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e We quantified gut health and gut
microbiota in wild rodents exposed to
radionuclides.

e Exposure to radionuclides was associ-
ated with smaller goblet cells and
reduced mucus production, and a
change in microbiota.

e Exposure to radionuclide contamination
was associated with reduced levels of
circulating butyrate and propionate.
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ARTICLE INFO ABSTRACT
Editor: Rafael Mateo Soria Animals host complex bacterial communities in their gastrointestinal tracts, with which they share a mutualistic
interaction. The numerous effects these interactions grant to the host include regulation of the immune system,
Keywords: defense against pathogen invasion, digestion of otherwise undigestible foodstuffs, and impacts on host behav-
Ecotoxicology iour. Exposure to stressors, such as environmental pollution, parasites, and/or predators, can alter the compo-
Hab_itat de_gradation sition of the gut microbiome, potentially affecting host-microbiome interactions that can be manifest in the host
Radionuclides . . . . . . . . .
Transcriptomics as,. for examp%e, metjabohc dysfun'ctlon or 1nﬂ.ar'nma.t10n. However,. whether a change 1n' gut mlcroblota. in wild
Microbiome animals associates with a change in host condition is seldom examined. Thus, we quantified whether wild bank

Histology voles inhabiting a polluted environment, areas where there are environmental radionuclides, exhibited a change
in gut microbiota (using 16S amplicon sequencing) and concomitant change in host health using a combined
approach of transcriptomics, histological staining analyses of colon tissue, and quantification of short-chain fatty
acids in faeces and blood. Concomitant with a change in gut microbiota in animals inhabiting contaminated
areas, we found evidence of poor gut health in the host, such as hypotrophy of goblet cells and likely weakened
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mucus layer and related changes in Clcal and Agr2 gene expression, but no visible inflammation in colon tissue.
Through this case study we show that inhabiting a polluted environment can have wide reaching effects on the
gut health of affected animals, and that gut health and other host health parameters should be examined together
with gut microbiota in ecotoxicological studies.

1. Introduction

Gut microbiota, the community of microbes (principally bacteria)
that reside within mammalian gastrointestinal tracts, make important
contributions to the health of their hosts (Shreiner et al., 2015) that
include digestion of complex and otherwise indigestible foodstuffs to
produce useful metabolites (Gentile and Weir, 2018), limiting the ability
of pathogens to colonise the gut (Iacob et al., 2019; Pickard et al., 2017),
and/or training and regulation of the host’s immune system (Hooper
et al., 2012). Given the diversity of anthropogenic activities that impact
natural environments and wildlife health (Acevedo-Whitehouse and
Duffus, 2009; Hauffe and Barelli, 2019), there is much interest in
quantifying the associations between the host’s experience of a poor-
quality environment and the concomitant impacts on gut microbiota
and host health. Indeed, variation in habitat quality (Amato et al., 2013)
or exposure to various pollutants (Jin et al., 2017) such as heavy metals
(Brila et al., 2021; Richardson et al., 2018), radionuclides (Lavrinienko
et al., 2018a) and organic compounds such as polycyclic aromatic hy-
drocarbons (Redfern et al., 2021) and polychlorinated biphenyls (Zhang
et al., 2015), for example, associate with a change in composition of gut
bacteria. It is typically not known, however, how such changes in gut
bacteria community composition affect the delivery of services to the
host or associate with aspects of host health.

One of the primary services provided by the gut microbiota is the
supply of metabolites to the host (Gentile and Weir, 2018). Key me-
tabolites derived from fermentation by gut bacteria are the short-chain
fatty acids (SCFAs), most prominently acetic, propionic, and butyric
acids (van der Hee and Wells, 2021). The SCFAs provide nutrition to
colonocytes, but also have anti-inflammatory and antioxidative effects
as well as regulatory effects on host immune system and energy meta-
bolism (Huang et al., 2017; Kim, 2021), for instance by stimulating fatty
acid oxidation (He et al., 2020). The endocrinological effects of SCFAs
are mediated by G-protein-coupled receptors in host endocrine and
immune cells or by histone deacetylation (van der Hee and Wells, 2021).
Disruption to gut microbiota and the supply of SCFAs can have
damaging effects on the gut, such as causing inflammatory bowel dis-
eases (Venegas et al., 2019).

A healthy digestive tract helps limit exposure of the host tissues to
gut microbiota, antigens and potentially harmful substances. Key to
digestive tract barrier function is the mucus layer, a mesh of glycopro-
teins (mucins) and antibacterial proteins that cover 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 mucins and other facilitating components by exocytosis
(Birchenough et al., 2015). Crucially, the porous outer mucus layer is
inhabited by mutualist microbes, where they derive nutrients and
interact 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 (Birchenough et al., 2015; Hooper et al., 1999;
Schroeder, 2019). Indeed, gut mucus layer defects are often observed in
diseases such as metabolic syndrome-related dysglycemia (Chassaing
et al., 2017) and colitis in humans and mice (Johansson et al., 2014).
However, impacts of exposure to pollution on gut microbiota and gut
health remains understudied in wildlife.

The mammalian gut microbiota harbours hundreds or thousands of
taxa, making it functionally diverse (Tian et al., 2020). However, a

change in microbiota community composition does not necessarily elicit
a change in function because different taxa may provide similar services
(Moya and Ferrer, 2016), a concept known as functional redundancy
(Tian et al., 2020). For example, members of the Firmicutes and nine
other bacterial phyla have genes associated with production of the short
chain fatty acid butyrate (Vital et al., 2014). Indeed, it has proven hard
to reconcile inter-individual variation in gut bacteria community
composition with variation in metabolite profiles (Rojo et al., 2015).
One implication of functional redundancy in microbiota is that a sig-
nificant change in microbiota composition may have little functional
relevance for host health (Moya and Ferrer, 2016). Understanding the
interplay between the host, its experience of the environment, and the
gut microbiota is important given the current extent of anthropogenic
impacts on natural environments that impact wildlife health (Acevedo-
Whitehouse and Duffus, 2009; Hauffe and Barelli, 2019).

