 | Stable isotope analysis

As voles from the CEZ showed differences in metabolic pathways
compared to the voles from uncontaminated areas, bank vole di-
etary preferences were examined using stable isotope analysis
(SIA). SIA from consumers' tissues reflects the isotopic composi-
tion of the diet, since food sources, such as plant types, seeds or
invertebrates, differ in their isotopic compositions (Baltensperger,
Huettmann, Hagelin, & Welker, 2015; Calandra et al., 2015).
Animal fur has a slow isotopic turnover rate and reflects the iso-
topic signal of consumed food from the past several months in
rodents (Kurle, Koch, Tershy, & Croll, 2014). Abundance of °N
increase with transfer between trophic levels relative to 14N, and
the ratio of these stable isotopes (5*°N) can be used to define an

organism's trophic position. Due to the difference in assimilation
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of stable isotopes of carbon by primary producers in ecosystems,

ratio of carbon isotopes (8*3C) can be used as an indicator of the
food source (Ben-David & Flaherty, 2012). Samples of bank vole
fur and putative food items (collected from the vole sample loca-
tions) were analyzed for 8°N and §'°C (Appendix S1 and Table
$2). Fur 8*°N values were correlated with gene expression changes
(TMM-normalized count values of all annotated DEGs in both tis-
sues) using Pearson correlations in r 3.5.0 (function ‘rcorr’; R Core
Team, 2018), with p-values corrected by Benjamini-Hochberg
method and considered significant at FDR < 0.05.

3 | RESULTS

3.1 | Bankvole body condition

All individuals were adult females with no significant differ-
ence in either weight (g, mean + SD: Vesnyane = 22.4 + 4.8,
Gluboke = 21.8 + 3.0, Kyiv west = 21.0 + 2.6, Kyiv east = 22.2 + 3.3;
ANOVA, F = 0.319, df = 3, p = .812) or head width, a proxy for
age (Kallio et al., 2014) (mm, mean + SD: Vesnyane = 13.0 + 0.4,
Gluboke = 12.8 £ 0.5, Kyiv west = 13.1 + 0.3, Kyiv east = 12.8 £ 0.2;
ANOVA F = 1.109, df = 3, p = .356) among the four sampling loca-
tions. Animals from the CEZ and Kyiv area did not differ significantly
in body condition index (BCl, mean = SD: Vesnyane = 0.09 + 1.3,
Gluboke = 0.16 + 0.9, Kyiv west = -0.56 £ 0.5, Kyiv east =0.31 £ 0.9;
ANOVAF = 1.565, df = 3, p = .215).

3.2 | De novo transcriptome
assembly and annotation

De novo assembly resulted in 445,192 transcripts (contigs) that
clustered in 273,880 ‘genes’ (clusters of contigs traced from the
same De Bruijn graph during Trinity assembly), with a transcript
N50 = 2,258 bp and E90N50 = 2,874 bp (Table 1). Mapping read
data against this transcriptome yielded an overall alignment rate of
93%, with 85% of reads aligning as proper pairs. BUSCO analysis
of the combined liver-spleen transcriptome identified a compre-
hensive transcriptome, with 80% complete mammalian BUSCOs.
Furthermore, 11% of BUSCOs were fragmented, while only 9%
were missing. BLASTX search against SwissProt found 10,376 uni-
proteins that are represented by near full-length transcripts (>80%
alignment coverage) in the transcriptome (Figure S3). A total of
128,907 transcripts (31,517 ‘genes’) were annotated with at least
one GO term leveraged from the top sLAsTx hit(s) (Dryad Data file
1, file 2, file 3).

3.3 | Variation in liver and spleen gene expression
associated with inhabiting the CEZ

A total of 444 differentially expressed genes (DEGs; fold change >2,
FDR <0.001) were identified in the livers of bank voles, with 292
genes being upregulated in the CEZ voles and 152 downregulated
(Table S3, Dryad Data file 4a). Of these, 188 genes were successfully
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FIGURE 1 Summarized list of significantly enriched GO terms (FDR < 0.05) among DEGs between uncontaminated Kyiv control and

CEZ populations for (a) liver and (b) spleen. GOseq results have been further reduced in REVIGO to remove overlap. GO terms are ordered
by category. BP, biological pathway; CC, cell compartment; MF, molecular function and by Z-score, which indicates the general direction of
expression difference of a group of genes containing a given GO term

annotated (i.e., receiving at least one GO term annotation) to a best
matching protein with a known function (Swiss-Prot 2017_04). In
spleens, 97 genes were identified as DE, of which were 61 upregu-
lated and 36 downregulated in the voles from the CEZ (Table S3,
Dryad Data file 4b), and with 62 genes obtaining at least one GO
term. The gene expression profiles cluster by treatment i.e. the con-
taminated and control areas; hence, variation in transcriptional ac-
tivity is associated with variation in the radiation levels (Figure S4).
Within the CEZ, liver tissue profiles show higher individual variation
(Vesnyane and Gluboke comparison with 40 up- and 176 downregu-
lated DE genes, Dryad Data file 5) compared to spleen tissue (two
nonannotated DE genes).

From the differentially expressed genes, the most significantly en-
riched GO terms in the biological pathway category in the liver tissue
of animals from CEZ were related to lipid metabolic processes, more
specifically catabolic processes such as fatty acid beta-oxidation, met-
abolic processing of fatty acids and retinols, as well as the acyl-CoA
metabolic processing. Repressed pathways (downregulated DEGs) in
the liver include fat cell differentiation and defence responses against
bacteria and protozoa. Additionally, immune processes such as cyto-
kine signalling related pathways, antigen processing and virus defence
pathways were repressed (Figure 1a, Table S4a,b, Figure S5a,b). The
enriched pathways in spleens of animals from CEZ were associated
with immune system processes, defence and stress responses and
acute inflammatory responses, as well as processing of proteins, e.g.,
citrullination (Figure 1b, Table S4c). GO term analysis between the two

Chernobyl sites showed additional enrichment of peroxisomal activa-
tion processes in the genes upregulated in Gluboke liver tissue (See

Dryad Data file 5 for GO analysis results).

3.4 | Metabolic pathways

Primary energy metabolism pathways were affected in the livers of
voles from the CEZ (Table 2). In particular, genes typically associated
with mitochondrial fatty acid oxidation (FAO) and accelerated perox-
isomal activity were induced (Figure 2), indicating a shift to the use of
fatty acids (FA) as a primary energy source. Notable genes that were
upregulated include Cptla (mitochondrial importer of FA; Kersten,
2014), Pdk4 (a regulator of metabolic flexibility; Zhang, Hulver,
McMillan, Cline, & Gilbert, 2014), Gpd1 (enables gluconeogenesis
from glycerol), and Fgf21 (coordinator of FA utilization, secreted as a
hormone by the liver; Fisher & Maratos-Flier, 2016), which together
can promote FAO and gluconeogenesis, while inhibiting oxidation of
glucose derived pyruvates in the liver (Fisher & Maratos-Flier, 2016;
Kersten, 2014). Additionally, mitochondrial Auh, a central gene of
the leucine degradation pathway, where the ketogenic amino acid
is converted to ketones, was upregulated. A common theme among
these upregulated key metabolic genes is transcriptional control
by peroxisomal proliferator activated receptor alpha (PPARa), the
master regulator of FAO (Kersten, 2014). While the catabolic pro-
cesses of FAO were induced in the liver tissue of CEZ voles, a key
gene in the FA biosynthetic pathways, Scd1, was downregulated.
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TABLE 2 Differentially expressed genes in the liver and spleen. Positive fold change values indicate upregulation in bank voles inhabiting
the CEZ. PPARa in parenthesis indicate known target of peroxisomal proliferator activated receptor alpha

Gene Function/description Fold change (log2)

Liver

Metabolism and stress

Acot1-5 Acyl-CoA thioesterases, peroxisomal FAO, regulation of FA/CoA levels (PPARa) ~1.30
Fgf21 Fibroblast growth factor 21, fasting hormone (PPARa) 2.40
Eci3 Enoyl-CoA delta isomerase 3, peroxisomal FAO, very long chain fatty acids 2.24
Cbfa2t3 Inhibition of glycolysis. TF 2.05
Rgn Regucalcin, vitamin C synthesis, Ca2+ homeostasis 1.82
Plin2 Perilipin-2, intracellular lipid accumulation marker (PPARa) 1.77
Eci2 Enoyl-CoA delta isomerase 2, mitochondrial FAO (PPARa) 1.67
Nedd4 E3 ubiquitin-protein ligase 1.59
Cyp4aé Cytochrome P450, lipid metabolism 1.58
GO0s2 GO/G1 switch protein 2, apoptosis, adipogenesis (PPARa) 1.51
Cyp3a25 Cytochrome P450, drug & lipid metabolism 1.45
Gpd1 Glycerol-3-phosphate dehydrogenase, enables gluconeogenesis from glycerol 1.45
Cyp8b1 Cytochrome P450, bile acid synthesis (PPARa) 1.43
Pdk4 Pyruvate dehydrogenase kinase, regulation of FAO, glycolysis and gluconeogenesis by inhibi- 141
tion of PDC (PPARa)
Retsat Retinoid (vitamin A derivate) metabolism (PPARa) 1.34
Cdk3 Cyclin-dependent kinase 3, cell cycle regulation 1.31
Vhni Pantetheinase, vitamin B5 metabolism, AO activity (PPARa) 1.27
Pex11a Peroxisomal membrane protein, peroxisome proliferation 1.23
Atf5 Hepatic stress response TF 1.20
Acaalb Peroxisomal FAO (PPARa) 1.18
Gadd45a Growth arrest and DNA damage-inducible protein, DNA repair, response to DNA damage 1.16
Cptla Carnitine O-palmitoyltransferase, mitochondrial FAO, rate-limiting (PPARa) 1.14
Bcol Retinoid (vitamin A derivate) metabolism 1.14
Pycrl Proline synthesis, mitochondrial, OS response 1.14
Fabp1 Fatty acid binding protein, binding and transport of intracellular FA, AO activity (PPARa) 1.13
Slc25a47 Respiratory uncoupling, mitochondrial 1.10
Auh Methylglutaconyl-CoA hydratase, mitochondrial, AA degradation (ketogenic) 1.07
Pla2g16 Regulation of adipocyte lipolysis (phospholipids), lipid metabolism -1.00
Acat2 Acetyl-CoA acetyltransferase, mevalonate pathway (cholesterol biosynthesis) -1.10
Cyp2c11 Cytochrome P450 -1.14
Angptl8 Angiopoietin-like protein 8, regulation of serum TAG levels -1.16
Pld4 Phospholipase, phospholipid synthesis -1.17
Cyp2c26 Cytochrome P450 -1.22
Lpl Lipoprotein lipase, cholesterol homeostasis -1.25
Cyp2f2 Cytochrome P450, drug metabolism -1.27
Cyp3a family Cytochrome P450, various members, drug & lipid metabolism ~-1.40
Scd1 Stearoyl-CoA desaturase 1, MUFA synthesis, rate-limiting (PPARa) -1.85
Immune response
Irgm1 Immunity-related GTPase, IFNg induced, innate immunity -1.02
Tap1 Antigen peptide transporter 1, antigen processing (MHC-I1), adaptive immunity -1.07
ligp1 Interferon-inducible GTPase, resistance to intracellular pathogens, innate immunity -1.07

(Continues)
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TABLE 2 (Continued)

Gene

Gstm4
Psmb8
Batf2
Stat1
Rnf213
Nlirc5
Psmb?9
Tgtp2
Ccl19
Socs1
H2 MHC-I
Cfhr1
Spleen
Immune response
Mrgprb2
Mcpt8
Ms4a2
Cpa3
Padi4
Cmal
Kng1
Prg2
Mmp9
Spdya
Hp
S100A9
Len2
Mcemp1
Alox5
Pglyrp1
Cebpb
Ube2q2
Zxdb
Zfp91
Znrf2
Metabolism
Pdk4
Fabp4
Plin5
Angl4

Function/description Fold change (log2)
Glutathione S-transferase -1.14
Proteasome subunit, antigen processing (MHC-I1), immunity -1.23
TF, immune responses -1.25
JAK-STAT cascade, response to IFNs, antiviral -1.27
E3 ubiquitin-protein ligase -1.28
Innate immunity, antiviral -1.32
Proteasome subunit, antigen processing (MHC-I1), immunity -1.40
Innate immunity, resistance to intracellular pathogens, T-cell-specific -1.42
Cytokine, chemokine receptor binding, inflammatory response -1.43
JAK-STAT cascade, IFNg signaling -1.44
Histocompatibility antigens, antigen presenting -1.46
Regulation of complement cascade, immunity -1.81
Mas-related G-protein coupled receptor 1.64
Mast cell protease 8 1.48
High affinity immunoglobulin epsilon receptor subunit beta, mast cell activation, IgE binding 1.36
Mast cell carboxypeptidase A, angiotensin metabolism 1.35
Transcription regulation, innate immune responses 1.30
Mast cell chymase, protease 1.28
Kininogen, inflammatory response (vasodilation) 1.25
Proteoglycan, cytotoxin, helminthotoxin, antiparasitic, immunity 1.23
Matrix metalloproteinase-9, inflammatory response, tissue remodeling 1.21
Speedy protein A, cell cycle regulation, response to DNA damage 1.14
Haptoglobin, antimicrobial, AO, immunity 1.11
Innate immunity, inflammatory response, antimicrobial, AO, apoptosis 1.11
Neutrophil gelatinase-associated lipocalin, antimicrobial, AO, innate immunity 1.11
Mast cell-expressed membrane protein 1 1.10
Arachidonate 5-lipoxygenase, leukotriene metabolism, inflammatory response 1.08
Peptidoglycan recognition protein 1, antimicrobial, innate immune response 1.07
TF in immune and inflammatory responses -1.01
Ubiquitin-conjugating enzyme E2 Q2, protein ubiquitination -1.01
Transcription regulation (MHC class | and MHC class Il genes) -1.03
E3 ubiquitin-protein ligase -1.69
E3 ubiquitin-protein ligase, antigen processing -2.04
Regulation of FAO, glycolysis and gluconeogenesis 1.57
Fatty acid binding protein 4 1.47
Lipid droplet protein perilipin 1.27
Angiopoietin-related protein 4 1.22

Abbreviations: AA, amino acid; AO, antioxidant; FA, fatty acid; FAO, fatty acid oxidation; MUFA, monounsaturated fatty acid; OS, oxidative stress;
PDC, pyruvate dehydrogenase complex; TAG, triacylglycerol; TF, transcription factor.

This pattern supports the observed change in fatty acid metabolism, activity (associated with processing of very long chain fatty acids, see
since Scd1 repression is linked to increased FAO (Paton & Ntambi, Dryad Data file 5). In the spleen, some genes induced by the PPARy
2009). The pattern of elevated FAO was observed in both CEZ sites, (peroxisome proliferator-activated receptors) signalling pathway in-

with Gluboke voles showing additional upregulation of peroxisomal volved in fatty acid and glucose metabolisms were upregulated in
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FIGURE 2 Overview of affected liver metabolic pathways between uncontaminated control and CEZ populations of bank voles.
Gene names in red colour indicate upregulation and blue colour downregulation in bank voles of the CEZ compared to control voles. ER,
endoplasmic reticulum; FAO, fatty acid oxidation; VLDL, very-low-density lipoprotein

bank voles from Chernobyl (Table 2), but their specific functions in

the spleen are unknown.

3.5 | Response of the innate and active
immune system

Genes involved with the innate immune response via granulo-
cytes such as mast cells, neutrophils, eosinophils and basophils,
were upregulated in the spleen tissue of voles from the CEZ
(Table 2). Genes associated with the release of proinflammatory
mediators were upregulated (e.g., Cmal chymase, Table 2). For
example, upregulation of the lipoxygenase Lox5 implies increased
production of proinflammatory lipid leukotrienes (Caughey,
2007; Metz et al., 2007). Inflammatory reaction was also sup-
ported by the upregulation of Mmp9, which is involved with mast
cell degranulation and inflammation-associated tissue remodel-
ling processes (Caughey, 2007; Heissig et al., 2005). Activation
of innate immune responses was further supported by upregula-
tion of genes involved in pathogen defence responses, such as
antimicrobial peptides (Lcn2, S100A9) (Levy, 2004), and Padi4,
which is associated with defence against helminths and other
extracellular pathogens (Li et al., 2010). Additionally, genes re-
lated to protein ubiquitination, a process involved in regulation
of immune responses and degradation of damaged proteins were
downregulated in the spleen tissue of voles from the CEZ. For ex-
ample, the two E3 ubiquitin protein ligases (Znrf2 and Zfp91) are

also involved in regulation of adaptive immune responses, such

as MHC-| antigen presenting (Gao & Karin, 2005). Regulation
of adaptive immunity responses might be compromised in the
spleen tissue by lowered antibody-producing activity of B-cells,
since expression of some immunoglobulin heavy and light chains
was repressed (Table S3).

In contrast to upregulation of some innate immune response
pathways in the spleen, key components of the adaptive immune
pathway regulating the activity of MHC-I and antigen processing
were downregulated in the livers of bank voles from the CEZ. For
example, there was downregulation of immune proteasome genes
(Psmb9 and Psmb8), class | histocompatibility antigens and Tap1, a
transporter protein involved the antigen processing (Kincaid et al.,
2012). Additionally, parts of the Janus kinase/signal transducers and
activators of transcription, JAK-STAT signalling pathway (Stat1 and
Socs1) (Gao, Wang, Lafdil, & Feng, 2012), were also downregulated
in livers of animals from the CEZ.

