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. Theincreasing availability of reference genomes for non-traditional model species is enhancing research

. in ecology and evolution. Here, we present a high-quality chromosome-level genome assembly and
annotation for the bank vole Clethrionomys glareolus, an emerging model mammal. The 2.24Gb
assembly is resolved into 28 chromosome-scale scaffolds, consistent with the known karyotype of the
species. We predicted 40,393 gene loci, including 21,029 protein-coding genes supported by Swiss-Prot
homology. Repetitive elements account for approximately 29% of the genome. The assembly achieves
a90.6% BUSCO score, underscoring its completeness. Compared to previously available fragmented
assemblies, this genome enables investigation of genome architecture, selection and structural

© variation at unprecedented resolution. In particular, this chromosome-level resource supports research

. into ecological and evolutionary responses to climate variation across space and time. It also holds value

. for other fields, including developmental biology and studies of immunology and virology, where the

. bank vole is used as a model for host-pathogen interactions—expanding the relevance of this genomic
resource across biological disciplines.

: Background & Summary
. The increasing accessibility of high-quality reference genomes for non-traditional model species-facilitated by
. declining DNA sequencing costs-is rapidly advancing our ability to explore key questions in biology, particu-
* larly in ecology and evolution, with a level of precision once limited to major model organisms'=. A major
. advantage of working with non-traditional species is the ability to select taxa based on ecological or evolutionary
. relevance, rather than on their long-standing use and convenience in laboratory settings*-. Within this frame-
. work, we present the first chromosome-level genome assembly of the bank vole Clethrionomys glareolus (syn.
: Mpyodes glareolus’), an emerging model species increasingly used across multiple biological disciplines.
: The bank vole (Fig. 1a), a widespread temperate rodent of the family Cricetidae, inhabits forests and scrub
. habitats throughout much of Europe and western Asia. Its phylogeography, physiology and evolutionary ecology
© have made it a key system for understanding species responses to past and ongoing climate change in Europe®®.
. For example, bank voles survived the Last Glacial Maximum in northern refugia beyond the traditionally rec-
ognized Mediterranean region® 2. It is also one of the species showing substantial lineage replacement and
© mixing during end-glacial colonization'*"', Our previous research on haemoglobin polymorphism in this
© species helped introduce the concept of adaptive phylogeography-an approach that links genotype-pheno-
: type variation within species to spatial patterns of genetic structure and local adaptation'”. The availability of
. a chromosome-level genome now enables these investigations to be carried out in the bank vole and related
species with unprecedented resolution. Expanding such high-resolution studies across diverse taxa is essential
for reconstructing the origins of present-day biodiversity and anticipating species’ responses to future climatic
shifts'®1°.
Genetic studies on the bank vole began with mitochondrial DNA (mtDNA) phylogeography, covering a
range from single genes to complete mitogenomes'"?’, and progressed to transcriptome-based SNP discovery
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Fig. 1 Chromosomal organization of the bank vole genome. (a) Photograph of a bank vole (Clethrionomys
glareolus). Photo credit: Petr Kotlik. (b) Karyotype of the bank vole (2n = 56), showing 27 autosomal pairs
and the X and Y sex chromosomes as described for the species, reproduced from Arslan & Zima (2014)* with
permission from the Journal of Vertebrate Biology. (¢) Linked-density histogram of the 28 chromosome-scale
scaffolds. (d) Length distribution of these 28 scaffolds, representing the 27 autosomes and the X chromosome
present in the female individual.

using RNA-Seq and genotyping-by-sequencing (GBS) approaches'*". Functional variation has been illustrated
through integrative studies of globin gene repertoires and protein phenotypes'’. However, the absence of a
chromosome-level genome has limited insights into large-scale genome architecture, recombination and struc-
tural variation.

The bank vole’s broader significance also lies in its relevance beyond evolutionary biology. It serves as a
natural reservoir for rodent-borne zoonotic parasites?! and pathogens, such as Puumala and other viruses?>%,
making it an increasingly valuable system in immunology, virology and disease ecology. The availability of a
chromosome-level genome allows integration of functional, ecological and fitness data with genomic variation,
positioning the bank vole as a truly cross-disciplinary model*.