A well-studied example of a polluted environment is the region
surrounding the former Chornobyl nuclear power plant in Ukraine. On
April 26, 1986, an accident at reactor 4 of the power plant resulted in the
release of about 9 million terabecquerels of radionuclides into the at-
mosphere, with fallout largely affecting Eastern Europe, Western Russia
and Fenno-Scandinavia (Mousseau, 2021). To limit human exposure to
high concentrations of environmental radionuclides, the Chornobyl
Exclusion Zone (CEZ) was established at an approximately 30 km radius
around the accident site (Mousseau, 2021). Wildlife inhabiting the CEZ
provide the best-studied models of possible biological impacts of expo-
sure to environmental radionuclides (Lourenco et al., 2016; Mousseau,
2021). Today, the biologically most relevant radioisotopes in the area
are cesium-137 whose water-soluble salts easily spread through the
ecosystem, and strontium-90, which deposits in bones as a calcium
analogue (Beresford et al., 2020). While both radioisotopes have low
toxicity, exposure to them is a concern as they are beta-emitters, and
high dose of radiation can cause DNA damage and oxidative stress
(Desouky et al., 2015; Einor et al., 2016). Effects from radionuclide
exposure have been found on multiple biological levels (Lourenco et al.,
2016; Mousseau, 2021). For example within populations radionuclide
exposure is linked to a decline in abundance in many species, including
mammals (Kesaniemi et al., 2019a), soil invertebrates (Mgller and
Mousseau, 2018), and birds (Garnier-Laplace et al., 2015). Studies in
large mammals have found few effects of radionuclide exposure on
abundance (Deryabina et al., 2015). Other studies have indicated an
increase in mutation rates associated with radionuclide exposure (Car
et al., 2022; Mgller and Mousseau, 2015). Within individuals, radionu-
clide exposure has been linked with diverse health problems, including
increase in tumours and albinism (Mgller et al., 2013), increased para-
site load (Morley, 2012) and size reduction in the brain and other organs
(Kivisaari et al., 2020; Mgller et al., 2011). Somewhat surprisingly,
whether radionuclide exposure impacts gut health of wild animals is
poorly understood, despite the gastrointestinal tract being the first
routes of impact by ingested radionuclides.

The bank vole (Myodes glareolus), a small rodent that inhabits mixed
woodlands of much of northern Europe and Asia (Macdonald, 2006),
was among the first mammals to recolonize contaminated areas within
the CEZ following the accident (Baker et al., 1996), and consistently
carries some of the highest radionuclide loads among local wildlife
(Beresford et al., 2020; Chesser et al., 2000) likely due to its opportu-
nistic diet of forest floor food items. The radiation doses experienced by
the bank voles are apparently insufficient to cause detectable DNA
damage (Rodgers et al., 2001; Rodgers and Baker, 2000), but there is
evidence of elevated diversity in mitochondrial DNA in bank voles
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(Baker et al., 2017) inhabiting the CEZ. Some form of adaptation or
acclimation to radionuclide exposure appears to have taken place, as
skin fibroblasts extracted from voles native to contaminated areas of the
CEZ are resistant to treatment by reactive oxygen radicals and other
genotoxic agents (Mustonen et al., 2018). Regardless, exposure to ra-
dionuclides associates with poor health. For example, bank vole pop-
ulations in contaminated areas within the CEZ exhibit an increase in
frequency of cataracts (Lehmann et al., 2016) and a reduction in pop-
ulation densities and litter sizes (Mappes et al., 2019); moreover, bank
voles exposed to radionuclides show signs of metabolic remodelling i.e.
increase in fatty acid oxidation (Kesaniemi et al., 2019a), telomere and
mitochondrial damage (Kesaniemi et al., 2020, 2019b), and changes in
genome architecture (Jernfors et al., 2021).

Some impact of radionuclide exposure on gut health is possible
because the gut microbiota of bank voles inhabiting areas contaminated
by radionuclides differ to the gut microbiota of animals from uncon-
taminated areas (Lavrinienko et al., 2018a, 2020), with comparable
effects in other rodents (Apodemus mice) inhabiting the CEZ and at the
Fukushima nuclear accident site in Japan (Lavrinienko et al., 2021).
Radionuclide exposure appears to mostly drive changes in member taxa
of families Ruminococcaceae, Lachnospiraceae and Muribaculaceae (pre-
viously $24-7), although it is not possible to use a general Firmicutes:
Bacteroidetes ratio as an indicator of radionuclide exposure because the
gut microbiota changes with season (Lavrinienko et al., 2021). Consid-
ering the increase in fatty acid oxidation (Kesaniemi et al., 2019a), a
change in gut microbiota associated with exposure to radionuclides
(Lavrinienko et al., 2018a) and the likelihood that ingestion of radio-
nuclides first impact the gut, we considered two scenarios: 1) a change in
gut microbiota leads to a detectable change in services (e.g. SCFAs)
provided to host and a concomitant change in host metabolism and/or
gut health, or 2) radionuclides impact the host which may affect the gut
microbiota, but there is little impact on delivery of services (possibly due
to functional redundancy). As key features of gut health we conducted
histological examination and RNA sequencing of colon tissue and
quantified the gut microbiota using 16S amplicon sequencing. Also, we
quantified SCFAs in blood and faecal matter. We found that changes in
host physiology and gut microbiota are associated with radionuclide
contamination, but the few impacts on faecal SCFAs associated with
radionuclide exposure imply that a change in gut microbiota does not
necessarily elicit a major change in services they provide to the host.

2. Materials & methods
2.1. Sample collection

Forty-five female bank voles were live-captured (using Ugglan Spe-
cial2 live traps) from mixed forest habitats in October 2017 from four
general study areas in Ukraine: the (1) east and (2) west side of Dnipro
river near Kyiv, and from (3) Gluboke lake and (4) Vesnyane within the
CEZ (Fig. S1), henceforth referred as uncontaminated (East and West
Kyiv) and contaminated (Vesnyane and Gluboke) 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 two trapping nights were required to obtain sufficient ani-
mals. Traps were checked in the following morning and caught animals
were transferred to the laboratory for internal absorbed dose rate esti-
mation, body size measurement (body weight and head width), and
tissue and faecal sampling.