3.6 | Cellular response to stress

Bank voles inhabiting the CEZ upregulated transcription of some
genes induced by oxidative stress in the liver. For example, mito-
chondrial oxidative stress response genes were upregulated (e.g.,
Atf5, mitochondrial Slc25a47, Pycrl [Fiorese et al., 2016; Kuo et
al., 2016; Tan, Ooi, Aw, & Hui, 2004]) and there was an increased
activation of genes involved in metabolism of extracellular antioxi-
dants (vitamins B5, A and C) in voles from the CEZ. In the spleen,

Hp for haptoglobin, an antioxidant that enhances cells' tolerance to
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FIGURE 3 Gene coexpression networks for liver and spleen. The consensus network data is filtered with p-value (.001) and contains only
links with high correlation (WTO values for liver: 0.44 for CEZ and 0.47 for Kyiv; wTO for spleen: 0.70 for CEZ and 0.72 for Kyiv). Networks
were clustered with the Louvain algorithm, and the clusters are colour-coded. The colour of the links represents the sign of the interaction,
with purple links being positive and green links being negative interactions. The barplots show the proportion of categories of links' when
networks from Kyiv and the CEZ were compared. CoDiNA identified 179,133 links and 2,863 nodes in the liver network, whereas 1,841,074

links and 2,960 nodes were detected in the spleen network

ta links, in both networks with the same sign (negative or positive correlation), § links, in both networks but with a different sign; y links,

specific to one network

oxidative stress (Gutteridge, 1995), was upregulated. In addition,
upregulation of two genes generally induced by genotoxic stress
or DNA damage was observed (Gadd45a in the liver and Spdya in
the spleen (Liebermann & Hoffman, 2008; McAndrew, Gastwirt, &
Donoghue, 2009)), although there were no signs of increased DNA
repair efforts, such as increased expression of genes involved in re-
pair of DNA damage, in either tissue. Transcriptional repression of
cytochrome P450 genes, such as few members of Cyp2 and several
Cyp3a isoforms (families involved in detoxification reactions) was
seen in the livers of voles inhabiting Chernobyl.

3.7 | Gene coexpression networks

Inhabiting the CEZ affected the interactions among genes in both tis-
sues, with a general pattern of lower amount of coexpressed gene
connections in the networks of the CEZ animals. In the spleen, five
densely connected clusters of coexpressed genes with high significant
correlation (p <.001, and see wto correlation values in Figure 3) were
identified in the networks from the samples from uncontaminated
areas (Kyiv), whereas fewer genes and links (connections between two
genes) were identified in the networks from CEZ. In the liver, gene net-
works in animals from Kyiv contained more links and clustered gene
groups than the networks from the CEZ samples (17 and 5 clusters, re-
spectively; Figure 3). When the coexpression networks from CEZ and
Kyiv liver tissues were compared, more than half of the connections
among the genes were assigned to either Kyiv or CEZ network (y links),
not shared by both (« links), and high frequency of gene correlation pat-
terns specific especially to Kyiv control voles were observed (Figure 3).
Genes with strong correlation patterns in the Kyiv network were as-
sociated with pathways of energy metabolism, response to stress, an-

tibiotic metabolism, mitochondrion organization, ROS metabolism and

antigen presenting (including DEGs: innate immune response genes
Irgm1, ligp1 & Tgtp2, and MHC-I genes such as Stat1 and the protea-
some genes), whereas the CEZ animals' networks included genes
related to energy metabolism processes (including DEGs: vitamin
metabolism genes Rgn, Vnnl, Restat and FAO genes Cptla and Gpd1
[Figure Séa,b]). Comparatively, in the spleen, most gene coexpres-
sion patterns were shared between the treatments (a links) (Figure 3).
Highly connected genes in both treatments were involved in RNA and
cellular metabolism processes, with some additional immune response
genes specific to Kyiv network (DEGs such as the antimicrobial s100a9
and Prg2) (Figure S7a,b). The differentially expressed genes were not
strongly represented in the networks of either tissue. However, a pat-
tern of lower amount of coexpression patterns among genes (links) in
the CEZ voles compared to Kyiv networks was visible in both tissues
(Figure 3, Figure S8).

3.8 | Stable isotopes

Carbon stable isotope values (5'°C) had wide interindividual variation
at all locations except at Gluboke from CEZ, where marked interindi-
vidual homogeneity was observed (Figure 4); hence, there was sig-
nificant difference in the variance of §'°C among groups (Levene's
F-statistics, F = 4.92, df = 3,36, p = .006). There was no significant dif-
ference in variance in values of 5°N among sampling sites (Levene's
F-statistics, F = 2.76, df = 3,36, p = .056), albeit with high variation
present among individuals from Vesnyane (Figure 4, Table S5). Mean
5'°N values were significantly higher in the animals from CEZ com-
pared with animals from the uncontaminated sites (Kruskal-Wallis
test, ;(2 = 27.70, df = 3, p < .001; Table Sé for pairwise tests), with
the mean 8'°N being on average 3.22%o greater in the samples of fur

from animals inhabiting the CEZ. There was no significant difference
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FIGURE 4 Carbon (5'°C) vs. nitrogen
(8'°N) isotopic values for the fur samples
of Myodes glareolus inhabiting the CEZ and
uncontaminated locations near Kyiv (with
mean values of each group in the centre),
and their potential dietary sources.

Fur isotopic values were corrected
downwards (by factors of 2.2%. for s8¢
and 2.8%o for 5!°N, see Kurle et al., 2014) 0
to account for differences between
isotopic values of animal tissue and food
sources. Dietary sources* are presented
with means and SD

FFN, fungi; HP, herbaceous plants; IN,
insects; LI, lichens; MO, mosses; WP,
woody plants

815N (%o)
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in the mean 8'3C values among sampling sites (Kruskal-Wallis test,
;(2 = 0.035, df = 3, p = 1.000). In general, bank vole diets from Kyiv
animals place in between fungi and woody & herbaceous plants in the
dual isotope space, whereas voles from the CEZ were placed closer
to insects (Figure 4). In the liver tissue, the expression levels of nearly
half of the DEGs (107 out of 188 annotated DEGs) correlate with
5'°N. The positive correlation with many of metabolically relevant
genes related to induction of fatty acid oxidation, such as Cpt1la, Pdk4
and Fabp1 (Table S7), suggest that the affected metabolic pathways
are largely associated with an apparent increase in fur nitrogen iso-
tope levels in the CEZ animals.

4 | DISCUSSION

Detrimental effects of exposure to radionuclides have been re-
ported at multiple biological scales in wildlife, with elevated levels
of DNA damage and oxidative stress as the common characteristic
associated biomarkers. Counter to our predictions, the major gene
pathways associated with exposure to radionuclides in bank voles
inhabiting the CEZ were related to fatty acid metabolism, consistent
with an increase in stable isotope values of nitrogen in samples of
bank vole fur. We also note that bank voles inhabiting the CEZ show

changes in immune response and inflammatory pathways.

4.1 | Low dose IR is associated with altered
metabolic pathways in the liver

Gene expression profiles of bank voles inhabiting the CEZ associate
with maintenance of a metabolic state with induced fatty acid oxida-
tion (FAO; Table 2), with the impacted pathways controlled largely
by PPARa. PPAR« is typically activated by a prolonged negative

+ HP
* IN
4 wp
U
# MO
-30.0 -27.5 -25.0
8%3C (%o)

energy balance (for example starvation or fasting) or ketogenic
(low carbohydrate, high fat) diet (Kersten, 2014). Energy stress ex-
hausts liver glycogen, after which fatty acids and glycerol are ex-
pected to be mobilized from body fats (triacylglycerols) for energy
use. Subsequently, most tissues can switch to FAO as a main energy
source via Cptla upregulation to increase mitochondrial import of
Acyl-CoA (Figure 2), as is observed in the livers of voles inhabiting
the CEZ (Table 2).

However, alterations of lipid metabolism can have wider impacts
on organismal bioenergetics. When FAO is promoted, the liver typi-
cally initiates gluconeogenesis and the production of ketone bodies.
However, support for these processes in our data was ambiguous:
upregulation of Gpd1 and Pdk4 can promote both gluconeogenesis
and FAQO, and increased leucine degradation can contribute to in-
creased ketone levels (lJIst et al., 2002), though no further support
for ketogenesis was seen (Table 2, Figure 2). One consequence of
failure to induce ketogenesis or gluconeogenesis in response to an
increase in FAO is insufficient resources for the brain, as the brain
disfavours long chain fatty acids (Schonfeld & Reiser, 2013) and re-
quires glucose or ketones as a source of energy. With this in mind,
there is a negative correlation between brain size and radionuclide
levels in birds nesting within the CEZ (Mgller et al., 2011). Direct
measurements of whether brain size or developmental processes are
impacted by metabolic alterations or direct exposure effects in bank
voles and other species from the contaminated areas within the CEZ
are needed.

An important but unresolved issue is whether the increased FAO
in the CEZ bank voles is a direct consequence of exposure to radi-
ation (and possibly adaptive in animals exposed to radionuclides) or
represents a more passive indirect response to differences in habitat
within and outside the CEZ. In addition, the enrichment (>3%.) of

fur nitrogen isotope values (8*°N) associated with inhabiting the CEZ
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is fairly high, i.e., comparable to a shift in trophic level (e.g., Ben-

David & Flaherty, 2012). Elevated radionuclide levels are associated
with altered community structure and a reduction in biodiversity
(Geras'kin, Fesenko, & Alexakhin, 2008), raising the possibility that
altered metabolism reflects some change in habitat or diet associ-
ated with bank voles inhabiting the CEZ. Some support for an altered
diet might be derived from the different gastrointestinal microbiota
communities in bank voles from areas contaminated by radionuclides
compared with animals from uncontaminated areas (Lavrinienko et
al., 2018). Bank voles have a diverse diet (Butet & Delettre, 2011),
and the elevated nitrogen isotope levels in the CEZ animals could
arise from an increase in consumption of food with higher §*°N, such
as invertebrates, fungi or seeds (Calandra et al., 2015). However, a
reduction in the abundance of invertebrates in areas with high levels
of environmental radioactivity within the CEZ (Mgller & Mousseau,
2018) argues against a more invertebrate-rich diet in animals from
the CEZ. In general, the large variation in dietary carbon indicates
that bank voles exploit a diversity of plant resources (Calandra et al.,
2015), with no apparent dietary difference among our sample areas.

Besides diet, another explanation for the nitrogen enrichment in
bank voles inhabiting the CEZ is induction of metabolic pathways
associated with catabolic processes, and this is consistent with the
transcriptional signature of increased FAO. Generally, nutritional
stress (such as starvation or fasting) increases 5N in tissues and
fur due to catabolism (Hobson, Alisauskas, & Clark, 1993; Petzke,
Fuller, & Metges, 2010). Despite the metabolic signals associated
with nutritional stress, neither weight loss nor poor body condition
characterize the voles from the CEZ, suggesting that the bank voles
inhabiting the CEZ are not starving or deprived of food. Hence,
maintaining a metabolic state with increased FAO without obvi-
ous loss of body weight can be a part of a strategy to cope with a
stressful environment. An increase of FAO as a response to environ-
mental pollution is not commonly reported, although some evidence
of altered lipid metabolism can be found in the Atlantic cod (Gadus
morhua) exposed to methylmercury (Yadetie et al., 2013). Also, ex-
posure to depleted Uranium and gamma rays caused activation of
PPAR« in the Atlantic salmon (Salmo salar) (Song et al., 2016). Altered
expression of PPARa-associated genes is also linked with metabolic
diseases (Seo et al., 2008). Nevertheless, a metabolic switch from
glycolysis towards FAO might also be beneficial as an antitumoural
strategy within an oxidative environment as tumours commonly
depend on glycolysis-related anabolic pathways to support their
growth (Vander Heiden, Cantley, & Thompson, 2009).

4.2 | DNA repair and oxidative stress response

Given that increased DNA damage such as strand breaks is associ-
ated with exposure to radionuclides (reviewed by Lourenco et al.,
2016), it is interesting that bank voles inhabiting the CEZ exhibited
few signs of increased DNA repair activity (see Table 2). However,
the altered metabolic pathways may have wider influence here, as
both energetic and cellular stress may boost DNA repair pathways,
decrease age-related oxidative stress (Heydari, Unnikrishnan,

Lucente, & Richardson, 2007), promote catabolic pathways (such
as FAO) and repress growth signalling pathways while promoting
cell survival (Yuan, Xiong, & Guan, 2013) and genomic stability.
Elevated expression of cell cycle regulators can also increase re-
sistance to oxidative and genotoxic stress as well as to starvation
in Drosophila (Moskalev et al., 2012). Indeed, fibroblast cells iso-
lated from bank voles from the CEZ show increased resistance to
cell death against DNA damaging agents, and can more efficiently
recover after irradiation (acute high dose of 10 Gy) (Mustonen et
al., 2018), contrary to a pattern of premature senescence and loss
of proliferation ability commonly seen in cells sensitive to radia-
tion (Loseva et al., 2014). Within the approximately 50 generations
of inhabiting the CEZ (Baker et al., 2017), bank voles may have
evolved some resistance to radiation induced DNA damage and
oxidative stress (see also Galvan et al., 2014), or are not receiving a
sufficiently high dose of radiation to inflict a DNA repair response.
Although altered telomere homeostasis is a sign of cellular stress
in bank voles inhabiting the CEZ (Kes&niemi, Lavrinienko, et al.,
2019), no increases in DNA damage (measured as chromosomal
aberrations [Rodgers & Baker, 2000]) or mutation rate, i.e., hetero-
plasmy (Kesaniemi et al., 2018) in bank voles from contaminated
CEZ areas have been reported.

Species affected by the Chernobyl nuclear accident show diver-
gent levels of oxidative damage and antioxidant defences (Einor et
al., 2016), such as increased glutathione levels in birds inhabiting the
CEZ (reviewed by Lourenco et al., 2016). Counter to our expecta-
tions of elevated oxidative stress response, glutathione peroxidase
or other antioxidant metabolism genes, such as superoxide dis-
mutases (SOD) and catalase (Kam & Banati, 2013; Limén-Pacheco
& Gonsebatt, 2009) were not differentially expressed in bank vole
livers or spleens. However, inhabiting the CEZ may enhance the
levels of extracellular antioxidants derived from the diet. Genes in-
volved in vitamin metabolism pathways were induced in bank vole
livers (Table 2), such as Vhn1, which can enhance production of the
radioprotective agent cysteamine (Ferreira, Naquet, & Manautou,
2015), and retinoid metabolism related genes, which also act as
antioxidants (Shiota, Tsuchiya, & Hoshikawa, 2006). However, in-
terpreting activity of these vitamin metabolism genes in terms of ox-
idative stress is difficult as they can have pleiotropic effects on key
pathways such as fatty acid metabolism and inflammation (Naquet,
Giessner, & Galland, 2016; Shiota et al., 2006). Elevated levels of ox-
idative stress can damage mitochondria, leading to further increased
ROS (reactive oxygen species) production and severe cellular oxida-
tive stress (Kam & Banati, 2013). Therefore, responding to oxidative
stress threats and maintaining functional mitochondria is particu-

larly relevant to wildlife within the CEZ.

4.3 | Tissues differ in their stress response

Based on clinical radiotherapy studies in humans, spleen tissue
is considered as more radiosensitive than liver (Rubin & Casarett,
1968). In bank voles, the data suggests that on a transcriptional level,
chroniclow dose radiation exposure leads to more pronounced stress
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response in the liver tissue compared to spleen, supported by the
higher number of DE genes. Additionally, several processes related
to immune responses and lipid metabolism were either repressed
or enhanced in the liver. In the spleen, repression of biological pro-
cesses was limited in voles from the CEZ, and for example, minimal
signs of oxidative stress was seen (Table 2). In rodents, radiation
exposure induces tissue specific changes also in epigenetic markers
(Pogribny, Raiche, Slovack, & Kovalchuk, 2004). Additionally, inhab-
iting the CEZ changes or disrupts interactions among genes or their
regulatory pathways, with treatment specific (CEZ/Kyiv) changes on
coregulation more obvious in liver tissue of bank voles, despite its
lower suggested radiosensitivity. Previous studies have also shown
that coexpressed gene networks are shaped by environmental fac-
tors or stressors (Des Marais, Guerrero, Lasky, & Scarpino, 2017;
Rose, Seneca, & Palumbi, 2016). As liver and spleen differ in their bi-
ological function, differences in their stress responses on a gene ex-
pression level is not unexpected. However, immune responses were
sensitive to environmental radiation contamination in bank vole liver
and spleen tissues, as immune system GO terms were identified in
DE genes from both tissues, and the coexpression patterns of genes
involved in immune system processes responded to radionuclide
contamination. Similarly, pollution induced oxidative stress impacts
expression profiles and coregulation of immune response genes in

human endothelial cells (Gong et al., 2007).