A draft genome (RefSeq accession: GCF_902806735.1) previously served as a scaffold-level reference for SNP
discovery and gene-based studies, including developmental biology research®. While valuable, its fragmented
nature limited analyses requiring chromosomal context. The bank vole mitochondrial genome, which we previ-
ously sequenced?, has also served as a valuable benchmark for comparative studies in other species®, and holds
particular significance as one of the first complete mammalian mtDNA genomes annotated using RNA-Seq data?’.
A preliminary version of our chromosome-level assembly-comprising 29 large scaffolds-was already applied in
population genomic analyses® and transcriptomic studies of hantavirus-infected bank vole cells?®. The finalized
assembly, presented here for the first time, consists of 28 large scaffolds, each corresponding to a chromosome
and consistent with the known bank vole karyotype? (Fig. 1b). This chromosome-level resolution now enables
detailed exploration of genome architecture, structural variation and signatures of selection-unlocking new
opportunities for evolutionary, ecological and biomedical research in this increasingly important model species.

Here, we present the first comprehensive description of the finalized chromosome-level bank vole genome*
generated by Dovetail Genomics (Scotts Valley, CA) using 793.8 million read pairs from the short-insert
library, 409 million from the Chicago library, and 404 million from the Dovetail Hi-C library. The initial de
novo Meraculous®! assembly comprised 122,755 scaffolds with a total length of 2,229.96 Mb (Table 1). This draft
assembly was subsequently refined using Chicago and Hi-C data with the Dovetail HiRise scaffolding pipeline
(Table 1).

The initial HiRise assembly consisted of 4,305 scaffolds totalling 2,241.81 Mb, with an N50 of 98.46 Mb, an
N90 of 46.86 Mb, and an estimated physical coverage of 19,955 x. Eighty-four scaffolds exceeded 10 Kb, and 29
scaffolds were over 25 Mb in length, together spanning 2,231.76 Mb-indicating near chromosome-level com-
pleteness. This version was used in previous studies®?.

However, the presence of 29 large scaffolds-one more than the known haploid chromosome number
(n=28)-prompted a final reassessment of the Hi-C data in light of the expected karyotype. This reanalysis led
to the identification of an unjoined boundary between two scaffolds corresponding to the same chromosome.
Merging these scaffolds resulted in an updated assembly with 28 chromosome-scale scaffolds, each over 30 Mb
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Total Length | N50 N90 Longest
Assembly (Mb) (Mb) | L50 (Mb) | L90 Scaffolds | Scaffold (Mb)
De novo assembly | 2,229.96 0.038 16,371 0.009 | 63,075 122,755 0.593
HiRise assembly 2,241.81 98,461 | 10 53,427 | 24 4,303 128.886

Table 1. Assembly statistics for the bank vole genome. Metrics are shown for the initial de novo Meraculous
assembly and the final HiRise assembly incorporating Chicago and Hi-C scaffolding steps.
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Fig. 2 BUSCO completeness (Laurasiatheria reference set) for the initial 4,305 scaffolds (a), and the final 28
chromosome-level scaffolds (b).

in length (Fig. 1c,d). The final assembly (Table 1) matches the known karyotype and relative chromosome sizes
of the bank vole (Fig. 1b; see also®®), and marks a significant advancement over previous resources and opens
new opportunities for high-resolution studies of genome evolution, structure and function in this key species.

BUSCO analysis®® (Fig. 2) conducted on the initial 4,305 scaffolds of the bank vole genome using the
Laurasiatheria dataset recovered a total of 10,856 (88.7%) out of 12,234 loci. Of these, 10,723 (87.7%) were complete
and single-copy, 133 (1.1%) were complete and duplicated, 314 (2.6%) were fragmented and 1,064 (8.7%) were miss-
ing (Fig. 2a). These results improved slightly in the final assembly, which consolidated the genome into 28 scaffolds
and recovered 11,082 loci (90.6%), including 10,946 (89.5%) complete and single-copy BUSCO genes (Fig. 2b).