Faecal samples for microbiota analysis were collected from live an-
imals immediately after capture as in (Lavrinienko et al., 2018a). Next, a
sample of whole blood was taken from orbital sinus in heparinized
capillary tubes. Animals were then euthanized by cervical dislocation
and dissected to collect luminal faecal samples from the colon for SCFA
quantification, and tissue samples from mid- and distal colon for histo-
logical analyses and RNA sequencing. All faecal samples were immedi-
ately stored on dry ice until archived in —80 °C freezer. Colon tissue
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samples were stored in Allprotect Tissue Reagent (Qiagen) for RNA
extraction and in two different fixatives, 10 % formalin solution and
metha-Carnoy solution (60 % methanol, 30 % chloroform, 10 % glacial
acetic acid) for histological analyses.

2.2. 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 1 cm above the ground.
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" x 3"
Nal detector (Supplementary Methods 1). A sum of internal and external
absorbed dose rates was considered as a total absorbed dose rate per
animal (mGy/d), providing means (+SD) of 0.007 + 0.002 mGy/d and
0.735 £+ 0.504 mGy/d for uncontaminated and contaminated groups,
respectively (Table S1).

2.3. Histological analysis of colon tissue

Fixed colon tissue samples were dehydrated, embedded in paraffin,
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 condition 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 visu-
alization of goblet cells. To remove potential bias, histological exami-
nation of the colon tissue was performed (by IV and OT) without
knowledge of the samples’ origins (i.e. a “blind” analysis). Digital mi-
crophotographs of stained colon sections were taken at x100 or x400
magnification using a computer-assisted image analyzing system con-
sisting of Olympus BX41 microscope and Olympus C-5050 Zoom digital
camera. Depth of crypts (um), height of colonocytes (pm), area of
colonocytes’ nucleus (um?) from H&E images, and the cellular area of
goblet cells (um?) from alcian blue—carmine images were measured
using Image J v.1.42q (Schneider et al., 2012). Animals were defined as
having normal, hypertrophic or hypotrophic goblet cells based on cell
size and prevalence of mucus-containing vesicles.

2.4. SCFA quantification in blood plasma and faecal samples

SCFAs (formic, acetic, propionic, isobutyric, butyric, succinic, iso-
valeric, valeric and caproic acids) in plasma were analyzed by liquid
chromatography-mass spectrometry (LC-MS) according to method
described by (Han et al., 2015), with modifications described in Iversen
et al. (2022) (Supplementary Methods 2). Samples were analyzed using
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 100 A) UPLC column with SecurityGuard ULTRA Cartridges (C18
2.1 mm ID). SCFAs (acetic, propionic, isobutyric, butyric, isovaleric,
valeric and caproic acids) in faecal samples 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 (Cheng et al., 2020)
(Supplementary Methods 2).

2.5. 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. Sam-
ples were sent to the Beijing Institute of Genomics (BGI), Hong Kong
(www.bgi.com/global/) for library preparation and sequencing. RNA
libraries were prepared using TruSeq Stranded mRNA Library Prep Kit
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(Ilumina) 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 S2). Adapters and low quality bases (QS < 20) were
removed using SOAPnuke (Chen et al., 2018).

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). Tran-
scriptome 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 using the Trinotate v.3.0.1 pipeline (Bryant et al., 2017),
leveraging SwissProt 2018_2 for transcript identification. Downstream
analyses followed Trinity best-practice guidelines (Haas et al., 2013)
using default parameters, with Bowtie 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) for alignment counting (transcripts and genes). The colon
transcriptome assembly (after clustering with cd-hit-est) consisted of
356,050 transcripts (237,648 genes) that had a contig N50 = 2109 and
an E9ON50 = 3145 (Table S3). The assembly contained 86 % complete
mammalian BUSCOs, and 105,799 transcripts received at least one GO-
term annotation.

2.6. Gut microbiome amplicon sequencing and bioinformatics analyses

Total DNA was extracted from faecal samples (n = 45) using a
PowerFaecal DNA Isolation Kit (Qiagen) following the manufacturer’s
instructions. All library preparation and sequencing work was per-
formed at the BGI. Briefly, samples were processed using the Earth
Microbiome Project protocol to amplify the V4 region of the 16S ribo-
somal 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 reads (total = 9,790,549, mean = 217,567,
range = 129,304-268,333) were processed using QIIME2 v.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 3453
sequence variants (SVs). Low-abundance (frequency < 10 across all
samples) SVs were removed to leave 5,207,788 reads (mean = 115,728,
range = 74,172-137,640 reads per sample) and 3310 SVs. We assigned
taxonomy using a naive Bayes classifier that had been pretrained on the
Greengenes v.13_8 16S 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
reads per sample.

2.7. Statistical analyses

Statistical testing was conducted using R v.4.0.2 (The R Core Team,
2018), using Pearson correlation to test for correlation between loga-
rithm of internal dose rate and various parameters, or 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.

2.7.1. Bank vole health and gene expression

Body condition index (BCI) reflecting general physiological condi-
tion of the voles was calculated as standardized residuals from linear
regression of weight and head width (Labocha et al., 2014). Also,
normalized liver and spleen weights were calculated as standardized
residuals from a linear regression of organ weight and head width.
Exploratory data analysis of host variables (logarithm of internal
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absorbed dose rate, morphometric and histological measurements of the
colon and SCFA concentration in blood) was conducted using by prin-
cipal component analysis (PCA) using the package ‘FactoMineR’ v.1.34
(Le et al., 2008). An odds ratio for risk of incidence of colon goblet cell
hypotrophy or abnormality (either hypo- or hypertrophic) classification
in colonic goblet cells in contaminated versus uncontaminated groups
was calculated using package ‘fmsb’ v.0.7.1 (Nakazawa, 2019). A
pseudocount was added to odds ratio calculation for hypotrophy inci-
dence due to zero occurrence of hypotrophic goblet cells in uncontam-
inated group.