4.4 | Immunosuppression in the liver tissue

Exposure to radioactivity affects inflammatory and immune sys-
tems in clinical settings (Di Maggio et al., 2015; Frey, Hehlgans,
Rédel, & Gaipl, 2015), and our data show comparable processes
in wildlife exposed to radionuclides. Immune cells, especially T-
lymphocytes, are sensitive to radiation (Soule et al., 2007) and
thus vertebrates exposed to radionuclides typically show immu-
nosuppression and reduced white blood cell (lymphocyte) num-
bers or a change in the proportion of leucocyte types (Lourenco
et al., 2016; Mikryakov, Gudkov, Mikryakov, Pomortseva, &
Balabanova, 2013). Immunosuppression (e.g. downregulation of
antigen processing pathways) in the livers of bank voles inhab-
iting the CEZ (Table 2) could imply lowered cellular immunity
against intracellular pathogens, such as viruses. For example,
MHC-I and immune proteasomes are vital for lymphocyte medi-
ated antigen presenting and processing (Ferrington & Gregerson,
2012); also, our data are consistent with proteasome function
being sensitive to a wide dose range (0.17-20 Gy) of ionizing ra-
diation in mouse and human cell lines (Pajonk & McBride, 2001).
The inflammatory response of the liver tissue from bank voles
from the CEZ is not consistent with the high dose radiotherapy
(single dose of >1 Gy) induced activation of cytokine induced pro-
inflammatory pathways. Bank voles exposed to chronic low dose
radiation rather show signs of repression of interferon induced
(especially IFNy) pathways, such as JAK-STAT signalling, which
can lead to lowered antiviral defences (Gao et al., 2012; Rauch,
Miiller, & Decker, 2013).
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4.5 | Inhabiting the CEZ is associated with
activation of granulocytes in spleen tissue

Activation of granulocytes is a common, inflammatory response to
radiation in clinical studies (Soule et al., 2007). Accordingly, evidence
of inflammation in bank voles inhabiting the CEZ include increased
expression of genes involved in activation of mast cells and other
granulocytes (Table 2), via the release and synthesis of proinflam-
matory signalling molecules (such as proteases and leukotrienes,
Table 2) (Caughey, 2007; Metz et al., 2007). Mast cells can also
release cytokines and be activated by them; however in our data,
there was no evidence of differential expression of cytokine genes
(Table 2).

Despite the predominantly proinflammatory role of mast cells,
favorable anti-inflammatory functions have also been reported, for
example in response to UV-B irradiation in mouse skin cells (Hart et
al., 1998; Metz et al., 2007). Altered expression of mast cells may
have fitness consequences as these cells defend against diverse
pathogens and parasites (Caughey, 2007) and appear to be more
resistant than other immune cells to radiation induced cytotoxic-
ity (Soule et al., 2007). Mast cell activation may be important for
wildlife immunity and host-parasite dynamics. For example, an acute
exposure to high radiation (2-5 Gy or above) increases susceptibility
to infectious pathogens in birds and mammals (reviewed by Morley,
2012). An increased susceptibility to infection is associated with ra-
diation exposure in humans and fish exposed to radionuclides also
in the CEZ (Lourenco et al., 2016; Morley, 2012). Small mammals
inhabiting areas of elevated radionuclides had higher ectoparasite
burdens and increased prevalence of protozoan parasites (Morley,
2012), and bank voles from contaminated areas within the CEZ had
an increased prevalence of helminth infections (Sazykina & Kryshev,
2006). The association of radionuclide exposure and parasites is not
well studied, therefore measurements of parasite burdens and blood
cell counts are needed to better understand how the suite of im-
pacts associated with suppression and activation of active immunity
and mast cells respectively.

To conclude, inhabiting an area with elevated radionuclide
contamination affects multiple biological pathways in wild bank
voles, highlighting processes associated with lipid metabolism
and immune responses in a tissue specific manner. As human ac-
tions continue pose new environmental challenges to wildlife, it
becomes increasingly important to examine how species react to
chronic environmental stressors, such as exposure to radiation or

other pollutants.
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Abstract

Animals host complex bacterial communities in their gastrointestinal tracts,
with which they share a mutualistic interaction. The numerous effects these in-
teractions grant to the host include regulation of the immune system, defense
against pathogen invasion, aid in digestion of otherwise indigestible foodstuffs
and even changing host behaviour. Stress, such as environmental pollution,
parasites, predators and intraspecies competition, can alter the composition of
the gut microbiome, which in turn can change host-microbiome interactions in
ways that are detrimental to the host such as causing metabolic dysfunction and
inflammation. While host-microbiome interactions have been extensively stud-
ied in humans and captive animals, studies into wild animal microbiomes have
been scarce. We assessed effects of disturbed environment on gut health of bank
voles exposed to radionuclides in natural habitat using a combined approach of
transcriptomics, microbial community analysis by 16S amplicon sequencing,
histological staining analyses of colon tissue and quantification of gut microbio-
ta -produced short-chain fatty acids in faecal matter and blood that act as medi-
ators of host-microbiome interactions. We found signs of weakened mucus lay-
er and related changes in Clcal and Agr2 gene expression and microbiome
composition in animals exposed to radionuclides. These results imply that dis-
turbed environment can have widely reaching effects through gut health.
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Introduction

Gut microbiota, the community of microbes that reside within animals” gastro-
intestinal tracts, make important contributions to the health of their hosts. Gut
microbiota can comprise species of bacteria, archaea, microfungi, protists and
viruses, but are typically thought to be dominated by bacteria (Shreiner et al.
2015). Some of the useful services provided by the gut microbiota to their hosts
include digestion of complex and otherwise indigestible foodstuffs to produce
key metabolites (Gentile and Weir 2018), defending against colonisation by
pathogens (Pickard et al. 2017, lacob et al. 2019), and/or training and regulation
of the host’s immune system (Hooper et al. 2012). It is therefore important to
understand the processes that affect the composition of the gut microbiota.

Gut microbiota composition is largely determined by the host’s experience
of the environment, and thus may is impacted by diet (Zmora et al. 2019), sea-
son (Maurice et al. 2015), social interactions (Dill-McFarland et al. 2019), parasite
burden (Cortés et al. 2020) and habitat quality (Amato et al. 2013) or pollution
(Lavrinienko et al. 2018a, Brila et al. 2021). As such the gut microbiota composi-
tion can be dynamic, potentially reflecting the host’s state of health and/or in-
fluencing the host’s capacity to mount an appropriate response to its environ-
ment (Alberdi et al. 2016). Understanding the interplay between the host, its gut
microbiota and the environment is important, given the current diversity and
extent of anthropogenic impacts on natural environments that impact wildlife
health (Acevedo-Whitehouse and Duffus 2009). But while many studies on wild
animals have identified associations between some feature of the host or its en-
vironment and gut microbiota composition, few studies have examined wheth-
er changes in the gut microbiota associate with key aspects of host health.

Given the multifunctional role of the gut microbiota, there are inherent
difficulties in identifying the most relevant services that would be impacted by
a change in gut microbiota. Nonetheless, one of the primary services provided
by the gut microbiota is the supply of metabolites to the host (Morrison and
Preston 2016). Key metabolites derived from fermentation by gut bacteria are
the short-chain fatty acids (SCFAs), most prominently acetic, propionic and bu-
tyric acids (den Besten et al. 2013, van der Hee and Wells 2021). Production of
SCFAs provides a link between the gut microbiota and host physiology, for ex-
ample by acting as signaling molecules (Kim 2021), having antioxidative prop-
erties (Huang et al. 2017) and by representing a key source of energy to the host
(Lopetuso et al. 2013). For example, colonocytes of ruminants may obtain up to
70% of their energy by metabolising SCFAs, especially butyrate. Butyrate can
also affect gene expression in the host by acting as histone deacetylase inhibi-
tors, promoting fatty acid oxidation and having anti-inflammatory effects
(Chang et al. 2014, van der Hee and Wells 2021). A disruption to the gut micro-
biota is thus likely to impact provision of such services, shaping host metabo-
lism and health.

A healthy gut helps limit exposure of the host tissues to gut microbiota,
antigens and other harmful substances. One of the primary actors of this barrier
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function is the mucus barrier, which is a mesh of glycoproteins (mucins) and
antibacterial proteins covering the surface of gut epithelium (Paone and Cani
2020). The rigid inner mucus layer consists of transmembrane mucins expressed
by epithelial enterocytes, and a healthy inner mucus layer is impenetrable to
microbes. The outer mucus layer is produced by specialized epithelial cells,
goblet cells, that express and secrete the outer mucus layer’s main mucin com-
ponent MUC2 along with other components such as chloride channel accessory
1 (CLCA1), Fc fragment of IgG-binding protein (FCGBP), zymogen granule pro-
tein 16 (ZG16) and anterior gradient homolog (AGR?2) into the gut lumen by ex-
ocytosis. In the gut lumen, several factors such as change in pH and Ca*? con-
centration and interaction with the accompanying secreted components cause
the formation and 100-1000 fold expansion of the MUC2 mesh structure (Park et
al. 2009, Birchenough et al. 2015, Nystrom et al. 2018). Many gut microbes inhab-
it the porous outer mucus layer, where they derive nutrients and can interface
with the host’s immune system (Schroeder 2019). Not only do properties of the
gut mucus layer affect the gut microbiota composition, but the gut microbiota
can affect the development and composition of the mucus layer (Hooper et al.
1999, Birchenough et al. 2015, Schroeder 2019). Indeed, gut mucus layer defects
are often observed in diseases such as metabolic syndrome-related dysglycemia
(Chassaing et al. 2017) and colitis (Johansson et al. 2014). It is not known how
environmental impacts that are manifest as an altered gut microbiota affect fea-
tures of the host’s gut health or the services provided by the gut microbiota in
wildlife.

An example of anthropogenic impacts on the composition of wildlife gut
microbiota are rodents exposed to environmental radionuclides (Lavrinienko et
al. 2018a, b, 2020, 2021, Antwis et al. 2021). On April 26 1986, an accident at reac-
tor 4 of the former nuclear power plant at Chernobyl, Ukraine, resulted in the
release of about 9 million terabecquerels of radionuclides into the atmosphere,
with nuclear fallout largely affecting Eastern Europe, Western Russia and Fen-
no-Scandinavia (Meller and Mousseau 2006, Beresford et al. 2016). Because ex-
posure to elevated levels of ionising radiation can cause cellular damage, either
by direct damage to DNA or by elevating oxidative stress through the radioly-
sis of intracellular water (Ward 1988, Desouky et al. 2015, Einor et al. 2016), the
Chernobyl Exclusion Zone (CEZ) was established at an approximately 30 km
radius around the accident site to limit human exposure to persistent environ-
mental radionuclides, notably strontium-90, cesium-137 and plutonium-239
(Beresford et al. 2016). Wildlife inhabiting the CEZ provide the best-studied
models of the biological impacts of exposure to environmental radionuclides
(Beresford et al. 2016, Bréchignac et al. 2016, Lourenco et al. 2016). The specific
impacts of exposure to radionuclide contamination depend on, for example, the
received dose and characteristics of the species examined (Beresford et al.
2020a), but a number of studies have found that animal wildlife exposed to ele-
vated levels of ionizing radiation (IR) within the CEZ experience signs of poor
condition, such as cataracts, increased oxidative stress and delayed maturation
(Geras’kin et al. 2008, Einor et al. 2016, Lourengo et al. 2016, Cannon and Kiang
2020).



The bank vole Myodes glareolus is a small rodent that inhabits mixed wood-
lands of much of northern Europe and Asia (Macdonald 2006). This species was
among the first mammals to recolonize the highly contaminated areas within
the CEZ following the nuclear accident (Baker et al. 1996). While there is no
clear evidence of DNA damage and/or elevated mutation rates associated with
exposure to radionuclides (Rodgers et al. 2001, Keséniemi et al. 2018), bank voles
inhabiting contaminated areas within the CEZ are likely in worse health than
those in uncontaminated areas. For example, bank vole populations in contam-
inated areas exhibit an increase in frequency of cataracts (Lehmann et al. 2016)
and a reduction in population densities and litter sizes (Mappes et al. 2019),
moreover, bank voles exposed to radionuclides show signs of metabolic remod-
eling (Kesdaniemi et al. 2019a), telomere and mitochondrial damage (Kesdniemi
et al. 2019b, 2020), and changes in genome architecture (Jernfors et al. 2021). An
association between the condition of the environment and gut health is plausi-
ble because the gut microbiota of bank voles inhabiting areas contaminated by
radionuclides differs to the gut microbiota of animals that are not exposed to
radionuclides (Lavrinienko et al. 2018a, 2020, Antwis et al. 2021). A comparable
association between mammal gut microbiota and exposure to radionuclides oc-
curs in other species of rodent within the CEZ and also at the Fukushima nucle-
ar accident site in Japan (Lavrinienko et al. 2021). However, it is not known
whether the changes in gut microbiota associated with radionuclide exposure
affect key services provided by the gut microbiota (such as SCFA supply)
and/or impacts on the host’s gut health (e.g. immune function, cell morpholo-
gy)-

Here, we quantify whether the change in gut microbiota elicited by expo-
sure to environmental radionuclides associated with tangible impacts on gut
health in the bank vole Myodes glareolus. To achieve this aim, we measured key
features of animal health (e.g. gene expression and cell morphology of colon tis-
sue, SCFAs in plasma) and quantified the gut microbiota (using 16S amplicon
sequencing) and faecal SCFAs. Changes in host physiology and gut microbiota
are associated with radionuclide contamination but there are few impacts on
taecal SCFAs, implying that the possible impacts of radiation exposure on the
host are not derived from a major change in services provided by the gut mi-
crobiota.

Materials & methods
Sample collection

Forty-five female bank voles were live-captured (using Ugglan Special2 live
traps) from mixed forest habitats in October 2017 from four general study areas
in Ukraine: the (1) east and (2) west side of Dnieper river near Kyiv, and from
(3) Gluboke lake and (4) Vesnyane within the CEZ (Fig. 1), henceforth referred
as uncontaminated (areas 1 and 2) and contaminated (areas 3 and 4) groups. At
each location 9 or 16 traps were placed in a grid with an inter-trap distance of
15-20 m over one trapping night per trapping site, except at Gluboke lake where
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two trapping nights were required to obtain sufficient samples. Traps were
checked in the following morning and caught animals were transferred to the
laboratory for internal absorbed dose rate estimation, body size measurement
(body weight and head width), and tissue and feces sampling.

Fecal samples for microbiota analysis were collected from live animals
immediately after capture as in Lavrinienko et al. 2018a. After fecal sample col-
lection, sample of whole blood was taken from orbital sinus in heparinized ca-
pillary tubes. Animals were euthanized by cervical dislocation and dissected to
collect additional fecal samples from the colon for SCFA quantification, and tis-
sue samples from mid- and distal colon for histological analyses and RNA se-
quencing. All fecal samples were immediately stored in dry ice until archived in
-80°C freezer. Colon tissue samples were stored in Allprotect Tissue Reagent
(Qiagen) for RNA extraction and in two different fixatives, 10% formalin solu-
tion or metha-Carnoy solution (60% methanol, 30% chloroform, 10% glacial ace-
tic acid) for histological analyses.

Dosimetry

Ambient radiation levels at each trapping location were measured by averaging
at least 9 measurements with a hand-held Geiger counter (Gamma-Scout,
GmbH & Co., Germany), placed one cm above the ground. Ambient dose rate
measurements give a reasonable approximation of external absorbed dose rate
for bank voles (Chesser et al. 2000, Beresford et al. 2008, Lavrinienko et al. 2020).
The average external absorbed dose rates were 0.3£0 nGy/h (mean+SD) at east
Kyiv, 0.15£0 pGy/h at west Kyiv, 24.12+19.18 uGy/h at Gluboke lake, and
16.23+1.29 uGy/h at Vesnyane.

Internal absorbed dose rates of bank voles were estimated by measuring
137Cs activity with SAM 940 radionuclide identifier system (Berkeley Nucleonics
Corporation, San Rafael, CA, USA) equipped with a 3"x3" Nal detector (Sup-
plementary Methods 1). A sum of internal and external absorbed dose rates was
considered as a total absorbed dose rate per animal (mGy/d) (Table S1), provid-
ing means (£SD) of 0.007+0.002 mGy/d and 0.735+£0.504 mGy/d for uncontam-
inated and contaminated groups, respectively. Internal and external absorbed
dose rates had a correlation coefficient R = 0.91.

Histological analysis of colon tissue

Fixed samples were dehydrated, embedded in paraffin with a vertical orienta-
tion, and cut into 5 pm sections. Tissue sections, fixed in 10% formalin, were
stained with hematoxylin and eosin (H&E) for general inspection of tissue con-
dition according to standard protocol (Suvarna et al. 2013). Tissue sections fixed
in metha-Carnoy solution were stained with alcian blue (Suvarna et al. 2013),
but counterstained with carmine for visualization of goblet cells. To remove po-
tential bias, histological examination of the colon tissue was performed without
knowledge of the treatment groups (e.g. in “blind”). Digital microphotographs
of stained colon sections were taken at X100 or x400 magnification using a com-
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puter-assisted image analyzing system consisting of Olympus BX41 microscope
and Olympus C-5050 Zoom digital camera. Depth of crypts (um), height of co-
lonocytes (um), area of colonocytes” nucleus (pm?) from H&E images, and the
cellular area of goblet cells (pm?) from alcian blue-carmine images were meas-
ured using Image J v.1.42q (Schneider et al. 2012). Goblet cells were defined as
normal, hypertrophic or hypotrophic states based on cell size and prevalence of
mucus-containing vesicles.

SCFA quantification in blood plasma and fecal samples

SCFAs (formic, acetic, propionic, isobutyric, butyric, succinic, isovaleric, valeric
and caproic acids) in plasma were analyzed by liquid chromatography-mass
spectrometry (LC-MS) according to method described by (Han et al. 2015) (see
Supplementary Methods 2 for details and modifications). Samples were ana-
lyzed using a 6500+ QTRAP triple-quadrupole mass spectrometer (AB Sciex,
11432 Stockholm, Sweden), which was equipped with an APCI source and op-
erated in the negative-ion mode. Chromatographic separations were performed
on a Phenomenex Kinetix Core-Shell C18 (2.1, 100 mm, 1.7 um 100A) UPLC
column with SecurityGuard ULTRA Cartridges (C18 2.1mm ID). SCFAs (acetic,
propionic, isobutyric, butyric, isovaleric, valeric and caproic acids) in fecal sam-
ples were analyzed by gas chromatography-mass spectrometry (GC-MS) using
a Shimadzu GC-MS-TQ8030 (Tokyo, Japan), fast scanning triple quadrupole
gas chromatography system with a PAL autosampler, see (Cheng et al. 2020),
with details and modifications to the protocol described in Supplementary
Methods 2.