In GAWN analyses, transcriptome sequences of the bank vole® were first mapped to the 28 scaffolds to
predict gene structures based on homology-supported evidence. A subsequent BLASTX search aligned the pre-
dicted genes with the Swiss-Prot database®**. In total, 40,392 gene loci were predicted, of which 21,029 showed
homology to Swiss-Prot proteins and were therefore classified as putative protein-coding genes. The remaining
loci likely represent non-protein-coding gene predictions, including non-coding RNAs, pseudogenes, partial
gene models, or genes not yet represented in Swiss-Prot*. This distribution is comparable to the annotated
mouse (M11; GRCm38.p4) and rat (GCF_015227675.2) genomes, which encode 48,709 and 42,049 gene loci,
respectively, including 22,018 and 21,990 protein-coding genes®*~*°. Most bank vole protein-coding genes
(19,214; 91%) show similarity to mouse (14,921) and rat (4,293) proteins in the Swiss-Prot collection. All genes
(14,051) previously identified in the bank vole transcriptome assembly®® and matched to ENSEMBL mouse
transcripts were successfully located in the genome.

RepeatMasker identified repetitive sequences comprising 28.97% (646,598,510 bp) of the bank vole genome™.
Among transposable elements, retroelements made up 25.25%, with long interspersed nuclear elements (LINEs)
accounting for 10.29%, short interspersed nuclear elements (SINEs) for 7.03% and long terminal repeat (LTR)
elements for 7.93% (Fig. 3a). DNA transposons constituted 0.87% of the genome. These values are comparable to
the repetitive content reported in other cricetid rodent genomes*!, although slightly lower overall (Table 2). This
difference may reflect genuine species-specific variation in transposable element content, but it may also arise
from differences in the versions of repeat annotation tools used, as well as from variation in assembly strategies
and contiguity. Nonetheless, the repeat content shows no indication of major underrepresentation of particular
repeat classes, and the overall repeat proportion differs only marginally from that reported for related rodent
genomes. The repeat landscape reveals a dominant ~20% divergence peak driven by ancient SINE and LINE
activity, along with a smaller, earlier signal corresponding to a modest LTR expansion (Fig. 3b).

Finally, GenMap* was used to complement the RepeatMasker-based repeat annotation by identifying regions
of low mappability, which typically correspond to low-complexity or repetitive sequence. Mappability was cal-
culated using 100-bp k-mers allowing up to two mismatches, and regions with low mappability were interpreted
as putative repetitive elements not fully captured by RepeatMasker. In total, 20,062,853 GenMap-identified sites
were masked®’. The final masked genome represents the union of RepeatMasker- and GenMap-based masking,
generating a more comprehensively masked version of the genome to improve the accuracy of short-read map-
ping in downstream analyses*.

Methods

Specimen collection and preparation. The genome sequenced here belongs to a female bank vole cap-
tured near Zelizy (Czech Republic). Liver, spleen, kidney, lung and heart tissues, along with 500 pl of blood, were
collected, flash-frozen in liquid nitrogen and stored at —80°C. High molecular weight (HMW) genomic DNA
was extracted using the Qiagen Genomic DNA Extraction Kit (Qiagen, Valencia, CA). Subsequently, the samples
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Fig. 3 Interspersed repeat landscape of the bank vole genome. (a) Genome occupancy of major repeat
classes as identified by RepeatMasker; the black segment represents sequence not annotated as repetitive by
RepeatMasker. (b). Divergence landscape showing the relative age and abundance of repeat families; colours
correspond to the repeat classes shown in panel (a). Divergence values are calculated as CpG-adjusted Kimura
2-parameter distances between repeat copies and their consensus sequences.