A principal component analysis of transcript counts was performed
within the Trinity pipeline to summarise the main differences in tran-
script (gene) expression among samples. Differential expression (DE)
analysis between uncontaminated and contaminated groups and be-
tween categories of goblet cell (normal, hypotrophic, and hypertrophic)
was conducted using DESeq2 in Bioconductor v.3.7 (Love et al., 2014)
with DE threshold fold change >2 and a false discovery rate (Benjami-
ni-Hochberg’s FDR) of <0.05. Gene ontology (GO) term enrichment
analysis among differentially expressed transcripts and genes was per-
formed using GOseq in Bioconductor v.3.7 (Young et al., 2010) to
identify significantly enriched GO terms (FDR < 0.05) using the
assembled transcriptome as reference database. We specifically tested
difference in expression of five goblet cell secreted mucosal genes, Muc2,
Clcal, Fcgbp, Agr2 and Zg16 (Birchenough et al., 2015; Paone and Cani,
2020), between the three goblet cell types (normal, hyper- and hypo-
trophic) using a Kruskal-Wallis test.

2.7.2. Gut microbiota composition

Alpha diversity was characterised as species richness (number of
SVs) and evenness (Shannon index). 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 dif-
ferences between contaminated and uncontaminated groups, using LDA
score thresholds of >2 and <—2, p < 0.05. ALDEx2 v.1.11.0 (Fernandes
et al., 2014) was used to identify differentially abundant SVs (FDR <
0.05) between contaminated and uncontaminated groups, and between
goblet cell types.

PERMANOVA with Jaccard, Bray-Curtis and unweighted and
weighted UniFrac distance metrics that represent compositional differ-
ences between samples (p-diversity) was used to simultaneously test the
response of the gut microbiota to internal dose, colon goblet cell status
and variation in gene expression as principal component scores on
components 1 and 2 of transcript count PCA data (Anderson, 2017).
PERMANOVA was carried out using the adonis function (999 permu-
tations) in vegan v.2.5-6 (Oksanen et al., 2018).

3. Results

3.1. Effects of radionuclide contamination on bank vole health and gene
expression

We first performed principal component analysis, incorporating
logarithm of internal absorbed dose rate, body condition index, cross-
sectional areas of colonic enterocytes and goblet cells, and concentra-
tions of SCFAs in blood to examine general patterns in bank vole phys-
iological characteristics. Clustering of samples appeared to be mainly
driven by internal dose rate, goblet cell size and blood propionate and
formate concentrations (Fig. 1) along the first two axes (combined
eigenvalue 46.9 %). Of the circulating SCFAs in blood, concentration of
propionate (R = —0.53, p < 0.001) and butyrate (R = —0.31, p < 0.05)
had a significant negative correlation with internal dose rate, and
formate (R = 0.54, p < 0.001) having a positive correlation (Fig. S2).
Interestingly, formate concentration in bank vole plasma (>300 pM)
was about threefold greater than that reported for laboratory rodents
and humans (10-100 pM, Table S4) (Brosnan and Brosnan, 2016;
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Fig. 1. Principal component analysis of host phenotypic variables. Data incorporates logarithm of internal absorbed doserate, body condition index, cross-sectional

areas of colonic enterocytes and goblet cells, and concentrations of SCFAs in blood.

Pietzke et al., 2019). Goblet cell size was negatively correlated with
internal dose rate (R = —0.37, p < 0.05) (Fig. 2D), suggesting an effect
on colon health. Bank vole body condition index was not correlated with
internal dose rate, consistent with earlier studies (Kesaniemi et al.,
2019a).

PCA of transcript counts showed that samples from contaminated
and uncontaminated areas were separated on the first two principal
components (combined eigenvalue 10.25 %), predominantly on the
second principal component PC2 (Fig. 2F), with sample scores along PC2
having a significant, negative correlation with internal dose rate (R =
—0.62, p < 0.001), indicating a general difference in transcriptional
activity of the colon between contaminated and uncontaminated groups
of samples. Using DESeq2 we identified 98 transcripts (66 genes) that
were significantly differentially expressed (DE) (fold change >2, FDR <
0.05) between samples from contaminated and uncontaminated areas
(Table S5), with 68 (and 43) being up-regulated in samples from
contaminated areas. DE genes appear to mostly represent activation
and/or signaling in the innate immune system, with significant upre-
gulation most prominently in interferon-inducible GTPase I and Schla-
fen family (SLFN) members 12 and 13 (Table S5). There were too few
annotated DEGs to identify significantly enriched gene ontology (GO)
terms, however on the transcript level, GO terms associated with innate
immunity were detected among upregulated transcripts, including e.g.,
GO:0002429 ‘immune response-activating cell surface receptor
signaling pathway’, GO:0038096 ‘Fc-gamma receptor signaling
pathway involved in phagocytosis’, GO:0030449 ‘regulation of com-
plement activation’ and GO:0002673 ‘regulation of acute inflammatory
response’ (Table S6).

Histological examination of colon tissue using H&E staining revealed
no obvious gross pathological changes such as edema, leukocyte infil-
tration, disturbance in crypt structure, or superficial epithelium in bank
voles inhabiting contaminated (or uncontaminated) areas (pers. obs. by
IV). However, alcian blue-carmine staining showed that eight out of 23
animals from contaminated areas (three from Vesnyane and five from
Gluboke) exhibited hypotrophic goblet cells, characterised by a reduc-
tion in the amount of stained mucin bodies and a low cross-sectional

area (Fig. 2C) which indicates an impaired mucus-producing capa-
bility by these cells. Hypotrophic goblet cells were not observed in the
animals inhabiting uncontaminated areas. Six animals in total also
exhibited goblet cell hypertrophy, although this was not radionuclide
related as they occurred equally among contaminated and uncontami-
nated groups (Fig. 2B). The odds of animals inhabiting contaminated
areas exhibiting hypotrophy was 13 times higher than uncontaminated
animals (95 % confidence interval = 1.5-112.4, adding pseudocount)
(Fig. 2E). To determine whether goblet cell state was accompanied with
associated changes in expression of secreted mucosal genes to the outer
mucus layer, we specifically tested difference in Muc2, Clcal, Fcgbp,
Agr2 and Zg16 (Birchenough et al., 2015; Paone and Cani, 2020) mean
expression between animals classified with having normal, hypo- and
hypertrophic cells. Clcal showed significant downregulation in hypo-
trophic cells compared to hypertrophic cells (Kruskal-Wallis H = 11.02,
df = 2, p < 0.01, post-hoc Wilcoxon p < 0.05) but not compared with
normal cells (Fig. 2H). Agr2 showed downregulation in both hyper- and
hypothrophic cells compared to normal cells (Kruskal-Wallis H = 6.52,
df = 2, p < 0.05), although post-hoc comparisons showed a weak effect
(p < 0.1) (Fig. 2G). Agr2 also negatively correlated with internal dose
rate (R = -0.36, p < 0.05).