RNA sequencing of colon tissue and de novo assembly

Total RNA was extracted from colonic tissue samples using an RNeasy Mini Kit
(Qiagen) according to manufacturer’s protocol. Samples were sent to the Beijing
Institute of Genomics (BGI), Hong Kong (https://www.bgi.com/global/) for
library preparation and sequencing. RNA libraries were prepared using TruSeq
Stranded mRNA Library Prep Kit (Illumina) and sequenced for 100 bp paired
end (PE) reads on two lanes on Illumina HiSeq4000 resulting in depth of ~16
million PE reads per sample (Table S5). Adapters and low quality reads were
removed using SOAPnuke (<20 Q).

Reads from eight samples (two samples from each study area, providing a
total of 143,691,087 PE reads) were pooled for de novo transcriptome assembly
using Trinity v.2.5.1 (parameters: default) (Grabherr et al. 2011), followed by
transcript clustering using cd-hit-est v.4.6.8 (parameters: -c 0.98 -p 1 -d 0 -b 3)
(Fu et al. 2012). Transcriptome completeness was estimated by the presence of
assembled single copy orthologs using BUSCO v.2.0 with mammalian lineage
dataset odb9 as a reference (Simao et al. 2015). Transcriptome was annotated us-
ing Trinotate v.3.0.1 pipeline (Bryant et al. 2017), leveraging UniProt (SwissProt)
2018_2 for transcript identification. Downstream analyses followed Trinity best-
practice guidelines (Haas et al. 2013) using default parameters, with Bowtie
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v.1.2.2 (Langmead et al. 2009) used to align reads against the transcriptome and
RSEM v.1.3.1 (Li and Dewey 2011) used for alignment counting (transcripts and
genes).

Gut microbiome amplicon sequencing and bioinformatics analyses

Total DNA was extracted from faecal samples (n=45) using a PowerFecal DNA
Isolation Kit (Qiagen) following the manufacturer’s instructions. All library
preparation and sequencing work was performed at the BGI. Briefly, samples
were processed using the Earth Microbiome Project protocol to amplify the V4
region of the 16S ribosomal RNA (rRNA) gene using the original 515F/806R
primers (Caporaso et al. 2011). Libraries were sequenced on an Illumina HiSeq
2500 platform at BGI to provide 250 bp paired-end (PE) reads.

Read data were de-multiplexed, and adapters and primers were removed
by BGI. The PE sequences (total =9,790,549, mean =217,567, range 129,304~
268,333) were processed using giime?2 version 2018.8 (Bolyen et al. 2019). Briefly,
reads were truncated at the 3' end to remove low-quality bases (reverse reads at
186 bp), after which data were denoised using default parameters in dada2
(Callahan et al. 2016). The resulting feature-table contained 5,208,639 sequences,
with 3,453 amplicon sequence variants (ASVs). Low-abundance (frequency < 10
across all samples) ASVs were removed. This step left 5,207,788 sequences
(mean =115,728, range 74,172-137,640 sequences per sample) and 3,310 ASVs.
We assigned taxonomy using a naive Bayes classifier that has been pretrained
on the Greengenes version 13_8 165 rRNA gene sequences (reads trimmed to
the V4 region amplified by 515F/806R primers, and clustered at 99% identity)
(Bokulich et al. 2018)). The final feature-table was rarefied to 74,172 sequences
per sample to avoid biases caused by variation in sequencing depth among
samples (Weiss et al. 2017).

Statistical analyses

Statistical testing was conducted using R v.4.0.2 (The R Core Team 2018), using
Wilcoxon rank sum tests or Kruskal-Wallis tests when comparing medians of
various parameters among contaminated and uncontaminated groups or
among all four study areas, respectively. Various statistical methods were used
to examine potential differences (1) in bank vole health and physiology, (b)
RNAseq and (c) gut microbiota data among treatment groups.

(a) Bank vole health and physiology. Body condition index (BCI) reflecting
general physiological condition of the voles was calculated as standardized re-
siduals from linear regression of weight and head width (Labocha et al. 2014).
Also, normalized liver and spleen weights were calculated as standardized re-
siduals from a linear regression of organ weight and head width. An odds ratio
for risk of incidence of abnormality classification in colonic goblet cells was cal-
culated using package ‘fmsb’ v.0.7.1 (Nakazawa 2019). Exploratory data analy-
sis of host variables (logarithm of total absorbed dose rate, morphometric and
histological measurements of the colon and SCFA concentration in blood and
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fecal samples) was conducted using pairwise Pearson correlations with ‘cor-
rplot” v.0.84 (Wei and Simko 2017) and by principal component analysis (PCA)
using the package ‘FactoMineR’ v.1.34 (Lé et al. 2008).

(b) Gene expression. A principal component analysis of transcript counts
was performed within the Trinity pipeline to summarise the main differences in
transcript (gene) expression among samples. Differential expression (DE) analy-
sis between uncontaminated and contaminated groups and between categories
of goblet cell (normal, hypotrophic, and hypertrophic) was conducted using
DESeq?2 in Bioconductor v.3.7 (Love et al. 2014) with DE threshold fold change
>2 and a false discovery rate (Benjamini-Hochberg’s FDR) <0.05. Gene ontology
(GO) (Ashburner et al. 2000) term enrichment analysis among differentially ex-
pressed transcripts and genes was performed using GOseq in Bioconductor
v.3.7 (Young et al. 2010) to identify significantly enriched GO terms at
FDR<0.05. We also specifically tested difference in expression of five mucosal
secreted genes, Muc2, Clcal, Fcgbp, Agr2 and Zg16 (Birchenough et al. 2015,
Paone and Cani 2020) between the three goblet cell classification types using
Kruskal-Wallis test.

(c) Gut microbiota composition. Alpha diversity in samples was estimated
using a number of observed ASVs. Linear discriminant analysis Effect Size
(LEfSe) (Segata et al. 2011) was calculated using Galaxy web interface
(https:/ / galaxyproject.org/learn/visualization/custom/lefse/) to determine
the microbial families that explain compositional differences between contami-
nated and uncontaminated groups, using LDA score thresholds of >2 and <-2,
p<0.05. Package ALDEx2 v.1.11.0 (Fernandes et al. 2014) was used to identify
differentially abundant ASVs between contaminated and uncontaminated
groups, as well as between animals exhibiting hypotrophic goblet cells and oth-
er goblet cell conditions at FDR<0.05.

PERMANOVA with Bray-Curtis and UniFrac distances that represent
compositional differences between samples (B-diversity) was used to simulta-
neously test the response of the gut microbiota to three environmental factors
(total dose, radiation group, study area) and four general measures of pheno-
type (body condition index, colon goblet cell state and principal component
scores on components 1 and 2 of transcript count PCA data (Anderson 2001).
PERMANOVA was carried out using the adonis function (999 permutations) in
vegan v.2.5-6 (Oksanen et al. 2018).

Results
Effects of radionuclide contamination on bank vole phenotype

Animals inhabiting areas contaminated by radionuclides did not show evidence
of a major change in body condition or gut health, however exposure to radio-
nuclides was associated with changes in the concentration of some plasma
SCFAs and had an impact on transcription in the colon and goblet cell mor-

phology.



Bank vole BCI and organ size

Bank vole BCI or organ weight did not significantly differ among the four study
areas or between contaminated and uncontaminated areas. Also, total received

dose rate did not correlate significantly with bank vole BCI or organ size (Fig.
2).

Plasma short chain fatty acid (SCFA) concentrations

Notably, concentrations of plasma formate in bank voles were high, averaging
346.3 uM (sd £84.9 uM) across all samples (Table S4). Median plasma SCFA
concentrations exhibited significant study area-specific differences in four of the
SCFAs: propionate (Kruskal-Wallis H=10.92, p<0.05), formate (H=20.42,
p<0.001), valerate (H=12.07, p<0.01) and caproate (H=15.19, p<0.01) (Table S2,
Fig. S3). Plasma concentrations of propionate (R=-0.53, p<0.001) and butyrate
(R=-0.34, p<0.05) had significant negative correlations with the logarithm of to-
tal dose rate, while the concentration of plasma formate exhibited a positive
correlation with total dose rate (R=0.48, p<0.001) (Fig. 2). Plasma and fecal
SCFA concentrations did not correlate with each other aside from isovalerate
(R=0.32, p<0.05).

Colon cell morphology

We observed no obvious signs of gross pathological change (such as edema,
leukocyte infiltration, disturbance in crypt structure or superficial epithelium)
in the colon tissue of bank voles inhabiting contaminated areas. Colon epithelial
cell nuclei in ten animals appeared hyperchromatic, which potentially indicate a
decrease in transcriptional activity due to the denser staining of transcriptional-
ly silent heterochromatin, although animals with hyperchromatic nuclei were
present in all study areas.

There were no significant differences in colon cell morphometry (cell
height, nuclear cross-sectional area, and crypt depth) between samples from
contaminated and uncontaminated areas (Table S3). About a third of the ani-
mals from contaminated areas (8 out of 23, with three from Vesnyane and five
from Gluboke) exhibited abnormally hypotrophic goblet cells, characterized by
a reduction in the amount of stained mucin bodies and a low cross-sectional cell
area (Fig. 4C), which indicates an impaired mucus-producing capability by
these cells. Hypotrophic goblet cells were not observed in the animals inhabit-
ing uncontaminated areas. Six animals (three from uncontaminated areas and
three from Vesnyane) had hypertrophic goblet cells, indicative of increased mu-
cus production (Fig. 4B). The odds of animals inhabiting contaminated areas
exhibiting an abnormality (hypertrophy or hypotrophy) in colonic goblet cells
was 5.8 times higher than uncontaminated animals (95% confidence inter-
val=1.34-25.17) (Fig. 4D). The median goblet cell cross-sectional area was signif-
icantly lower in samples from Gluboke (Kruskal-Wallis H=11.463, df=3, p<0.01)
compared with samples from the uncontaminated areas East Kyiv (post-hoc
Wilcoxon test p<0.05) and West Kyiv (p<0.01). Median goblet cell area in sam-
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ples from Vesnyane did not significantly differ from either uncontaminated ar-
eas or Gluboke due to high variance from presence of both hypertrophic and
hypotrophic goblet cells (Fig. 4E).

Transcriptional changes in the colon

The colon transcriptome assembly (after clustering with cd-hit-est) consisted of
356050 transcripts (237,648 genes) that had a contig N50=2109 and an
E90N50=3145 (Table S6). The assembly contained 86% complete mammalian
BUSCOs, and 105799 transcripts received at least one GO-term annotation.

Samples from contaminated and uncontaminated areas were separated on
the first two principal components, and predominantly on the second principal
component (PC2) (Fig. 5), with sample scores along PC2 having a significant
correlation with total dose rate (R=-0.431, p<0.01), indicating that general tran-
scriptional activity differed between contaminated and uncontaminated groups.
We identified 98 transcripts (66 genes) that were significantly differentially ex-
pressed (DE) (fold change >2, FDR<0.05) between samples from contaminated
and uncontaminated areas. Of these DE transcripts (and genes), 68 (and 43)
were up-regulated in samples from areas contaminated with radionuclides (Ta-
ble S57) that represented significantly enriched gene ontology (GO) terms associ-
ated with innate immunity, including GO:0002429 ‘immune response-activating
cell surface receptor signaling pathway’, GO:0038096 ‘Fc-gamma receptor sig-
naling pathway involved in phagocytosis’, GO:0030449 ‘regulation of comple-
ment activation” and GO:0002673 ‘regulation of acute inflammatory response’
(Table S8). There appeared to be too few significantly downregulated tran-
scripts to identify the associated significantly enriched GO terms.

We found significant difference in expression of two genes associated with
mucosal secretion, Clcal (Kruskal-Wallis H=11.02, df=2, p<0.01) and Agr2
(Kruskal-Wallis H=6.52, df=2, p<0.05) among groups of animals with different
goblet cell states (Fig. 6). Clcal showed significant downregulation in hypo-
trophic cells compared to hypertrophic cells (post-hoc Wilcoxon p<0.05) but not
compared to normal cells, while neither hyper- nor hypotrophic cells showed
significant difference in expression in post-hoc tests. Two other mucosal secre-
tion related genes, Fcgbp and Zg16, showed a nonsignificant trend of downregu-
lation in samples with hypotrophic goblet cells.

Characterization of bank vole populations by host phenotype and fecal metabolites

Principal component analysis of host phenotype revealed a cluster of animals
from the contaminated locations that was separated from the cluster of samples
from the two uncontaminated locations along the first two principal compo-
nents (that explained a total of 41% of variance in the data) (Fig. 7). There was
also a notable separation of samples among the two contaminated study areas.
Bank vole phenotype such as gene expression, colon goblet cell size and for-
mate, acetate and propionate concentrations in plasma showed an association
with exposure to radionuclides, while fecal SCFAs, particularly acetate and
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propionate were associated with the study area at Gluboke rather than radia-
tion.

Bank vole gut microbiota

Exposure to radionuclides was associated with changes in the composition of
the gut microbiota, and also with the concentration of some fecal SCFAs. Varia-
tion in gut microbiota composition could also be explained by the features of
the bank vole colon that associated with exposure to radionuclides, such as the
pattern of transcription and goblet cell morphology.

Compositional changes in bank vole gut microbiota in response to radiation and colon
environment

We identified 3310 ASVs from 12 bacterial phyla in the bank vole gut microbio-
ta inhabiting the CEZ and forests near Kyiv (Table S9). Specifically, three bacte-
rial phyla accounted for 96% of the gut microbiota community, Firmicutes
(mean = 46%), Bacteroidetes (44%), and Proteobacteria (6.1%). Bacteroidetes
were dominated by members of the $24-7 (Muribaculaceae) family (93% of Bac-
teroidetes, 42% of total community), while Firmicutes mainly comprised three
tamilies: Ruminococcaceae (40%), Lachnospiraceae (25%), an unidentified family of
order Clostridiales (21%) and Lactobacillaceae (3.2%). This community composi-
tion is typical for the gut microbiota of bank voles and other wild rodents
(Maurice et al. 2015, Lavrinienko et al. 2021).

Animals from Gluboke had significantly fewer ASVs than did samples
from other areas (Kruskal-Wallis H=16.75, p<0.001, post-hoc Wilxocon p<0.01
compared to all other areas), while also showing reduction in species evenness
(H=16.64, p<0.001, post-hoc Wilxocon p<0.01 compared to all other areas) (Fig.
8). ASV richness and evenness in Vesnyane did not significantly differ from the
two uncontaminated groups of samples (Fig. 8), indicating no radiation effect
on alpha diversity.

Bank vole gut microbiota community composition was affected by differ-
ences in the environment, with the individual study area (pseudo-F=2.601,
R?=0.16, p<0.001), inhabiting a contaminated/uncontaminated location (pseu-
do-F=3.250, R?=0.07, p<0.001), and the total received dose rate (pseudo-F =
2.024, R2 = 0.045, p < 0.01) having a significant association with gut microbiota
beta-diversity (Fig. 9, Table 1). Samples from the contaminated group had a
21.7% increase in proportion of Bacteroidetes and a 17.7% decrease in Firmicu-
tes compared to uncontaminated group (Fig. 10A, S1, S2). In further detail,
LEfSe analysis revealed fifteen bacterial families that exhibited a significant dif-
ference in proportion between samples from contaminated and uncontaminated
groups (LDA-score >2 or <-2, p<0.05) (Fig. 10B). Most prominently, S24-7 (Bac-
teroidetes) were increased in proportion in animals from the CEZ, while de-
crease in Firmicutes were attributed to five families of order Clostridiales: Ru-
minococcaceae, Lachnospiraceae, Syntrophomonadaceae, Clostridiaceae and Mogibacte-
riaceae. At the ASV level, ALDEX2 analysis identified 17 ASVs whose abundance
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significantly differed between contaminated and uncontaminated groups
(FDR<0.05) (Fig. 11, Table 2, Table S10), including four members of the S524-7
with a positive association with the CEZ and ten members of Clostridiales with
both positive and negative associations. Notably, Lactobacillus salivarius, a pro-
biont (Chaves et al. 2017), showed a strong decrease in the colon of bank voles
in the CEZ with concomitant increase in a member of genus Treponema. Goblet
cell hypotrophy was associated with only one ASV belonging to S24-7 (Table
S11). Notably, this one ASV also had the highest increase in abundance in the
CEZ and was the most abundant in the dataset overall, accounting for 2.8% of
all mapped reads.

Our data also revealed that physiological differences in the bank vole co-
lon were associated with changes in the composition of bank vole gut bacteria.
Thus, colon goblet cell classification (normal, hypotrophic and hypertrophic)
(pseudo-F =1.277, R2 = 0.057, p < 0.05) and pattern of gene expression in colon
tissue on the second principal component of expression data (pseudo-F = 2.391,
R2 =0.054, p < 0.001)) had significant impacts on gut microbiota beta diversity.

Fecal short chain fatty acid (SCFA) concentration

Fecal SCFAs had significantly different concentrations among one or both con-
taminated areas and elsewhere (Figure 3). Bank voles from Gluboke had signifi-
cantly higher median concentration of fecal propionate (Kruskal-Wallis
H=17.00, df=3, p<0.001, post-hoc Wilxocon p<0.01 compared to all other areas),
fecal isobutyrate (H=12.92, df=3, p<0.01, post-hoc Wilxocon p<0.05 compared to
all other areas) and fecal isovalerate (H=13.84, df=3, p<0.01, post-hoc Wilcoxon
p<0.05 compared to East Kyiv and Vesnyane) than did the animals sampled
from all other areas. Animals from the other contaminated area, Vesnyane, had
significantly reduced median concentrations of fecal valerate (H=19.42, df=3,
p<0.001, post-hoc Wilxocon p<0.001 compared to all other areas). Fecal caproate
showed reduction in both contaminated areas compared to uncontaminated ar-
eas (H=25.52, df=3, p<0.001, post-hoc Wilcoxon p<0.05). Fecal butyrate concen-
tration showed some area-specific differences (H=7.85, df=3, p<0.05), although
post-hoc analysis did not specify any particular area being different from the
rest. Fecal propionate shows significant positive correlation with logarithm of
total absorbed dose rate (R = 0.33, p < 0.05), while concentrations of valerate and
caproate were significantly negatively correlated with logarithm of total dose
rate (R = -0.35 and -0.61 respectively, p < 0.05) (Fig. 2).