Species SINEs | LINEs |LTRs DNA Elements | Unclass. | Satellites | Simple repeats | Low compl. | Total
Clethrionomys glareolus | 7.03 10.29 7.93 0.87 0.61 0.14 1.75 0.30 28.97
Peromyscus attwateri 9.36 11.53 10.74 1.39 0.5 0.08 217 0.29 36.16
Peromyscus aztecus 9.25 11.06 10.44 1.38 0.48 0.08 2.08 0.29 35.14
Peromyscus eremicus 9.22 10.54 10.51 1.45 0.46 0.08 2.07 0.28 34.68
Peromyscus leucopus 9.42 11.44 11.28 1.41 0.47 0.09 2.24 0.31 36.73
Peromyscus maniculatus | 9.04 10.44 10.33 1.38 0.47 0.07 2.11 0.28 34.19
Peromyscus melanophrys | 9.31 11.31 10.72 1.38 0.49 0.09 2.29 0.29 35.95
Peromyscus nudipes 9.3 11.37 10.73 1.39 0.49 0.08 2.05 0.28 35.78
Peromyscus polionotus 8.17 9.55 9.42 1.3 0.43 0.06 191 0.26 31.16

Table 2. Proportion (%) of major repetitive element classes in the bank vole genome and in other cricetid

rodent chromosome-level assemblies. Abbreviations: Unclass., unclassified repeats; Low compl., low-complexity
repeats.

were processed for sequencing and genome assembly by Dovetail Genomics (Scotts Valley, CA), with a de novo
shotgun assembly scaffolded using Chicago and Hi-C libraries and the HiRise software pipeline®>.

De Novo assembly of the bank vole genome. A de novo assembly was generated by using a combination
of two paired-end libraries (mean insert size of ~350bp). De novo assembly was performed using Meraculous™
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with a kmer size of 73. The input dataset comprised 793.8 million read pairs obtained from paired-end libraries,
totalling 238.1 Gb. Prior to assembly, reads were trimmed for quality, sequencing adaptors and mate pair adaptors
using Trimmomatic*.

Preparation and sequencing of Chicago libraries. Three Chicago libraries were constructed as previ-
ously described*. Briefly, approximately 500 ng HMW gDNA (with a mean fragment length of 100kb) was in vitro
reconstituted into chromatin and fixed with formaldehyde for each library. Subsequently, the fixed chromatin was
digested with DpnlI and the resulting 5’ overhangs were biotinylated before ligation of the free blunt ends. Following
ligation, crosslinks were reversed and the DNA was purified from protein. The purified DNA underwent a biotin
removal step to eliminate any residual biotin that was not present within the ligated fragments. The DNA was then
sheared to a mean fragment size of around 350 bp and sequencing libraries were constructed using NEBNext Ultra
enzymes (NEB, Ipswich, MA, USA) and Illumina-compatible adapters. Biotin-containing fragments were isolated
with streptavidin beads prior to PCR enrichment of each library. Libraries were then sequenced on an Illumina
HiSeq X platform with a 2 x 150 bp read length. The number of read pairs generated for each library were as follows:
127 million for library 1; 130 million for library 2; and 152 million for library 3. Together, the Chicago library reads
provided a 57.42-fold physical coverage of the genome (1-100kb pairs). Physical coverage values were calculated as
the number of read pairs with insert sizes between 1 and 100kb that span each position in the input assembly.

Preparation and sequencing of Dovetail Hi-C libraries. Three Dovetail Hi-C libraries were prepared
in a similar manner as described previously*. In brief, for each library, chromatin within the nucleus was first
fixed with formaldehyde and then extracted. The fixed chromatin was then processed and the libraries were
prepared and sequenced using a same approach as described for the Chicago libraries. The number of read pairs
generated for each Hi-C library were as follows: 124 million for library 1; 151 million for library 2; and 129 million
for library 3. Together, the reads from these Dovetail Hi-C libraries provided a 19,955.19 x physical coverage of
the genome (10-10,000 kb pairs). The physical coverage was determined by counting the number of read pairs
with insert sizes between 10 and 10,000 kb that spanned each position in the input assembly. Physical coverage
reflects the long-range span of read pairs and provides the genomic connectivity needed for accurate scaffolding
and long-range structural correctness of the assembly.