3.2. Effect of radionuclide contamination on bank vole gut microbiota
and faecal SCFAs

We identified 3310 SVs from 12 bacterial phyla in the bank vole gut
microbiota (Fig. S3, S4). Three bacterial phyla accounted for 96 % of the
gut microbiota community: Firmicutes (mean = 46 %), Bacteroidetes
(44 %), and Proteobacteria (6 %). Bacteroidetes were dominated by
members of the $24-7 (Muribaculaceae) family (93 % of Bacteroidetes,
42 % of total community), while Firmicutes mainly comprised three
families: Ruminococcaceae (40 %), Lachnospiraceae (25 %), an uniden-
tified family of order Clostridiales (21 %) and Lactobacillaceae (3.2 %).
This community composition is typical for the gut microbiota of bank
voles (Brila et al., 2021) and other wild rodents (Lavrinienko et al.,
2021; Maurice et al., 2015).
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Fig. 2. Analyses of bank vole colon tissue health. A) Histological imaging of normal, B) hyper- and C) hypotrophic colonic mucous goblet cells (alcian blue with
carmine supplementation; x400). Mucin bodies (in blue) appear smaller and fewer in number in hypotrophic goblet cells than normal. D) Goblet cell cross-sectional
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Principal component analysis of transcript data. The scores exhibit clustering between treatment groups along component 2. G) Expression levels of Agr2 and H)

Clcal across goblet cell health states.

LEfSe analysis of bacterial phyla showed significant increase in
Bacteroidetes relative to Firmicutes, Tenericutes and Actinobacteria in
contaminated areas compared to uncontaminated areas (Fig. 3C, S3-4),
with 21.7 % increase in proportion of Bacteroidetes and a 17.7 %
decrease in Firmicutes. In further detail, LEfSe analysis revealed fifteen
bacterial families that exhibited a significant difference in proportion
between samples from contaminated and uncontaminated groups (LDA-
score >2 or <—2, p < 0.05) (Fig. 3D). Most prominently, Muribaculaceae
(Bacteroidetes) were increased in proportion in animals from the CEZ,
while decrease in Firmicutes was attributed to five families of Clos-
tridiales: Ruminococcaceae, Lachnospiraceae, Syntrophomonadaceae,
Clostridiaceae and Mogibacteriaceae. At the SV level, ALDEx2 analysis
identified 17 SVs whose abundance significantly differed between
contaminated and uncontaminated groups (FDR < 0.05) (Table 2,
Fig. S5), including four members of Muribaculaceae with a positive as-
sociation with the CEZ and ten members of Clostridiales with both
positive and negative associations. Notably, Lactobacillus salivarius, a
probiont (Chaves et al., 2017), showed a strong decrease in the colon of
bank voles in the CEZ.

Within-sample species richness was negatively correlated with in-
ternal dose rate (R =-0.35, p < 0.05) (Fig. 3A). There was no significant
correlation between internal dose and evenness (Shannon index) how-
ever (Fig. 3B), indicating that radionuclide exposure has mostly affected
species membership over composition in general. PERMANOVA (999
permutations) model incorporating internal dose rate, goblet cell health
state and general patterns of gene expression (sample scores on first two
principal components of transcript count PCA) showed that internal
dose rate, but not goblet cell state, was a strong predictor of between-
sample differences in bank vole gut microbiota community composi-
tion (beta diversity) using all four distance metrics (Jaccard, Bray-
Curtis, unweighted and weighted UniFrac, Table 1A, Fig. 4). Gene
expression patterns were also significant predictors to a lesser degree.
Further, we ran an alternative model where gene expression PC scores
and goblet cell state were replaced with expression levels of mucosal
genes Clcal and Agr2 that previously showed significant variation
among goblet cell health states. Here, Clcal expression significantly
explained variation using Jaccard and Bray-Curtis metrics, but not with
UniFrac metrics, likely due to the fact that only few specific SVs are
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PERMANOVA results (999 permutations) of various variables performed on gut microbiome composition using four distance metrics. Modelled as: A) log internal dose
rate + goblet cell health state + Gene expression PC1 + Gene expression PC2. B) log internal dose rate + Clcal + Agr2. Goblet cell health state: three-factor classification of

colonic goblet cells into normal, hypo- and hypertrophic cells. Gene expression PC: principal components of gene expression data.

Variable Jaccard Bray-Curtis Unweighted UniFrac Weighted UniFrac
R2 F R2 F R2 F R2 F
A)
Log internal dose rate 0.072 3.33 0.064 2.96 0.058 2.58 0.058 3.09
Goblet cell health state 0.044 1.01 0.044 1.02 0.047 1.05 0.042 1.11
Gene expression PC1 0.032 1.48 0.033 1.54 0.023 1.03 0.115 6.17
Gene expression PC2 0.030 1.37 0.036 1.67 0.026 1.18 0.073 3.92
B)
Log internal dose rate 0.072 3.30 0.064 2.93 0.058 2.58 0.058 2.69
Clcal 0.029 1.34 0.037 1.70 0.026 1.19 0.040 1.88
Agr2 0.023 1.07 0.025 1.15 0.024 1.07 0.041 1.90
" p < 0.001.
" p<0.01.
¥ p < 0.05.
Jaccard Bray-Curtis
A 0.24 X x| ® K&
.A A A A KW
0:34 A s + VESN
'y X x GLUB
X| = %
— 0.2 A 3 A
2 & oof ¢ % Xy
©, X K E o e At A
0.14
o~ A
S (e ud ¢ N
x -
< 0.0 3" s 2 X
@ X -0.2- |
[ J ° X
0.1 +H-
gt 5
X
-0.2 - - - . : - - . - -
-02 -01 00 01 02 03 -0.2 0.0 0.2 0.4
Axis.1 [8.8%] Axis.1 [10.7%]
unweighted UniFrac weighted UniFrac
0.2
= +>2< 0.014 5 =
+ # o+ o8 X oA
0.1 % X @
° + X + _ + + .%
= o ob g 0.007 + + o
) Y A ) Aa
© 0.0 A X 2 %
S le ®a x E +X
o, A X = % + x
G -0.11 ° 4 x X | om0 oA
B3 X %
< [ X X| <
-0.21 -0.02 1
A
_0'3- T T |A T T >< T T T T
-02 -01 00 0.1 0.2 0.3 -0.04 -0.02 0.00 0.02