Discussion

While changes in gut microbiota can associate with variation in habitat, includ-
ing effects of pollution, it is rarely known whether different microbiota associ-
ate with an alteration to health of the host and/or possible services provided by
the microbiota. We quantified the associations between host health (body condi-
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tion, colon morphology and gene expression, plasma SCFA concentration), gut
microbiota and variation in key services (faecal SCFAs) in wild bank voles ex-
posed to environmental radionuclides. Exposure to radionuclides is associated
with a distinct gut microbiota and alterations to colon function (goblet cell
morphology, transcription associated with mucus layer formation, and tran-
scription associated with immune function), with changes in the mucus-
producing colon goblet cells. The total absorbed dose of radiation was associat-
ed more with levels of circulating SCFAs (formate, propionate, and butyrate)
than faecal SCFAs, whose concentrations were more specific to study areas.

Impaired gut health in bank voles exposed to radionuclides is distinct from
effects of radiotherapy

An acute dose of radiation (>8 Gy) in clinical settings elicits breakdown of the
mucosal layer and activation of the immune system in the human colon
(Francois et al. 2013, Malipatlolla et al. 2019). Through ingestion of soil particles
and dietary items that accumulate radionuclides, such as mushrooms
(Mousseau 2021), bank vole gastrointestinal tract (including the colon) may be
exposed to chronic doses of radiation and thus poor health. Estimated total ab-
sorbed doses varied from 19 to 99 nGy/h, thus falling within the medium/high
total dose rate band, based on the derived consideration reference level (DCRL)
for rat reference (ICRP, 2008), where radiation-induced effects are expected. Co-
lons of bank voles from contaminated areas did not show obvious signs of
pathological damage, but an increase in frequency of colonic goblet cell hypo-
trophy that indicates reduced mucus production. The vertebrate gut mucus lay-
er consists mainly of MUC2 glycoprotein, and other constituents such as anti-
bacterial proteins, to form a chemo-mechanical barrier that separates the host’s
epithelial cells from the gut lumen (Paone and Cani 2020). In bank voles, goblet
cell hypotrophy appears to associate with downregulation of Clcal and Agr2
rather than a change in Muc2 transcription. Clcal and Agr2 are involved in se-
cretion and expansion of the outer mucus layer, and indeed, Agr2-deficient
mice lack MUC2 on protein level despite the transcription of Muc2 on mRNA
level in goblet cells (Park et al. 2009, Nystrom et al. 2018). Moreover, local pro-
duction of mucus in the colon is regulated by the immune system (Birchenough
et al. 2015, Paone and Cani 2020).

The gut is a radiosensitive tissue, having a high cell turnover ratio and be-
ing connected to a major lymphatic system, the gut associated lymphoid tissue
(GALT). Indeed, abdominal pain, incontinency and constipation, bleeding and
mucus discharge are typical side effects of pelvic radiation therapy (Frangois et
al. 2013). IR has a complex dose-dependent association with inflammation and
the immune system. Therapeutical doses typically cause inflammation, alt-
hough conversely, lower doses (<1 Gy) may attenuate ongoing inflammation
(Di Maggio et al. 2015, Frey et al. 2015), which may have stabilizing properties as
chronic inflammation can cause inflammatory bowel disease. Conversely,
chronic immunosuppression can lead to loss of immunocompetence (Acevedo-
Whitehouse and Duffus 2009) and subsequent infection, which can be seen here
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as enrichment of GO terms relating to phagocytosis and as activation of innate
immunity in the spleen (Kesdniemi et al. 2019a). Hence, gut health of bank voles
experiencing an elevated absorbed dose in the CEZ has few parallels to human
and mouse models of radiotherapy.

Seasonal interactions between environmental radiation and gut microbiota

Our data add to the growing literature reporting an association between change
in gut microbiota and exposure to radiation in laboratory (Liu et al. 2021), in
space (da Silveira et al. 2020) and also in wild populations (via exposure to envi-
ronmental radionuclides) (Lavrinienko et al. 2018a, 2021, Antwis et al. 2021) in-
dicating that the response occurs at both acute and chronic exposures. Despite
the association between radiation exposure and changes in gut bacteria, the
drivers of altered gut microbiota of wild animals may include indirect conse-
quences of radionuclide contamination. For example, the contaminated areas
may have a change in vegetation that elicits a different type or quality of diet,
that itself may alter the gut microbiota.

A key factor of the response of wild animal gut microbiota is the change in
season (Maurice et al. 2015). There is apparent compositional stability in bank
voles inhabiting contaminated areas of the CEZ, but a temporal compositional
change in animals inhabiting uncontaminated areas from early to late summer
characterized by reduction in 524-7, subsequently referred to as Muribaculaceae
(Lagkouvardos et al. 2019), and increase in Ruminococcaceae and Lachnospiraceae
families (Lavrinienko et al. 2020), with other studies also observing changes in
proportions of Muribaculaceae, Ruminococcaceae and Lachnospiraceae in response
to radiation in bank voles and other rodents (Antwis et al. 2021, Lavrinienko et
al. 2021). Our data represents an autumn composition, where the bank vole gut
microbiota is characterized by enrichment of Muribaculaceae in contaminated,
and of Ruminococcaceae and Lachnospiraceae in uncontaminated areas. Apparent-
ly there is an interaction effect between environmental radiation and season,
which manifests as proportional changes between various members of order
Clostridiales and Muribaculaceae, with the latter being particularly sensitive to
radiation. Nonetheless, the important question remains: how do changes in gut
microbiota associated with radionuclide contamination relate with colon health
of bank voles exposed to radionuclides within the CEZ?

Associations between microbial families and gut health

The overall reduction in Ruminococcaceae and Lachnospiraceae in contaminated
areas provides one route to colon health, as these families contain several com-
mensal species that regulate gut homeostasis and the host’s immune system by
forming close metabolic relationships with host colon cells and are significant
butyrate producers in humans (Lopetuso et al. 2013, Vital et al. 2017, Pereira et
al. 2020). As commensal Clostridia participate in maintenance of the mucus lay-
er (Birchenough et al. 2015, Schroeder 2019), loss in abundance of radiosensitive
commensal species may induce change in gene expression and thus causing ob-
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served hypotrophy in goblet cells. Induction of gene expression is however me-
diated by butyrate (Chang et al. 2014, van der Hee and Wells 2021), which in
this data was not associated with radiation. Alternatively, impaired mucus lay-
er is the cause behind loss of Clostridia, as many Clostridia species feed on host
glycans (Paone and Cani 2020, Guo et al. 2020), thus being deprived of sub-
strate.

Muribaculaceae are a recently described family of Bacteroidetes primarily
inhabiting the digestive tract in rodents with capacity to degrade both plant and
host-derived glycans (Lagkouvardos et al. 2019). While radiation did not explain
change in fecal butyrate despite loss in abundance of Ruminococcaceae and Lach-
nospiraceae, it is possible that Muribaculaceae filled this niche. Moreover, Muri-
baculaceae family in general appears to have functions relating to formate me-
tabolism (Lagkouvardos et al. 2019), possibly contributing to high formate levels
observed in contaminated bank voles. Nonetheless, as Muribaculaceae have only
recently been described and are difficult to cultivate, further studies are needed
to determine the exact radiation-responsive Muribaculaceae species and their in-
teractions with the host and the mucosal layer.

Lactobacillus salivarius is an established probiotic, improving immunity and
preventing colonization by pathogens human and animal hosts (Chaves et al.
2017). Here, abundance loss in commensals such as Lactobacillus and some Clos-
tridiales may expose bank voles to colonization by pathogens, explaining activi-
ty of the innate immune system on gene expression level (Kesdniemi et al.
2019a).

Changes in circulating SCFAs but not fecal SCFAs associate with radiation
exposure

Changes in circulating SCFAs represent possible outcome of radiation impacts
that can affect host health. While colonocytes consume a large portion of SCFAs
as energy, the remaining absorbed SCFAs are transported to the liver via the
portal vein and then to peripheral tissues (Boets ef al. 2017, Liu et al. 2018). In
humans, circulating SCFAs but not fecal SCFAs associate with impacts on host
metabolism (Miiller et al. 2019), as fecal SCFA concentrations represent the net
effect of factors such as microbial composition, absorption by host and time of
day (Sakata 2019). Here, lower concentration of circulating propionate and bu-
tyrate, rather than fecal SCFAs in general, were associated with radiation. This
suggests that environmental radiation directly impacts SCFA uptake from the
gut, regulation of SCFA circulation by the liver or SCFA usage by host tissues
instead of acting through changes in gut microbial composition. Propionate and
acetate impact host metabolism in various tissues via histone deacetylase inhibi-
tion and ligation to G-protein coupled receptors, increasing fatty acid oxidation
and reducing inflammation (van der Hee and Wells 2021). As such, reduction in
circulating SCFAs may seem paradoxical, however, SCFAs, particularly butyr-
ate, have been reported to have apparently conflicting effects in some condi-
tions, e.g., in cancer tissue (Liu et al. 2018, van der Hee and Wells 2021). Future
studies ascertaining the effect of radiation on SCFAs should include temporal



16

sampling as well as additional sampling from the portal vein to more accurately
quantify the flux of SCFAs from the gut into host circulation.

Levels of formic acid in bank vole plasma (>300 uM) were about threefold
greater than that reported for laboratory rodents and humans (10-100 uM)
(Brosnan and Brosnan 2016, Pietzke et al. 2019). Moreover, the significant posi-
tive correlation between circulating formate and total absorbed dose rate im-
plies an association between radiation exposure and one-carbon metabolism.
Most formate (~50%) is produced in the mitochondria by catabolism of serine,
with the remainder derived from various other metabolic pathways and dietary
sources (Brosnan and Brosnan 2016). While it is possible that the increased for-
mate levels are associated with Muribaculaceae (Lagkouvardos et al. 2019), in our
previous studies we have observed upregulation of mitochondrial biogenesis
regulator PCGla and several genes relating to fatty acid oxidation and mito-
chondrial stress such as Cptla, Atf5 and Fgf21 in bank voles inhabiting the CEZ
(Kesédniemi et al. 2019a, 2020). Similar effects were also observed in astronauts
and mice as consequence of spaceflights (da Silveira et al. 2020), suggesting that
mitochondrial function lies at a key position regarding metabolic responses to
low-dose IR.

Formate overflow is associated with numerous diseases and conditions
such as methanol poisoning, folate & vitamin B-12 deficiency, birth defects and
oxidative cancer (Meiser et al. 2018, Pietzke et al. 2019). Benefits of formate over-
flow are an open question, and the potential benefits largely depend on the un-
derlying causes of overflow. For instance, while catabolism of serine into for-
mate also produces NADH and NADPH which could be used to maintain cellu-
lar redox balance (Fan et al. 2014) in the oxidative environment of the CEZ, ab-
errant formate levels may also implicate mitochondrial dysfunction. Whether
formate overflow provides selective benefits in bank voles inhabiting the CEZ
or is merely a side effect of metabolic remodeling or mitochondrial stress affect-
ing one-carbon metabolism should be tested in future experiments.

Conclusions

There is some controversy among studies concerning effects of low dose ioniz-
ing radiation on wildlife of the CEZ (Beresford et al. 2020b). The CEZ is a wild-
life reserve with an apparently vigorous ecosystem due to inadvertent re-
wilding, and some studies report little or no effects of radiation on abundance
of wildlife in the zone (Murphy et al. 2011, Deryabina et al. 2015). On the other
hand, while the ecosystem thrives due to absence of humans, organisms experi-
ence chronic oxidative stress (Einor et al. 2016) that, when combined with cumu-
lative stressors of a natural environment, may lead to poor health in the wild.
We conducted a comprehensive survey of gut microbiome and intercorre-
lated environmental and host variables driving gut health in a wild animal
population exposed to radionuclide contamination. Lack of visible inflamma-
tion together with earlier results of immunosuppression in the liver (Kesdniemi
et al. 2019a)is consistent with immunosuppressive effects of prolonged stress
reaction. Colon goblet cell hypotrophy and downregulation in related secreted



17

genes possibly indicate poor gut health resulting from stress, however further
experiments are required to assess whether gut condition interacts with compo-
sitional changes between Muribaculaceae, Ruminococcaceae and Lachnospiraceae,
bacterial families that include many members that inhabit the outer mucus lay-
er. Although we cannot test microbiome-immunity associations in the wild, the
lack of radiation impact on fecal SCFAs together with radiation-associated im-
pacts on circulating SCFAs indicate that host metabolism is driven by the effect
of radiation directly rather than through microbially produced SCFA affecting
host physiology. Further evidence of this is provided by radiation dose -
associated formate overflow that may be related to mitochondrial function and
metabolic changes reported earlier (Kesdniemi et al. 2019a, 2020). These novel
responses not observed in controlled clinical settings highlight the need of
studying the effects of exposure to anthropogenic stressors on wildlife in natu-
ral settings.
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Figure 1: Map of the Chernobyl exclusion zone (dashed border) and study areas
used in this project in Ukraine. CNPP = Chernobyl Nuclear Power Plant. Map
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Figure 4: A) normal, B) hyper- and C) hypotrophic colonic mucous goblet cells
(alcian blue with carmine supplementation; x 400). Mucin bodies (in blue) ap-
pear smaller and fewer in number in hypotrophic goblet cells than normal. D)
Odds ratio of bank voles exposed to radionuclides exhibiting goblet cell hypo-
trophy and abnormality (hyper+hypotrophic cells). E) Goblet cell cross-
sectional area across study areas.
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cross-sectional area of the nucleus, colon crypt depth and cross-sectional area of
goblet cells) and fecal and blood SCFA concentrations. The animals are labeled
by study area and are superimposed with vectors showing top 15 variables
based on quality of representation (cos2).
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Table 1: PERMANOVA results (999 permutations) of various variables per-
formed on gut microbiome composition using Bray-Curtis and unweighted
UniFrac distance metrics. CGC state: three-factor classification of colonic goblet
cells into normal, hypo- and hypertrophic cells. BCI: body condition index.

Gene expression PC: principal components of gene expression data.

0.001, **: p < 0.01, *: p < 0.05.

*hk.

p<

Bray-Curtis

unw.UniFrac

Variable R2
Radiation group 0.07
Study area 0.16
Total absorbed dose rate 0.045
(mGy/d)

CGC state 0.057
BCI 0.022
Gene expression PC1 0.043

Gene expression PC2 0.054

pseudo-F
3.250
2.601
2.024

1.277
0.985
1.909
2.391

*%k%

*%k%

*%

*%

*%k%

R2

0.053
0.126
0.057

0.062
0.022
0.029
0.037

pseudo-F
2.447
1.965
2.606

1.391
0.975
1.244
1.608

*kk

*%k%

*k%

*%
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Table 2: Differentially abundant ASVs (FDR<0.05) between contaminated and
uncontaminated groups. Positive effect size indicates increased relative abun-
dance in animals from the CEZ. Overlap indicates proportion of effect size that
overlaps 0 (no effect). In addition, S24-7 family member 1 was the only ASV associ-
ated with goblet cell hypotrophy (Table S11).

Phylum /Order ASV Effect Overlap p-value FDR
size

Bacteroidales S524-7 family member 1  1.629853 0.06108  1.04E-07  6.84E-05

/Bacteroidales S24-7 family member 2 0.967744 0.193754 0.002319  0.038966

S24-7 family member 3 0.779687 0.178267 0.000155  0.024177
S24-7 family member 4  0.672805 0.135653  0.000357  0.037049

Firmicutes Lactobacillus salivarius -1.51825 0.083038 9.40E-07 0.000301
/Lactobacillales
Firmicutes Clostridiales order -0.89611 0.198013 0.000185 0.02148
/ Clostridiales member 1
Clostridiales order -0.91012 0.198723  0.000615 0.034021
member 2
Clostridiales order -1.11462 0.088715 3.82E-05 0.003561
member 3
Lachnospiraceae family 1.123097 0.150568 5.51E-05  0.006997
member

Ruminococcaceae fami- -1.15595 0.105749 4.56E-05 0.005403
ly member 1

Ruminococcaceae fami- 1.470684 0.093684 5.57E-06 0.001387
ly member 2

Ruminococcaceae fami- 1.360572 0.083097 7.97E-07 0.000378
ly member 3 - genus

Oscillospira

Ruminococcaceae fami- 1.263068 0.086648 2.21E-06 0.000777
ly member 4 - genus

Oscillospira

Ruminococcaceae fami- -0.71191 0.154119 0.00061 0.046936
ly member 5 - genus

Oscillospira

Ruminococcaceae fami- 0.87122  0.124202 0.000186 0.019826
ly member 6 - genus

Ruminococcus
Spirochaetes Treponema genus 0.926208 0.192472 0.000555  0.031483
/Spirochaetales member
Tenericutes Mycoplasmataceae -0.91171  0.171043  0.000299  0.025607

/Mycoplasmatales family member
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Chapter III: Supplementary figures
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Chapter III: Supplementary methods
Internal dosimetry

To estimate internal dose rate 13’Cs activity was measured with the use of the
SAM 940 radionuclide identifier system (Berkeley Nucleonics Corporation, San
Rafael, CA, USA) equipped with a 3"x3" Nal detector. The detector was en-
closed in 10 cm thick lead shielding to reduce the noise from background radio-
activity. The system was calibrated with reference standard sources. With cor-
rections for laboratory background, the 137Cs activity of whole bodies was eval-
uated from the obtained spectra in the energies range 619-707 keV (with caesi-
um photopeak at 662 keV) with the use of the phantom with known activity
and geometry similar to the samples. The activities were above the critical level
(decision threshold) were used for internal dose rate estimation. According to
(Cristy and Eckerman 1987; Baltas et al. 2019), the individual internal absorbed
dose from caesium-137 acquired during one day were calculated as:

Dint=A-T-Cu-(Z¢i -Ei-fi),

where: D,, is the absorbed dose rate due to internal exposure from 13Cs

int
(mGy/d); A is the activity of 13’Cs incorporated in the animal body (Bq/kg); C,
is the unit conversion coefficient; ¢, is the absorbed fractions for electron, posi-
tron or photon of the specific energy line; E; is the self-absorption in tissue for

the 13Cs source which is uniformly distributed throughout homogeneous
sphere of mass 20 grams of unit density and tissue-equivalent composition
(Stabin and Konijnenberg 2000); f; is the intensity (or emission frequency) of

the specific energy line E; (MeV) emitted per decay of 13’Cs and it daughter ra-

dionuclide ”mBa (ICRP 1983), the sum is taken over all electron, positron and
photon energies E; of 13Cs spectrum. The similar way of bank voles internal

dose calculations was reported earlier (Chesser et al. 2000). Despite of consider-
able contribution of 90Sr to the total internal absorbed dose, that is considered as
approximately the same as from cesium-137 (Beresford et al. 2020), in our study
we neglected it because of characteristics of this beta-emitting radionuclide (tis-
sue-specific strontium distribution in body: %°Sr deposites mainly in bones and
adds its adsorbed dose contribution there). As a total absorbed dose rate we
considered a sum of internal and external absorbed dose rates per each animal
per day.

SCFA quantification

SCFA in plasma samples. Short-chain fatty acids (SCFAs) (formic, acetic, propion-
ic, isobutyric, butyric, succinic, isovaleric, valeric and caproic acid) were ana-
lyzed in plasma by LC-MS according to a method described before (J. Han et al.
/ Analytica Chimica Acta 854 (2015) 86-94 87) with the described modifications.
Compounds of nine straight and branched-chain SCFAs were purchased from
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Sigma-Aldrich. Analytical reagent-grade 3-nitrophenylhydrazine (3NPH)HCI
(97%) and N-(3-dimethylaminopropyl)-NO-ethylcarbodiimide (EDC), HPLC
grade pyridine, LC-MS grade acetonitrile, were also purchased from Sigma-
Aldrich. To avoid SCFAs contamination hypergrade LC-MS water and MeOH
(LiChrosolv®) was obtained from Sigma-Aldrich. All reagents and solvents
were used for a maximum of 5 days. 13C6-3NPH was custom synthesized by
IsoSciences Inc. (King of Prussia, PA, USA) and used as internal standard for all
SCFAs. 10 pl plasma was incubated with 60 pl 75% methanol, 10 pl 200 mM 3-
NPH and 10 pl 120 mM EDC-6% pyridine at ambient temperature for 45 min
with gentle shaking. The reaction was quenched by addition of 10 pl of 200 mM
quinic acid (15 min with gentle shaking at ambient temperature). The samples
were centrifuged at 15 000 g for 5 min and the supernatant moved to a new
tube. The samples were made up to 1 mL by 10% methanol in water and again
centrifuged at 15 000 g for 5 min. 100 pl of the derivatized (12C) sample was
mixed with 100 pl of labelled (13C) internal standard. The samples were ana-
lysed by a 6500+ QTRAP triple-quadrupole mass spectrometer (AB Sciex, 11432
Stockholm, Sweden) which was equipped with an APCI source and operated in
the negative-ion mode. Chromatographic separations were performed on a
Phenomenex Kinetix Core-Shell C18 (2.1, 100 mm, 1.7 um 100A) UPLC column
with SecurityGuard ULTRA Cartridges (C18 2.1mm ID) (changed at regular in-
tervals). The column was backflushed for 60 min between each batch to ensure
good chromatographic separation. LC-MS grade water (100% solvent A) and
acetonitrile (100% solvent B) was the mobile phases for gradient elution. The
column flow rate was 0.4 mL/min and the column temperature was 40°C, the
autosampler was kept at 5°C. LC starting conditions at 0.5% B, held for 3 min, 3
min 2.5% B ramping linearly to 17% B at 6 min, then to 45% B at 10 min and
55% B at 13 min. Followed by a flush (100% B) and recondition (0.5% B), total
runtime 15 min. The MRM transitions were optimized for the analytes one by
one by direct infusion of the derivatives containing 50 mM of each fatty acid.
The Q1/Q3 pairs were used in the MRM scan mode to optimize the collision
energies for each analyte, and the two most sensitive pairs per analyte were
used for the subsequent analyses. The retention time window for the scheduled
MRM was 1 min for each analyte. The two MRM transitions per analyte, the
Q1/Q3 pair that showed the higher sensitivity was selected as the MRM transi-
tion for quantitation. The other transition acted as a qualifier for the purpose of
verification of the identity of the compound.

SCFA in fecal samples. 20 mg fresh frozen fecal samples were weighed into
test tubes. Samples were then diluted in 4 mL MilliQ H20 and mixed thorough-
ly with metal beads (2 mm) for 5 min. A portion of 400 uL of the supernatants
was mixed with 100 pL meta- phosphoric acid (16% w/v in MilliQ H20O) con-
taining internal standard (15 nmol acrylic acid, L04280, Alfa Aesar, USA) for 5
min using a vortex. Propyl formate (300 uL) was added to the samples and
mixed for 5 min. Samples were centrifuged at 16,000 g 4 °C for 15 min and 150
nL of the upper organic layer was collected in GC vials for analysis. Samples
were analyzed by a Shimadzu GC-MS-TQ8030 (Tokyo, Japan), fast scanning
triple quadrupole GC system with a PAL autosampler. The sample (2 pL) was



41

injected in split-less mode and helium (2 mL/min) was used as carrier gas.
SCFA were separated on a ZB-FFAP column (30 m, 0.25 pm ID, no. 7HG-G009-
11; Phenomenex, USA). The initial oven temperature was set at 40 °C for 1 min,
then ramped to 250 °C at a rate of 40 °C/min. The final temperature was held
for 2 min giving a total runtime of 8 min per sample. Electron impact ionization
(250 °C) mode was used. Selected ion monitoring was performed with one
quantification ion and one confirmation ion (m/z), respectively: Acetic acid
m/z 60 and 45, propionic acid m/z 74 and 57, isobutyric acid m/z 73 and 57,
butyric acid 73 and 60, isovaleric acid m/z 87 and 60, valeric acid m/z 73 and
60, caproic acid m/z 73 and 60 and for the internal standard acrylic acid m/z 72
and 45. Quantification was made based on an 8 point standard curve in ranges
normally observed in fecal samples: 10-1280 uM for acetic acid (Honeywell), 4-
512 uM for propionic acid (Alfa Aesar) and butyric acid (Sigma-Aldrich) and
0.5-64 uM for the other SCFA (isobutyric acid and valeric acid purchased from
Alfa Aesar; isovaleric acid and caproic acid from Sigma-Aldrich). The SCFA
concentrations were linearly regressed against the ratio of SCFA/acrylic acid.
Samples, standards and blanks were analyzed randomly by the GC-MS system.
Integrations were performed with GCMSsolution workstation software (Shi-
madzu GCMS-TQ series).
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Abstract

Altered copy number of certain highly repetitive regions of the genome, such as sat-
ellite DNA within heterochromatin and ribosomal RNA loci (rDNA), is hypothesized
to help safeguard the genome against damage derived from external stressors. We
quantified copy number of the 18S rDNA and a pericentromeric satellite DNA (Msat-
160) in bank voles (Myodes glareolus) inhabiting the Chernobyl Exclusion Zone (CEZ),
an area that is contaminated by radionuclides and where organisms are exposed to
elevated levels of ionizing radiation. We found a significant increase in 18S rDNA
and Msat-160 content in the genomes of bank voles from contaminated locations
within the CEZ compared with animals from uncontaminated locations. Moreover,
18S rDNA and Msat-160 copy number were positively correlated in the genomes of
bank voles from uncontaminated, but not in the genomes of animals inhabiting con-
taminated, areas. These results show the capacity for local-scale geographic variation
in genome architecture and are consistent with the genomic safeguard hypothesis.
Disruption of cellular processes related to genomic stability appears to be a hallmark

effect in bank voles inhabiting areas contaminated by radionuclides.
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1 | INTRODUCTION

Release of pollutants into the environment has diverse impacts upon
wildlife, such as the bank vole (Myodes glareolus) (Figure 1) and the
ecosystems they inhabit (Acevedo-Whitehouse & Duffus, 2009;
Isaksson, 2010). An example of environmental pollution whose po-
tential impacts on wildlife have stimulated scientific debate is the
fallout derived from the accident (April 26, 1986) at reactor 4 of the
Chernobyl nuclear power plant, Ukraine, when approximately 9 mil-
lion terabecquerels of radionuclides were released into the atmo-
sphere and deposited across much of Eastern Europe, Russia, and
Fenno-Scandinavia (Beresford et al., 2016; Lourenco et al., 2016;
Mousseau et al., 2014). The Chernobyl Exclusion Zone (CEZ) was
established at an approximately 30-km radius around the accident
site (Figure 2) to limit human exposure to persistent radionuclides,
notably strontium-90, cesium-137, and plutonium-239 that have
half-lives of about 29, 30, and 24,100 years, respectively. In addi-
tion to controlled laboratory experiments, there is a need to study
exposure to radionuclides in wildlife in natural habitats (Garnier-
Laplace et al., 2013), for which the CEZ provides a natural laboratory.
Accordingly, the wildlife inhabiting the CEZ provide the best-studied
models of the biological impacts of exposure to environmental ra-
dionuclides (Beresford & Copplestone, 2011; Beresford et al., 2016;
Bréchignac et al., 2016; Mappes et al., 2019; Mousseau et al., 2014).

Concern about the release of anthropogenic radionuclides into
the environment stems from the potential damaging effects of ex-
posure to ionizing radiation (IR) (Ward, 1988). For example, IR can
damage DNA by direct impact that causes structural damage to DNA
molecules, and/or by an indirect effect of radiolysis of cellular water
that releases free radicals and causes an increase in oxidative stress
(Desouky et al., 2015; Einor et al., 2016). Structural damage to DNA
caninduce, for example, genetic instability and abnormalities (such as
cancers) or cell death. Elevated oxidative stress has diverse impacts
on cell function, including an increase in DNA damage (Gonzalez-
Hunt et al., 2018; Poetsch et al., 2018). Indeed, many organisms in-
habiting areas within the CEZ that are contaminated by radionuclides

FIGURE 1 The bank vole Myodes glareolus
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exhibit signs of elevated levels of genetic damage, such as increased
frequency of chromosome aberrations (Dzyubenko & Gudkov, 2009)
and/or an elevated mutation rate (Ellegren et al., 1997; Lourenco
et al., 2016; Mgller & Mousseau, 2015). Conversely, other studies
have failed to find evidence for an increase in DNA damage (Rodgers
& Baker, 2000), activation of DNA repair pathways (Kesaniemi,
Jernfors, et al., 2019), or increase in mutation rate as measured by
the level of heteroplasmy (Kesaniemi et al., 2018) in wildlife exposed
to the persistent fallout from the Chernobyl accident. There are sev-
eral possible reasons for the apparent support both for and against
evidence of an increase in DNA damage in wildlife exposed to en-
vironmental radionuclides, such as interspecific variation in radio-
sensitivity (Beresford & Copplestone, 2011; Mousseau et al., 2014)
and variation in received dose in the studied samples. Another key
issue when quantifying DNA damage in wildlife exposed to environ-
mental radionuclides is that certain regions of the genome preferen-
tially accumulate damage when exposed to oxidative stress (Poetsch
etal., 2018).

That regions of the genome differ in radiosensitivity is high-
lighted by evidence that an increase in frequency of four-stranded
G-quadruplex (G4-DNA) motifs can shield DNA against the direct
damaging effects of IR in the human genome (Kumari et al., 2019).
Also, radiosensitivity has been associated with telomeric DNA con-
tent in laboratory experiments on cell lines (Ayouaz et al., 2008;
Zhang et al., 2016) and with minisatellite DNA in laboratory exper-
iments on mice (Dubrova, 1998), although studies on the mutation

rate at minisatellite loci in Chernobyl workers and their families have
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FIGURE 2 Location of M. glareolus sampling areas:
contaminated CEZ (CEZ-CNTM) areas (1) Vesnyane, (2) Gluboke,
and (3) Chistogalovka; uncontaminated CEZ (CEZ-CTRL) areas (4)
Rosoha and (5) Yampil; and Kyiv (KYV-CTRL) areas (6) Kyiv West
and (7) Kyiv East. Dashed line represents the border around the
CEZ in Ukraine (area of ~2,050 km?). Figure was created using
ggmap v.3.0.0 package in R
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proven inconclusive (Bouffler et al., 2006). Interestingly, short telo-
meres characterized some tissues of bank voles inhabiting areas con-
taminated by radionuclides within the CEZ (Kes&niemi, Lavrinienko,
et al., 2019), while slightly longer telomeres were found in blood of
humans potentially exposed to high levels of radiation during the
Chernobyl accident (Reste et al., 2014). It has been suggested that
heterochromatin content can play a role in safeguarding transcribed
genomic regions against the damaging effects of exposure to IR
(Qiu, 2015).

Heterochromatin represents the transcriptionally suppressed,
densely packed chromatin, which is mostly formed from repetitive
non-protein-coding sequence (Grewal & Jia, 2007). The hypothe-
sized role of heterochromatin in helping to safeguard the genome
against IR-induced damage (Qiu, 2015) is derived from the tendency
for heterochromatin to localize at the nuclear periphery where it
forms a three-dimensional structure that physically surrounds the
actively transcribed euchromatic regions (Geyer et al., 2011), pos-
sibly protecting these territories from impacts of IR and oxygen
radicals. This “safeguard hypothesis” is supported by studies that
demonstrate relationship between sensitivity to radiation, other
mutagens or aging and loss in repetitive content such as telomeres
(Goytisolo et al., 2000; Zhang et al., 2016), ribosomal DNA (rDNA)
(Ide et al., 2010; Kobayashi, 2011, 2014), and heterochromatin in
general (Larson et al., 2012; Yan et al., 2011). One paradox of the
genomic safeguard hypothesis is that it should result in increased
ratio of DNA damage in peripheral heterochromatin compared
with euchromatin, contrary to observations where DNA repair ac-
tivity is concentrated in the nuclear center than periphery (Gazave
et al., 2005). However, damaged heterochromatic DNA is rarely re-
paired in situ (Chiolo et al., 2011), but is instead relocated to nuclear
center for repair or to the nuclear pore complex to be expelled from
the nucleus in the form of extrachromosomal circular DNAs (Chiolo
et al., 2011; Jakob et al., 2011; Khadaroo et al., 2009; Qiu, 2015;
Torres-Rosell et al., 2007). Nonetheless, heterochromatin content of
wild animals in the CEZ has not been explored. Two common con-
stituents of heterochromatin, (a) rDNA and (b) centromeric DNA, are
important for proper cellular function in eukaryotes and have been
found to associate with genome stability (Kobayashi, 2011, 2014;
Kobayashi & Sasaki, 2017). This possible association with genome
stability implies that these genomic regions should be examined with
regard to organisms inhabiting the CEZ.

The cluster of loci that are transcribed into ribosomal RNAs
(hereafter called rDNA) represent a remarkable and evolutionarily
conserved component of eukaryotic genomes. rDNA is organized as
tandem arrays of 455 rRNA units that are transcribed and spliced into
18S, 5.8S, and 28S rRNAs, which, together with ribosomal proteins,
form ribosomes. rDNA is abundant in many eukaryotic genomes,
typically varying from tens to thousands of copies depending upon
the species (Lavrinienko et al., 2020; Parks et al., 2018; Prokopowich
et al.,, 2003; Symonova, 2019). Moreover, rDNA copy number
can vary widely among individuals within a species (Lavrinienko,
Jernfors, et al., 2020; Symonova, 2019; Weider et al., 2005), and
geographic variation in rDNA content has been documented in

diverse taxa (reviewed by Weider et al., 2005), for example, among
plant populations that differ in altitude and latitude (Strauss &
Tsai, 1988), in Daphnia (Harvey et al., 2020), and among human pop-
ulations (Parks et al., 2018). As a tandemly repeating locus, rDNA
is prone to copy-number mutations, a feature that is exacerbated
by topological stress from opening of the helical DNA structure and
collisions between replication and transcription machinery due to
frequent transcription (Salim & Gerton, 2019). Laboratory studies on
fruit flies (Drosophila melanogaster) and baker's yeast (Saccharomyces
cerevisiae) have demonstrated that exposure to stressors can elicit a
rapid change in rDNA copy number within few generations (Aldrich
& Maggert, 2015; Jack et al., 2015; Kobayashi, 2011; Paredes
et al., 2011; Salim et al., 2017), making rDNA an apparently environ-
mentally sensitive locus (Salim & Gerton, 2019). rDNA content is as-
sociated with genome stability and sensitivity to stress (Kobayashi &
Sasaki, 2017). For example, strains of baker's yeast with fewer cop-
ies of rDNA are more sensitive to mutagens than strains with many
rDNA copies (Ide et al., 2010). This interaction between rDNA and
genome stability can be exemplified in plants, where dysfunction of
chromatin assembly factor-1 results in progressive loss of rDNA and
higher sensitivity to genotoxic stress (Mozgova et al., 2010).