Axis.1 [8.7%]

Axis.1 [48.1%]

Fig. 4. PCoA of radiation-associated differences in bank vole gut microbiota community composition using Bray-Curtis, Jaccard, and unweighted and weighted

UniFrac distance metrics.

responsible for majority of compositional changes (Table 2). Clcal
expression level thus affects abundance of specific SVs.

Although internal dose was a strong predictor of community
composition changes using all beta-diversity metrics, these changes
were not reflected in SCFA concentrations in faeces. The major SCFAs,
acetate, butyrate and propionate were not significantly correlated with
logarithm of internal dose rate, but two minor SCFAs, valerate (R =
—0.35, p < 0.05) and caproate (R = —0.59, p < 0.001) were negatively
correlated with logarithm of internal dose rate.

4. Discussion

While changes in gut microbiota can be readily associated with
variation in the host’s habitat, including exposure to pollution, it is
rarely known whether any difference in the gut microbiota associate
with some alteration to health of the host and/or possible services
provided by the microbiota. Here, we quantified the associations be-
tween host health gut microbiota and variation in one of the key services
(faecal SCFAs) provided by the gut microbiota in wild bank voles
exposed to environmental radionuclides. We show that (1) exposure to
radionuclides is associated with a change in gut microbiota composition,
and, crucially, that changes in gut microbiota associate with altered gut
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Table 2
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Differentially abundant ASVs (FDR < 0.05) between contaminated and uncontaminated groups. Positive effect size indicates increased relative abundance in animals

from the CEZ. Overlap indicates proportion of effect size that overlaps 0 (no effect).

Phylum/order ASV Effect size Overlap p-Value FDR
Bacteroidales/Bacteroidales $24-7 family member 1 1.629853 0.06108 1.04E-07 6.84E-05
$24-7 family member 2 0.967744 0.193754 0.002319 0.038966
$24-7 family member 3 0.779687 0.178267 0.000155 0.024177
$24-7 family member 4 0.672805 0.135653 0.000357 0.037049
Firmicutes/Lactobacillales Lactobacillus salivarius —1.51825 0.083038 9.40E-07 0.000301
Firmicutes/Clostridiales Clostridiales order member 1 —0.89611 0.198013 0.000185 0.02148
Clostridiales order member 2 —0.91012 0.198723 0.000615 0.034021
Clostridiales order member 3 —1.11462 0.088715 3.82E-05 0.003561
Lachnospiraceae family member 1.123097 0.150568 5.51E-05 0.006997
Ruminococcaceae family member 1 —1.15595 0.105749 4.56E-05 0.005403
Ruminococcaceae family member 2 1.470684 0.093684 5.57E-06 0.001387
Ruminococcaceae family member 3 - genus Oscillospira 1.360572 0.083097 7.97E-07 0.000378
Ruminococcaceae family member 4 - genus Oscillospira 1.263068 0.086648 2.21E-06 0.000777
Ruminococcaceae family member 5 - genus Oscillospira —0.71191 0.154119 0.00061 0.046936
Ruminococcaceae family member 6 - genus Ruminococcus 0.87122 0.124202 0.000186 0.019826
Spirochaetes/Spirochaetales Treponema genus member 0.926208 0.192472 0.000555 0.031483
Tenericutes/Mycoplasmatales Mycoplasmataceae family member —0.91171 0.171043 0.000299 0.025607

health as (2) bank voles inhabiting contaminated areas exhibit changes
in colon morphology (goblet cell morphology) and transcription (im-
mune function, and mucus production). However, it is the (3) levels of
circulating SCFAs (formate, propionate, and butyrate) that correlate
with absorbed dose rather than the concentrations of faecal SCFAs.

4.1. Effect of environmental radionuclides on the gut microbiota

Exposure to environmental radionuclides associates with composi-
tional changes in gut microbiota in bank voles (Lavrinienko et al., 2020,
2018a, 2018b) and in Apodemus mice (Lavrinienko et al., 2021). Inter-
estingly, previous studies found a reduction in Bacteroidetes and an
increase in Firmicutes was associated with inhabiting an area contami-
nated by radionuclides (Lavrinienko et al., 2018b, 2018a), whereas
Bacteroidetes increased in proportion in our samples. One explanation
for this difference is that wild animal gut microbiota can exhibit marked
seasonal changes in composition (Maurice et al., 2015). While there is
apparent stability of the gut microbiota community in bank voles
inhabiting contaminated areas within the CEZ, bank voles from uncon-
taminated areas show a reduction in Bacteroidetes and an increase in
Firmicutes (principally Ruminococcaceae and Lachnospiraceae) between
May and June (Lavrinienko et al., 2020). By autumn, the bank vole gut
microbiota is characterised by enrichment of Bacteroidetes (Mur-
ibaculaceae) in contaminated areas and an enrichment of Firmicutes
(Ruminococcaceae and Lachnospiraceae) in uncontaminated areas. Simi-
larly, the reduction in alpha diversity in this data that was not observed
earlier (Lavrinienko et al., 2018a) may be driven by seasonality. Another
complicating factor could be interannual variation in gut composition,
which is understudied in terrestrial systems. Nonetheless, a 4-year study
of gut microbiota in wild primate Propithecus verreauxi communities
uncovered weak effects of environmental and seasonal changes
compared with properties of the host and social behaviour (Rudolph
et al., 2022). In bank voles, an apparent lack of radiation impacts on
bank vole gut microbiota sampled during July-August (Antwis et al.,
2021) is consistent with seasonal changes in gut microbiota identified
using mark-release-recapture studies (Lavrinienko et al., 2020) rather
than a lack of effect of radionuclides per se. As gut microbiota of bank
voles inhabiting the CEZ is seasonally dynamic, it may be difficult to find
a stable biomarker (e.g. enrichment or loss of particular taxa) of expo-
sure. Together with our data, we highlight the need to consider seasonal
or interannual variation in gut microbiota together with host ecology/
physiology when interpreting possible environmental impacts on wild-
life gut microbiota composition (Watts et al., 2022). Nonetheless, the
important question remains: does variation in gut microbiota associate
with some altered provision of services or host heath?