Another major fraction of heterochromatin is comprised of
centromeric sequences and pericentromeric sequences, which
flank the centromeres (Biscotti et al., 2015; Plohl et al., 2008). In
contrast to rDNA, centromeric sequence motifs often are not evo-
lutionarily conserved, but tend to differ among species (Biscotti
et al.,, 2015). Centromeric DNA is defined by its ability to recruit the
centromere-specific histone 3 variant, centromere protein A (Foltz
et al., 2006). Centromere and pericentromere regions are typically
comprised of tandem arrays of satellite DNA such as a-satellites in
primates (Alexandrov et al., 2001), minor and major satellites in mice
(Komissarov et al., 2011), and an approximately 160-base-pair-long
satellite motif (Msat-160) in arvicoline rodents (Acosta et al., 2010).
Using fluorescence in situ hybridisation (FISH), Msat-160 has often
been characterized as an abundant component of arvicoline rodent
genomes, located primarily at the pericentromeric regions of chro-
mosomes and with apparently high interspecific variation in copy
number and the number of chromosomes that contain the satellite
sequence (Acosta et al., 2007, 2010; Modi, 1992, 1993). While in-
terspecific differences in centromere architecture are quite well de-
scribed for some taxa (e.g., primates, Melters et al., 2013), perhaps
consistent with the general lack of information about centromere
and pericentromere sequence in most species, we are not aware
of any studies to have quantified whether variation in pericentro-
meric satellite content associates with features of the environment.
However, as constituents of heterochromatin, the centromeric and
pericentromeric regions may represent a key component of the ge-
nome that interacts with exposure to environmental stress.

Bank voles appear to be relatively radioresistant, being one
of the first mammals to recolonize the Chernobyl accident site
(Chesser et al., 2000) and with animals exposed to environmental
radionuclides showing equivocal evidence for genomic DNA damage

(Rodgers & Baker, 2000), little upregulation of DNA repair pathways
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(Jernfors et al., 2018; Kesaniemi, Jernfors, et al., 2019), and no ele-
vated mutation rate (heteroplasmy) in their mitochondrial genomes
(Kesaniemi et al., 2018). At a cellular level, fibroblasts isolated from
bank voles exposed to radionuclides in the CEZ show increased re-
sistance to oxidative stress and genotoxins (Mustonen et al., 2018).
Given the genomic safeguard hypothesis, we expect that change in
rDNA and pericentromere content will be a feature of the genomes
of organisms exposed to radionuclides. To test this hypothesis, we
used quantitative PCR (qPCR) to quantify the relative amounts of
(a) 18S rDNA and (b) Msat-160 (a pericentromeric satellite sequence)
as proxies for heterochromatin content in genomes of bank voles
that have inhabited areas contaminated with radionuclides for esti-
mated 50 generations (Baker et al., 2017).

2 | MATERIALS AND METHODS
2.1 | Sampling and dosimetry

Two hundred and two bank voles were captured using Ugglan
Special2 live traps with sunflower seeds and potatoes as bait during
fieldwork seasons of 2016-2017. Briefly, at each location 9-16 traps
were placed either ina 3 x 3 or 4 x 4 grid with an intertrap distance
of 15-20 m. In all locations, traps were kept for at least three con-
secutive nights and were checked each following morning. Animals
were brought to a field laboratory in town of Chernobyl within the
CEZ where they were euthanized by cervical dislocation within 24 hr
of entering the laboratory and stored in dry ice for transport be-
fore long-term storage in -80°C. rDNA copy number can change
within a generation (Aldrich & Maggert, 2015); in bank voles, stress
during early (but not adult) life can affect rDNA copy number (van
Cann, 2019). Animals were caught from seven study areas in Ukraine
(Figure 2), with near-equal sex ratios at each location (Rosoha: 14
females/14 males, Yampil: 15F/15M, Chistogalovka: 15F/15M,
Gluboke: 15F/14M, Vesnyane: 15F/15M, East Kyiv: 15F/12M, and
West Kyiv: 15F/13M). We measured ambient radiation levels at all
trapping locations using a handheld Geiger counter (Gamma-Scout
GmbH & Co.) placed 1 cm above the ground, and taking an average
of at least nine measurements from each trapping location. Ambient
dose rate measurements provide a reasonable approximation of
external absorbed dose rate for bank voles (Beresford et al., 2008;
Lavrinienko, Tukalenko, et al., 2020). Internal absorbed cesium-137
dose rates were measured using a SAM 940 radionuclide identifier
system (Berkeley Nucleonics Corporation). Full details on internal
dosimetry and total received dose rate estimations are provided in
Appendix 1 and supporting data.

To control for possible confounding variables, we use a robust
study design that utilized samples from replicated contaminated
areas within the CEZ and noncontaminated areas within and outside
the CEZ. We classified our seven study areas into three exposure
groups that reflect a likely radiation “treatment.” Three areas within
the CEZ (Chistogalovka, Gluboke, and Vesnyane) were contami-

nated by radionuclides and delivered elevated external dose rates
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(0.24-1.49 mGy/day, median 0.41 mGy/day, representing ~4 chest
X-rays per day) to wildlife inhabiting these areas: These three sites
are collectively referred to as CEZ-CNTM (CEZ-contaminated). Two
areas within the CEZ (Rosoha and Yampil) had little to no apparent
soil radionuclide contamination, with near-background external
dose rates (median 6.4*107% mGy/day), and are referred to as CEZ-
CTRL (CEZ-control). Finally, the two areas outside the CEZ (Kyiv East
and Kyiv West) also are uncontaminated by environmental radionu-
clides (median 3.6*107% mGy/day) and are referred to as KYV-CTRL
(KYIV-control). As the CEZ presents a mosaic of radionuclide con-
tamination (Mousseau et al., 2014), we make the distinction between
the locations defined as CEZ-CTRL and KYV-CTRL. At CEZ-CTRL,
it is possible that some animals caught in these uncontaminated
areas may have dispersed into these areas from contaminated areas
(and indeed vice versa). By contrast, KYV-CTRL presents a sample
of animals that have not directly encountered a large dose of IR
from environmental radionuclides, because the distance between
the KYV-CTRL site and the CEZ (~90 km) is much further than bank
voles’ dispersal ability (ca. ~1 km per breeding season, Kozakiewicz
et al.,, 2007; and an estimated <5 km per year rate of range expan-
sion, White et al., 2012; Smiddy et al., 2016).

2.2 | Characterization of bank vole 18S rDNA and
Msat-160 satellite sequences and primer design

Sequences for ribosomal rDNA were identified by BLASTn search
(Altschul et al., 1990; parameters: default) of mouse 18S rDNA
(GenBank Accession NR_003278.3) against a draft bank vole ge-
nome (GenBank Accession GCA_001305785.1). The putative bank
vole pericentromere satellite DNA sequence was identified by its
similarity (70% identity, e-value = 3e7 %) with the satellite DNA Msat-
160, clone 960-47 isolated from the genome of the Eurasian water
vole Arvicola amphibius (synonym A. terrestris) (GenBank Accession
FN859393.1). Quantitative PCR (qPCR) primers for 18S rDNA and
Msat-160 sequences were designed using Primer3web v.4.1.0
(Untergasser et al., 2012) and BLAST to ascertain primer specificity.

2.3 | Fluorescence in situ hybridization of Msat-160
satellite in the bank vole genome

Arvicoline rodents display high variability in centromere sequence
composition owing to rapid species radiation (Acosta et al., 2010).
To identify genomic locations of the Msat-160 satellite sequence
in the bank vole genome, fluorescence in situ hybridization (FISH)
was used using the same fibroblast source as Mustonen et al. (2018).
Fibroblasts were isolated from male bank voles collected from
Gluboke (Figure 2) and from near Kyiv, cultured according to
Mustonen et al. (2018), and fixed in 3:1 methanol:glacial acetic acid
according to the standard protocol (Franek et al., 2015). Full de-
tails of chromosomal preparations are given in Appendix 2. FISH

images were taken using Zeiss Axio Imager Z2 microscope, using
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a Plan-Apochromat 100x/1.4 OIL objective and an ORCA Flash 4

camera. Images were analyzed with CellProfiler 2.4.

2.4 | Quantitative PCR to detect relative copy
number of 18S rDNA and Msat-160

Genomic DNA was extracted from ear tissue samples using
DNeasy Blood & Tissue Kit (Qiagen) following the manufacturer's
protocol. Quantitative PCRs were carried out on a LightCycler
480 Real-Time PCR System (Roche), using ribosomal phosphopro-
tein PO-coding gene 36b4 as a single-copy reference gene (see
Cawthon, 2002). Each 96-well plate of gPCRs contained tripli-
cate reactions for the same reference bank vole DNA sample that
acted as a golden standard (GS). Raw quantification cycle (Cq) data
were corrected for PCR efficiency (E) and transformed into rela-
tive values compared with a single-copy reference using the Pfaffl
method (Pfaffl, 2001), where

. Etarget ACqtarget(control — sample)
ratio = ( get)

(Eref)ACq ref(control — sample)

All gPCRs were run in 15 pul final reaction volumes using
LightCycler 580 SYBR Green | Master (Roche). Reactions for
Msat-160 and 36b4 included 15 ng template DNA, 500 nM of
both forward and reverse primers for Msat-160, and 200 nM of
both primers for 36b4. Reactions for 18S rDNA included 3 ng
genomic DNA and 333 nM of both forward and reverse primers.
Amplification conditions for Msat-160 were as follows: denatur-
ation at 95°C for 5 min, and 40 cycles of amplification (95°C for
10 s, 58°C for 5's, and 72°C for 5 s). Amplification conditions for
36b4 were as follows: 95°C 5 min and 40 x (95°C 10 s; 58°C 15 s;
72°C 10 s). Amplification conditions for 18S were as follows: 95°C
and 45 x (95°C 10 s; 60°C 15 s; 72°C 10 s). A standard melt curve
analysis included in the LightCycler software was included in each
analysis run to ascertain product specificity. All samples whose
duplicate C, values had standard deviations above 0.2 cycles were
rerun. Dilution series of GS DNA were run on each qPCR plate to
generate PCR efficiencies: For Msat-160, we used a 1:5 dilution
series from 40 to 0.064 ng/ul; for 36b4, we used a 1:3 dilution
series from 40 to 0.49 ng/pl; and for 18S, we used a 1:5 dilution
series from 12.0 ng to 0.0192 ng/pul.

Variation in relative copy number for 18s rDNA and for Msat-160
(response variables) was evaluated using linear mixed models in Ime4
(Bates et al., 2015) in R v.3.5.0 (The R Core Team, 2018), including
radiation treatment group (CEZ-CNTM, CEZ-CTRL, and KYV-CTRL)
and sex as fixed factors and trap point (N = 56) or trapping area (N = 7)
as a random factor. Marginal Ri (variance explained by fixed effects)
and conditional Rf (variance derived from fixed and random effects),
as well as the significance of post hoc comparisons, were calculated
using MuMIn (Burnham & Anderson, 2002) and multcomp (Hothorn
et al., 2008), also in R. We also ran models that examined the total

received dose rates as a continuous variable (instead of treatment).

3 | RESULTS

FISH confirmed that Msat-160 is located in the pericentromeric
heterochromatin regions in the bank vole genome. Most bank vole
chromosomes are acrocentric (one-armed), a feature that is com-
mon among rodents (Pardo-Manuel de Villena & Sapienza, 2001)
(Figure 3).

We observed significant differences in the relative copy num-
ber of 18S rDNA in bank voles among the three radiation treat-
ments (R% = 0.128, R? = 0.137, Table 2, Figure 4a). Consistent with
the genomic safeguard hypothesis, average rDNA content was
significantly higher in animals caught from CEZ-CNTM compared
with animals from CEZ-CTRL areas (p = 0.195, df = 7.12, t = 3.15,
p < 0.05), although then comparison between CEZ-CNTM and
KYV-CTRL was not significantly different. Male bank voles had
significantly more copies of 18S rDNA than females ( = 0.182,
df = 195.34, t = 4.01, p < 0.001), except in the sample from
East Kyiv.

FIGURE 3 Fluorescence in situ hybridization (FISH) staining of
Msat-160 regions in M. glareolus fibroblast cells (red). (a) Cells from
a male individual sampled from the Kyiv West site and (b) cells from
a male individual from CEZ-CNTM Gluboke site. Chromosomes
were counterstained with DAPI (blue)
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Msat-160 satellite motif (pericentromere) also exhibited sig-
nificant spatial variation in copy number among treatment groups
(Ri = 0.135, Rf = 0.192, Table 2, Figure 4b). Again, consistent with
the genome safeguard hypothesis, bank voles caught from contam-
inated areas within the CEZ had significantly more copies of Msat-
160 than did animals caught from uncontaminated areas within the
CEZ (B=0.251, df = 68.26,t = 4.949, p < 0.001). Mean copy number
in KYV-CTRL was significantly higher than in CEZ-CTRL (p = 0.174,
df = 32.55, t = 2.725, p < 0.05). Male voles have higher Msat-160
content than females in all areas except at East Kyiv, where females
have elevated Msat-160 content, thus increasing the average Msat-
160 content in the KYV-CTRL sample.

Both 18S rDNA and Msat-160 copy number also significantly
correlated with radiation levels when modeling total absorbed
dose rate as a continuous variable (p = 0.020, df = 7.26, t = 0.042,
p < 0.05 and p = 0.028, df = 70.38, t = 3.985, p < 0.001, respec-
tively) (Table 3). When considering bank voles only within the
CEZ-CNTM group (as other areas had near-zero radiation levels),
neither 18S rDNA nor Msat-160 copy number correlated with the

TABLE 1 Sequences of gPCR primers that amplify fragments
of the 18S rDNA and Msat-160 (and 36b4 as a single-copy control
gene) in the bank vole Myodes glareolus

Amplicon
locus Sequence (5'—>3') length (bp)
18S rDNA F AAG ACG GAC CAG AGC 238

GAA AG
R TGG TGC CCT TCC GTC
AAT TC
Msat-160 F CAG CAT TTA GAA AGT 101
GAA GCA ACA
R CCA AGA AAC TCA CAG
GCATTTC
36b4 F GTC CCG TGT GAA GTC 87
ACT GT
R AGC GGT GTT GTC TAA
AGCCT
TABLE 2 Pri del laini
rimary models explaining DV (fixed effects)

variation in mean relative copy number
of ribosomal 18S DNA and centromeric
repeat Msat-160 as dependent variables
(DV) between treatment groups (Ex.

grp) using CEZ-CTRL and female voles as
reference level

18S copy number
(Ex. Grp+Sex)?

Msat-160 copy
number

(Ex. Grp+Se><)b
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total received dose rate (R = 0.02 and 0.11, respectively, for log
dose, p > 0.05).

Given the similar increase in 18S rDNA and Msat-160 content
in the genomes of animals exposed to environmental radionuclides,
we quantified (a) whether the copy number at these loci was cor-
related within individuals (i.e., is there an intragenomic correlation
in rDNA and Msat-160 content) and (b) whether the strength of
any such intragenomic correlations was impacted by exposure to
environmental radionuclides. Significant positive correlations were
found (Pearson's correlation, R > 0.5 and p < 0.05, with weaker cor-
relation in the West Kyiv sample) between the copy number of 18S
rDNA and Msat-160 in animals at all uncontaminated areas (Table 4,
Figure 5). However, this intragenomic correlation in copy number
among 18S rDNA and Msat-160 was not observed (R < 0.3, p > 0.1)
at the contaminated areas (CEZ-CNTM).

4 | DISCUSSION
4.1 | Increased genomic repeat copy nhumber may
mitigate radiation stress

It is hypothesized that heterochromatin may uphold genomic stabil-
ity by safeguarding the genome against environmental stresses such
as ionizing radiation (Qiu, 2015). We found (a) that both 18S rDNA
and Msat-160 satellite (both of which are major constituents of het-
erochromatin) copy numbers were higher in contaminated areas
than uncontaminated areas within the CEZ, (b) extensive variation in
copy number at KYV-CTRL, and also (c) intragenomic correlations in
rDNA and Msat-160 content at CEZ-CTRL and at KYV-CTRL, but not
in the samples from the contaminated areas (CEZ-CNTM).

An apparent increase in both Msat-160 and rDNA copy number
in contaminated sites is consistent with the genomic safeguard hy-
pothesis (Qiu, 2015). Loss of heterochromatin as an expectation of
the hypothesis is mainly a result of relocation and expulsion of DNA

double-strand breaks that we do not expect in the CEZ due to the

B (SE) df t
Intercept 0.483 (0.053) 10.762 9.087™"
CEZ-CNTM 0.195 (0.062) 7.120 3.153
CTRL-KYV 0.073 (0.069) 7.540 1.057
Sex (Male) 0.182 (0.045) 195.337 4,008
Intercept 0.352 (0.044) 77.86 7968
CEZ-CNTM 0.251 (0.051) 68.26 4.949™
CTRL-KYV 0.174 (0.064) 32.55 2725
Sex (Male) 0.007 (0.038) 197.7 0.180

?Random factor: trapping area, N = 7, Var = 0.001 (trapping point resulted in singular fit).

bRandom factor: trapping point, N = 56, Var = 0.005.