4.2. Impaired gut health in bank voles exposed to radionuclides

The intestinal epithelium is radiosensitive, and indeed, we see an
impact on mucus production and immune gene expression. Certainly, 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; Moussa et al.,
2016), while lower doses (<1 Gy) may attenuate ongoing inflammation
(Di Maggio et al., 2015; Frey et al., 2015). Through ingestion of soil
particles and radionuclide-accumulating dietary items such as macro-
fungi (Mousseau, 2021), the bank vole gastrointestinal tract is exposed
to chronic doses of radiation. Despite decades of research on impact of
radionuclide exposure in wildlife (reviewed by Mousseau, 2021), gut
health has consistently been overlooked. Although estimated total
absorbed doses in this study varied between 27 and 213 mGy for 2-3-
month-old animals, falling within the medium-high total dose rate band
defined by the derived consideration reference level (DCRL) for rat
reference (ICRP, 2008), the colon tissue of bank voles from contami-
nated areas did not show obvious signs of pathological damage or
inflammation, regardless of apparent antibacterial and/or viral activity
in the innate immune system as indicated by upregulation of interferon-
inducible GTPase I and SLFN 12 and 13 (Jo and Pommier, 2022). The
prevalence of colonic goblet cell hypotrophy however indicates that
some animals experience a reduced capacity for mucus production in the
colon. This is consistent with reduced transcriptional activity of Clcal
and Agr2 in animals exhibiting goblet cell hypotrophy, which are
required for correct formation of the outer mucus layer (Nystrom et al.,
2018; Park et al., 2009), suggesting of radiation stress on colon health.
Thus, bank voles inhabiting areas contaminated by environmental ra-
dionuclides experience a marked change in the gut environment.

The restricted and uneven distribution of radionuclide contamina-
tion within the CEZ makes it challenging to quantify the impacts of
radionuclide exposure in wild animals. Studies at one site (i.e. the Red
Forest) suffer from lack of replication, such that any apparent effect of
radionuclide exposure could be attributed to site-specific habitat. To
overcome this challenge, we studied animals from independent
contaminated sites, Vesnyane and Gluboke, identify generally consistent
impacts of radionuclide exposure that outweigh any effects arising from
variation in habitat. Of course, site-specific variation (i.e. in alpha di-
versity and goblet cell size) is expected in any study of wild animals. For
example, Gluboke site has more small rivers that would spatially restrict
animal mobility than Vesnyane, which might more easily receive im-
migrants from less polluted areas. Increasing the number of replicate
contaminated areas would involve sampling on a much broader spatial
scale (e.g. in Belarus), which would increase the number of habitats.
Thus, to further study these biomarkers (e.g. goblet cell size) requires
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laboratory experiments.
4.3. Associations between gut microbiota and gut health

Many studies have identified correlates of altered wildlife gut
microbiota composition, including exposure to pollutants (Brila et al.,
2021), parasites (Cortés et al., 2020) and/or systemic pathogens (Brila
et al., 2023), that indicate that a change in gut microbiota associates
with a change in host health. Bank voles exposed to radionuclides pro-
vide more direct insights into the connections between impacts of
pollution on wildlife gut health (described in Impaired gut health in bank
voles exposed to radionuclides above) and the associated changes in gut
microbiota. For instance, reduction of L. salivarius in the CEZ could
facilitate the increase in potentially pathogenic species such as the un-
identified SV of genus Treponema, as some species of Lactobacillus are
probiotics and help prevent colonisation by pathogens (Chaves et al.,
2017). Also, major colonic butyrate and propionate producers Rumino-
coccaceae and Lachnospiraceae (Kircher et al., 2022; Vital et al., 2017)
typically inhabit the outer mucus layer (Nava et al., 2011). As Clcal
expression is a driver of compositional changes in bank vole gut
microbiota, Clcal-related changes in gut mucus environment may
explain reduction in taxa that make the mucus layer their niche.
Considering that reduction in these taxa concomitant with reduction in
associated SCFAs is correlated with inflammatory bowel diseases
(Venegas et al., 2019), the lack of visible inflammation is notable.
Moreover, despite the reduction of Ruminococcaceae and Lachnospir-
aceae in contaminated areas, radionuclide exposure had no significant
effect on levels of faecal butyrate or propionate. It is possible that other
taxa such as Muribaculaceae fulfilled this service given their versatility in
metabolizing complex carbohydrates (Lagkouvardos et al., 2019),
providing functional redundancy.

Understanding the driver and/or function of an increase in propor-
tion of Bacteroidetes (Muribaculaceae) in bank voles inhabiting
contaminated areas is difficult as these bacteria form four clades that
metabolise plant, host-derived and alpha glycans (two clades) (Lag-
kouvardos et al., 2019). Bacteroides taxa in bank voles exhibit shallow
genomic divergence (Lavrinienko et al., 2020) and in this study it is not
possible to determine which SVs can metabolise plant glycans, for
example, and thus persist in apparent loss of host glycans (mucus) that
impact Ruminococcaceae and Lachnospiraceae. With this in mind it was
unfortunate that we lacked data on the amount of faecal formate.
Muribaculaceae appears to have functions relating to formate meta-
bolism (Lagkouvardos et al., 2019) and thus may contribute to high
levels of plasma formate in bank voles inhabiting contaminated areas.
Ultimately, as the ASV data is compositional in nature, it cannot be
concluded whether a change in the absolute number of bacteria has
affected SCFA levels.

The only faecal SCFAs responding to radionuclides were caproate
and valerate, both of which are severely understudied compared with
the predominant SCFAs of acetate, propionate and butyrate. While an
altered gut microbiota composition may explain some impact on SCFA
concentration in the faeces, the host requirements for caproate and
valerate apparently are little impacted as there is no observable differ-
ence in serum concentrations associated with exposure to radionuclides.
Regardless, as there is emerging evidence of serum valerate and caproate
concentrations correlating with kidney and cardiovascular diseases in
humans (Jadoon et al., 2018; Saresella et al., 2020), it may be relevant to
include valerate and caproate among SCFAs to quantify in ecotoxico-
logical studies if a pollutant is expected to impact kidney function.

4.4. Changes in systemic availability of SCFAs associate with received
dose

While luminal SCFA concentrations are net result of rates of colonic
production and absorption, systemically available SCFA concentrations
in plasma are additionally subject to host metabolic conditions (Boets
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et al., 2017; Sakata, 2019). More than 95 % of colon-derived SCFAs are
absorbed. Up to 90 % of absorbed butyrate is used by colonocytes as
nutrition, whereas a large portion of absorbed propionate is utilized as a
gluconeogenetic substrate in the liver (Boets et al., 2017), with the rest
being released into peripheral circulation. Radionuclide-related reduc-
tion in systemic availability of propionate and butyrate without corre-
sponding changes in faecal SCFA concentrations thus could be explained
by host-related processes. In humans, circulating, but not faecal, pro-
pionate and butyrate associate with metabolic parameters such as
plasma glucose, and lipid metabolites, improving insulin sensitivity
(Miiller et al., 2019). Butyrate and propionate increase energy expen-
diture by upregulating the expression of transcription factor PGC-1a
(Gao et al., 2009; Zhan et al., 2020), which in turn stimulates fatty acid
oxidation and mitochondrial biogenesis (Cheng et al., 2018). It is
therefore paradoxical that here we observe reduction in circulating
butyrate and propionate levels, despite our earlier findings on upregu-
lation in transcription of PGC-la (Kesaniemi et al., 2020) and several
fatty acid oxidation genes under transcriptional control of the
PPARa-PGC-1a signaling axis (Kesdaniemi et al., 2019a). More detailed
experiments are required to map the flow of SCFAs both in colon and in
circulation. The SCFA-metabolism mismatch is possibly a result of
confounding factors, for instance due to radiation effects on mitochon-
drial health having its own impact on metabolism.

4.5. Formate implicates issues in mitochondrial health

The significant positive correlation between circulating formate and
absorbed dose rate implies an association between radionuclide expo-
sure and one-carbon metabolism. While it is possible that an increase in
circulating formate is derived from the increase in Muribaculaceae, most
(~50 %) formate is produced (by catabolism of serine) in the mito-
chondria (Brosnan and Brosnan, 2016; Meiser et al., 2016). Aberrant
levels of formate can be a sign of energy stress or mitochondrial
dysfunction (Meiser et al., 2016). It is therefore relevant that bank voles
inhabiting contaminated areas of the CEZ upregulate genes associated
with fatty acid oxidation, mitochondrial biogenesis and mitochondrial
oxidative stress such as Cptla, Atf5 and Fgf21 (Kesaniemi et al., 2020,
2019a). Fgf21 is a pleiotropic hormone normally involved in control of
energy expenditure, and although the mechanisms of Fgf21 in mito-
chondrial disease vary between species (Forsstrom et al., 2019), its in-
crease in serum can be an accurate biomarker for mitochondrial disease
in humans and mice (Lehtonen et al., 2016). The consequences of an
excess of circulating formate (formate overflow) in individual exposed
to radionuclides are unknown, but for instance, catabolism of serine into
formate also produces NADH and NADPH that could help maintain
cellular redox balance (Fan et al., 2014). Alternatively, formate overflow
is associated with poor health, such as a deficiency of folate and vitamin
B-12, birth defects, and oxidative cancer (Meiser et al., 2018; Pietzke
et al., 2019). Also, astronauts and Mus musculus experience a systemic
change in mitochondrial function, particularly in mtDNA OXPHOS gene
expression and integrated stress response gene expression as an apparent
consequence of low dose radiation exposure during spaceflight (da Sil-
veira et al., 2020), suggesting that mitochondrial function lies at a key
position regarding metabolic responses to chronic radiation exposure.
These results warrant further studies using untargeted metabolomics
and a reciprocal transplant experiment to discriminate between genetic
and plastic effects.

Nonetheless, an apparent lack of radionuclide impacts in faecal
SCFAs with concomitant change in circulating SCFAs and our earlier
data on metabolism and mitochondrial health suggests that the scenario
where radionuclide exposure directly impacts the host with little effect
on gut microbiota-delivered services is more likely. While here we
focused on the metabolic aspects of SCFAs, there are other ways in
which a shift in gut microbiota may impact host that we could not
examine in this study, perhaps most interestingly the gut-brain axis.
Early life gut microbiota both in the host and in the mother affect brain
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development (Muhammad et al., 2022), which may explain reduction in
brain mass observed in bank voles and some species of bird exposed to
radionuclides (Kivisaari et al., 2020; Mgller et al., 2011). Large inter-
annual datasets are however required to examine developmental con-
sequences of radionuclide exposure.

4.6. Conclusions

In conclusion, we conducted a comprehensive survey of gut micro-
biota and aspects of host health driving gut health in a wild animal
population exposed to radionuclide contamination. Exposure to radio-
nuclides impacts gut health, physiology, and gut microbiota of bank
voles. Significant changes in gut microbiota composition associated with
environmental radionuclides were not accompanied by marked changes
in faecal SCFA concentrations. Although we cannot test other services,
such as microbiome-immunity associations, we could not find a
convincing link between compositional changes and provision of ser-
vices, at least for SCFAs. Radionuclide exposure likely impacts host
metabolism and health directly rather than through microbially pro-
duced SCFA affecting host physiology. In turn, changes in host physi-
ology likely affect the gut environment (mucus) that affect microbiota
composition. Formate overflow provides further evidence implicating
mitochondrial dysfunction as a result of chronic radiation exposure. As
such, we suggest that the signatures of pollution on gut microbiota are
driven by the impact on the host that in turn affects the gut microbiota,
analogous to changes in stress physiology.
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