*p < 0.05; ***p < 0.001.
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FIGURE 4 Genomic changes in response to exposure to ionizing radiation as measured by (a) relative 185 rDNA and (b) Msat-160 copy
number in bank voles inhabiting areas contaminated by radionuclides (CEZ-CNTM) and uncontaminated areas (CEZ-CTRL and KYV-CTRL).
Relative copy numbers of both repeats are normalized to a reference golden standard DNA sample. Dots represent data points above 1.5 *
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low-dose rates generally thought to be too weak to induce them.
Increased heterochromatin content could provide stability against
oxidative stress, and thus, changes in rDNA and Msat-160 content,
either by selection on existing copy-number variation or by affecting
copy-number maintenance during development, may be an adaptive
response to exposure to environmental radionuclides. Interestingly,
our data show how this change in genome architecture can occur at
a local geographic scale (i.e., within a few tens of km). Considering
animals within contaminated areas (CEZ-CNTM) only, direct effect
of IR on heterochromatin content is not expected, for example, be-
cause we do not expect DNA content to have linear response to IR,
and dose measured may not reflect that experienced at the relevant
time of life, that is, embryonic development.

rDNA copy-number variation has been associated with diverse
cellular functions (Gibbons et al., 2014; Kobayashi & Sasaki, 2017),
and loss of rDNA copies correlates with, for example, cellular se-
nescence and susceptibility to mutagens in yeast (Ide et al., 2010;
Kobayashi, 2011). Aside from possible safeguarding the genome
as part of heterochromatin, changes in rDNA content can affect
cell processes such as transcription (Gibbons et al., 2014; Jack
etal.,, 2015; Paredes et al., 2011; Parks et al., 2018; Salim et al., 2017)
and nucleolus organization (Potapova & Gerton, 2019). Loss of rDNA
in mouse cancer lines is associated with vulnerability to DNA damage

and activation of the mTOR pathway, which promotes cell growth

and division (Xu et al., 2017). Interestingly, mTOR activation is an-
tagonistic to a fatty acid oxidating mode of metabolism. Bank voles
inhabiting contaminated areas within the CEZ upregulate genes as-
sociated with fatty acid oxidation (Kesaniemi, Jernfors, et al., 2019),
which is associated with genomic stability (Heydari et al., 2007; Yuan
et al., 2013) in the form of antioxidative capabilities and longevity
in captivity. While the explicit link between rDNA CN variation and
metabolic changes in the bank vole remains unclear, fibroblasts
isolated from bank voles exposed to radionuclides show increased
tolerance of oxidative stress and genotoxic agents (Mustonen
etal., 2018). Increase in rDNA copy number may thus provide certain
advantages to bank voles exposed to environmental radionuclides,
although this idea remains to be tested experimentally.

Like a change in rDNA copy number, change in pericentromeric
content associated with environmental radionuclides is interesting
as this change in genome architecture can have diverse impacts on
cell function. For example, centromeric and pericentromeric regions
contain noncoding RNA (ncRNA) sequences that are involved in
centromere maintenance and gene silencing (ldeue & Tani, 2020).
Altered centromere structure can change patterns of histone
binding with a concomitant impact on gene expression (Vaissiére
etal., 2008). Also, given the shorter telomeres in bank voles exposed
to radionuclides (Kesaniemi, Lavrinienko, et al., 2019), it is interest-

ing that many bank vole chromosomes are acrocentric (Figure 3) as
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TABLE 3 Alternative models for
Msat-160 and 18S rDNA content using
logarithm of the total received dose rate
(D.rate, mGy/day) as a continuous variable
in place of treatment group-based models.
Female voles are used as reference level

DV (fixed effects)

18S copy number
(D.rate+Sex)?

Msat-160 copy
number

(D.rate+Sex)”

Ecology and Evolution
£C000 AN VOO e WV LEy- ¢

B (SE) df t
Intercept 0.676 (0.050) 10.75 13.461°"
D.rate 0.020 (0.008) 7.26 0.042"
Sex (Male) 0.180 (0.046) 195.20 3939
Intercept 0.614 (0.041) 118.90 14.995"
D.rate 0.028 (0.007) 70.38 39857
Sex (Male) 0.010 (0.039) 201.70 0.267

2Random factor: trapping area, N = 7, Var = 0.002 (trapping point resulted in singular fit).

bRandom factor: trapping point, N = 56, Var = 0.009.

*p < 0.05; ***p < 0.001.

this possibly makes Msat-160 simultaneously pericentromeric and
subtelomeric. Subtelomeric heterochromatin can contribute to telo-
mere protection, for example, by inducing compaction of telomere
chromatin to a less accessible chromatin structure or even replac-
ing canonical telomeres in telomerase-independent pathways of
telomere maintenance (Jain et al., 2010). Subtelomeric repeats also
show high copy-number variation under some stress conditions with
detrimental consequences (Chow et al.,, 2012; van der Maarel &
Frants, 2005; Vyskot et al., 1991).

It is perhaps important to note that, even with an attempt at ge-
nomic safeguard to mitigate some of the genomic consequences of
stress, animals inhabiting contaminated areas can still experience
diverse impacts of exposure to radionuclides. For example, bank
voles inhabiting contaminated areas within the CEZ show reduced
breeding success (Mappes et al., 2019) and elevated frequency of
cataracts (Lehmann et al., 2016). Also, bank voles exposed to ra-
dionuclides show an increase in damage to their mitochondrial ge-
nomes (Kesaniemi et al., 2020), possibly because the mitochondria
do not use certain DNA repair pathways (e.g., nucleotide excision
repair) and/or the mitochondrial DNA lacks heterochromatin (Kazak
et al., 2012; Yakes & Van Houten, 1997).

4.2 | Breakdown of intragenomic correlations as a
hallmark of radioactively contaminated habitat

The correlation between rDNA and Msat-160 copy number in bank
voles from uncontaminated areas within and outside the CEZ, but not
in animals from contaminated areas, implies some disruption to typi-
cal genome architecture when animals are exposed to environmen-
tal radionuclides. Repetitive genome fraction generally correlates
with genome size between species (Gregory, 2001; Prokopowich
et al., 2003). Data on expected intraspecific correlations among dif-
ferent genomic regions are lacking, although there is some evidence
that rDNA content negatively associates with mitochondrial DNA
content in humans (Gibbons et al., 2014). We are not aware of any
previous report that rDNA and pericentromere content would be
correlated. Regardless, disruption to processes that maintain typi-
cal cell and genome integrity is a notable feature of bank voles in-

habiting areas contaminated by radionuclides, such as (a) a lack of

TABLE 4 Pearson's correlation between 18S rDNA and
Msat-160 copy numbers among treatment groups and trapping
areas

Exposure group Trapping area R df t
CEZ-CNTM Combined 0.130 87 1.213
Gluboke 0.165 27 0.868
Vesnyane 0.251 28 1.374
Chistogalovka 0.279 28 1.540
CEZ-CTRL Combined 0.755 56 8.618""
Yampil 0.831 28 7.890 "
Rosoha 0.808 26 7.005 "
KYV-CTRL Combined 0.515 53 4370
East 0.724 25 5.540 "
West 0.387 26 2.141

*p < 0.05; ***p < 0.001.

correlation in telomere length among different tissues (Kesaniemi,
Lavrinienko, et al., 2019), (b) no relationship between mitochondrial
DNA copy number and expression of PGC1la (the gene that regulates
mitochondrial synthesis) in brain tissue (Kesaniemi et al., 2020), and
(c) a weakening of gene coexpression networks in liver and spleen
(Kesaniemi, Jernfors, et al., 2019).

4.3 | Safeguard by genomic repeats may respond to
diverse stressors

The comparison between samples from the CEZ and West Kyiv is
consistent with the genomic safeguard hypothesis, but the gen-
eral increase in rDNA and Msat-160 copy number in the genomes
of animals from East Kyiv cannot be explained. On the one hand,
these data could be used to argue against an increase in rDNA and
centromeric DNA to exposure to IR. However, as diverse stressors
can elicit intraspecific heterogeneity in rDNA content (Govindaraju
& Cullis, 1992; Harvey et al., 2020; Salim et al., 2017), and poten-
tially centromeric architecture, it is possible that voles at East Kyiv
experienced some other feature of the environment that selected
for an increase in rDNA/centromere content. As such, the data from

East Kyiv do not necessarily refute the idea of genome safeguard
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FIGURE 5

Association between 18S rDNA and Msat-160 content. 18S rDNA and Msat-160 content are correlated in all uncontaminated

areas (CEZ-CTRL and KYV-CTRL), but not in contaminated areas (CEZ-CNTM)

by heterochromatin. Also, we are not aware of other reports of sex
differences in rDNA content in mammals. In Drosophila melanogaster,
the rDNA cluster is located on sex chromosomes. However, the
rDNA clusters in mammals, such as humans and mice, are located on
several autosomes (Coen & Dover, 1983) and not sex chromosomes.
In any case, an animal's sex and its rDNA content do not interact
with radionuclide exposure. Hence, our data highlight the capacity
for wild animals to show macro- and microgeographic variation in
DNA and Msat-160 (i.e., centromeric) content, and this emphasizes
the need for further research to understand the biological driver(s)
of this genetic variation. Particularly important will be the use of ex-
periments to quantify how specific stressors, such as environmen-
tal radionuclide exposure, impact these apparently labile regions of
the genome. Moreover, heterochromatin architecture as a potential
mitigator of genome damage should be explored in more detail, not
only in bank voles, but also in other species that differ in apparent ra-
diosensitivity (Lourenco et al., 2016) and amount of noncoding DNA
(Gregory, 2001; Prokopowich et al., 2003).

5 | CONCLUSION

In conclusion, we uncovered geographic variation in Msat-160 and
18S rDNA content in bank vole genomes that is consistent with
the hypothesized role of heterochromatin and rDNA in respond-
ing to, and safeguarding the genome against, environmental stress.
Furthermore, we show loss of an apparent intragenomic correlation
in rDNA-(peri-)centromere content in bank voles exposed to radio-
nuclides. While the role of non-protein-coding DNA, and particu-

larly rDNA, is well researched in a medical context (Kobayashi, 2014;

Wang & Lemos, 2017; Xu et al., 2017), our data indicate clear poten-
tial for environmental pollution to have a broad effect in genome
architecture. Additional studies are required to partition the plastic
and heritable components of these copy-number changes, and also
whether this change in genome architecture is part of an adaptive
response to exposure to elevated radiation dose or, indeed, other
pollutants.
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APPENDIX 1

INTERNAL DOSIMETRY

To estimate internal dose rate caused by exposure to radio-
cesium contamination, *¥’Cs activity was measured by SAM 940
radionuclide identifier system (Berkeley Nucleonics Corporation)
equipped with a 3" x 3" Nal detector. The detector was enclosed
in 10-cm-thick lead shielding to reduce the noise from background
radioactivity. The system was calibrated with reference standard
sources. With corrections for laboratory background, the *¥Cs
activity of whole bodies was evaluated from the obtained spectra
in the energies range from 619 to 707 keV (with cesium photo-
peak at 662 keV) with the use of the phantom with known activ-
ity and geometry similar to measured samples. Given the different
time from capturing animals till their sacrificing, the initial *¥’Cs
activity (at the trapping timepoint) was calculated with the model

A = be™, where A is calculated initial cesium activity; b is activity
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that was measured in animal bodies; x is time in hours (after trap-
ping and before sacrificing); e is 2.72; and 1 is elimination constant.
The parameters of *¥’Cs elimination were found in our other study
(Tukalenko et al., unpublished), and they were close to ones re-
ported earlier (Gaschak et al., 2011).

For each measurement, the critical detectable level (decision
threshold) was found as Lc = k[Rb/Tb(1+Tb/Ts]*?, where Lc is criti-
cal level; k is 1.65 (coefficient, which determines 0.05 probability of
type | error or false positive); Rb is counting rate of background; Tb is
time of background measurement; and Ts is time of sample measure-
ment (Isaev et al., 2010). The cesium activities above the critical level
(decision threshold) were used for internal dose rate estimation; oth-
erwise, the 137¢s activity was considered as zero.

With the use of conventional approach (Baltas et al., 2019; Cristy
& Eckerman, 1987), an individual bank vole's internal absorbed dose
from incorporated *¥’Cs acquired during one day was calculated
(mGy/day) as a product of the activity of **’Cs incorporated in the
animal's body (Bg/kg) and the unit conversion coefficient and the
sum of all electron, positron, and photon energies emitted per decay
of ¥¥’Cs and its daughter radionuclide **’™Ba. The energies were
calculated taking into account the absorbed fractions for electron
or positron or photon of the specific energy line, the intensity (or
emission frequency) of the specific energy line (MeV) emitted per
decay of ¥7Cs andits daughter radionuclide 137mBa (ICRP, 1983), and
the assumption that *¥’Cs source is uniformly distributed through-
out homogeneous sphere of 20 g mass of unit density and tissue-
equivalent composition (Stabin & Konijnenberg, 2000). Despite the
considerable contribution of 7°Sr to the total internal absorbed dose,
that is considered to be approximately the same as from cesium-137
in Chernobyl (Beresford et al., 2020), in our study we neglected it
because of characteristics of this beta-emitting radionuclide (tissue-
specific strontium distribution in a body: ?°Sr deposits mainly in
bones and adds its adsorbed dose contribution there). The energies
from alpha-emitters (plutonium and americium: radioisotopes of
transuranium elements) were neglected because of their low contri-
bution to the total internal absorbed dose, less than 5% (Beresford
et al., 2020).

Thus, the internal absorbed dose rates were as follows
(median[interquartile range]): 0.0[0.0;0.0]*10~° mGy/day at KYV-CTRL
in range of 0.0-1.5*107% mGy/day, 3.7[1.6;3.71*10"° mGy/day at CEZ-
CTRLinrange of 1.6-3.7*107° mGy/day, and 1.4[0.4;3.7]*10 " mGy/day
at CEZ-CNTM in range of 0.04-20.0*10™* mGy/day.

Asindividual total absorbed dose rate, we considered the sum of es-
timations of internaland external absorbed dose rates per each animal.
The total absorbed dose rates were as follows (median[interquartile
rangel): 5.1[3.6;7.2]*10° mGy/day at KYV-CTRL in the range of
3.6-7.9*107% mGy/day, 9.5[6.0;10.3]*107° mGy/day at CEZ-CTRL in
the range of 3.6-11.110"° mGy/day, and 5.3[4.2;9.3]*10" mGy/day
at CEZ-CNTM in the range of 2.7-34.1*10"! mGy/day.
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APPENDIX 2

FLUORESCENCE IN SITU HYBRIDIZATION (FISH) TO
IDENTIFY PRINCIPAL LOCATIONS OF MSAT-160 SAT-
ELLITE IN THE BANK VOLE GENOME.

Fibroblasts were isolated from male bank voles collected from
contaminated area within the CEZ (Gluboke, mean external dose
rate 21 pGy/hr) and from a control areas near Kyiv (see Mustonen
et al. (2018) for cell culture conditions). Fibroblasts were treated
with 0.01 pug/ml colcemid for 2 hr, after which the cells were trypsi-
nized and resuspended to hypotonic 0.075 M prewarmed KCI. Cells
were incubated for 20 min at 37°C, after which the cells were fixed
in 3:1 methanol:glacial acetic acid according to the standard protocol
(Franek et al., 2015).

For the chromosome preparations, 10 ul of the fixed sample was
dropped on Superfrost slide and the slides were air-dried. Slides were
then quickly washed in 2x SCC and incubated for 1.5 hr in RNAse A
(200 pg/ml, AppliChem) in 2x SSC. Slides were washed 3 times for
5 min in 2x SSC and incubated for 2 min in 0.01 M HCI, then for 5 min
in pepsin (16 pg/mlin 100 mM HCI, 37°C), followed by 3 x 5 min wash
in 2x SSC. Slides were incubated for 10 min in 4% formaldehyde in
2x SSC, washed for 3 x 5 min in 2x SSC, and dried in EtOH series
(70%, 80%, and 96%). Biotin-labeled PCR probes were hybridized
on the slides overnight at 37°C. After the hybridization, slides were
washed for 5 min in 2x SCC, then 3 x 5 min in 40% formamide/2x
SCC (at 42°C), 1 x 5 min in 2x SCC at 42°C, 1 x 5 min in 2x SSC at
RT, and 5 min in 4T buffer (4x SSC and 0.05% Tween-20). 80 l of
blocking solution (4x SSC, 5% BSA, and 0.2% Tween-20) was applied
on the slides, incubated for 30 min at RT, and washed for 5 min in 4T
buffer. For visualization of the Msat-160 region, 80 ul of streptavi-
din-AF594 (1:1,000 in blocking solution) was added to the slides and
incubated for 30 min at 37°C, followed by 3 x 5 min washes in 4T,
1 x 5 min wash in 2x SSC, and dehydration in ethanol (70%, 80%, and
90%). Chromosomes were stained with DAPI (1 ug/ml in Vectashield,
Vector Laboratories). Images were taken using Zeiss Axio Imager Z2
microscope, using a Plan-Apochromat 100x/1.4 OIL objective and an
ORCA Flash 4 camera. Images were analyzed with CellProfiler 2.4.
(GFP for DAPI, Texas Red channel for Msat-160).

The biotin-dUTP-labeled DNA probe for Msat-160 was prepared
in a 50 pl PCR with 0.25 mM of each dA/G/CTP, 0.05 mM of dTTP,
0.20 mM of biotin-dUTP, 0.4 uM of both forward and reverse Msat-
160 primers (Table 1), 1.5 mM of MgCl,, 1X Taq Buffer with KClI,
2.5 U of Tag DNA polymerase (Thermo Scientific), and 10 pl of PCR
product as a template. PCR program was as follows: 95°C for 3 min,
and 30 cycles of 95°Cfor 10's, 58°C for 5s,and 72°C for 5 s, followed
by elongation of 1 min at 72°C. MJ Thermal Cycler from Bio-Rad was
used. Template PCR product was produced with same conditions as
above, except with 0.05 mM of dNTPs and 2.5 ul of DNA extracted
from a bank vole liver sample (approximately 70 ng) as a template.
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