Scaffolding of the assembly with HiRise. The de novo assembly, shotgun reads, Chicago library reads
and Dovetail Hi-C library reads were all used as input data for the HiRise pipeline, which was designed to use
proximity ligation data to scaffold genome assemblies*’. Subsequently, an iterative analysis was performed. First,
sequences from the shotgun and Chicago libraries were aligned to the draft input assembly using a modified
SNAP read mapper (http://snap.cs.berkeley.edu). The separations of the mapped Chicago read pairs were ana-
lysed by HiRise to create a likelihood model for the genomic distance between read pairs. This model was then
used to identify and break putative misjoins, to score prospective joins and create joins above a threshold. After
alignment and scaffolding of the Chicago data, sequences from the Dovetail Hi-C library were aligned and scaf-
folded using the same approach. After scaffolding, the shotgun sequences were used to fill gaps between contigs.

The initial assembly of 4,620 scaffolds was refined using the HiRise pipeline, resulting in 4,305 scaffolds with
a total length of 2,241.81 Mb. Of these, 84 scaffolds exceeded 10 kb in length and 29 were longer than 25 Mb,
collectively spanning 2,231.76 Mb - approaching chromosome-level completeness, though still exceeding the
expected haploid chromosome number (n = 28) by one scaffold. To resolve this, an additional round of HiRise
scaffolding was performed, in which the existing Hi-C data were reanalysed to generate refined contact maps
and reassess scaffold joins.

Genome quality assessment and annotation. We evaluated genome completeness using Benchmarking
Universal Single-Copy Orthologs (BUSCO) version 5.4.7%. For this assessment, we employed the reference gene
set of laurasiatheria_odb10 (12,234 loci in total) from the OrthoDB database of orthologs (www.orthodb.org) and
ran the program with default parameters.

A transcriptome assembly from bank vole heart®® was then used to annotate the genome using the Genome
Annotation Without Nightmares (GAWN) version 0.3.2 pipeline (https://github.com/enormandeau/gawn). The
pipeline utilized GMAP* to map transcriptome sequences to the genome assembly, generating a gff3 file and
retrieved annotations from the Swiss-Prot database* (https://www.uniprot.org/uniprotkb) using blastplus util-
ities (blastx) version 2.12.0 4%,

Repetitive element annotation and mappability calculation. To identify, classify and mask repeti-
tive elements, including low-complexity sequences and interspersed repeats, we used RepeatMasker version 4.1.2
(https://www.repeatmasker.org/) in conjunction with RMBlast search engine version 2.11.0 4. RepeatMasker*’
was utilized to scan the bank vole genome for rodent repetitive sequences from Dfam version 3.3, an open-access
database of families of repetitive DNA elements*. To calculate mappability scores of the bank vole genome, we
used GenMap v.1.3.0 software*? with the options “-K 100” and “-E 2”. Subsequently, we masked sites with a map-
pability score less than 1 in the bank vole genome. These analyses were performed to provide masked genome
versions for downstream applications.

Data Records

The raw sequencing data have been deposited in the NCBI Sequence Read Archive under BioProject
PRJNA1005562, within the SRA Study SRP650011°". The final genome assembly of the bank vole genome was
deposited at GenBank (accession GCA_055000105.1)*. Genome annotation files (gff3 file and annotation table), as
well as the RepeatMasker- and GenMap-masked genome assembly files, are available in the Figshare repository*’.
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Technical Validation

The 2.24 Gb bank vole genome assembly is resolved into 28 chromosome-scale scaffolds, consistent with the expected
haploid chromosome number (n=28) as supported by karyotype analyses®® (Fig. 1b—d). The assembly shows high
completeness (90.6%) based on the Laurasiatheria BUSCO set (Fig. 2). Genome annotation successfully identified
21,029 protein-coding genes with functional annotation, a number comparable to those reported for the mouse
(22,018) and rat (21,990) genomes®’~*°. The repetitive landscape of the bank vole genome is broadly consistent with
that of other cricetid rodents (Table 2). This high-quality assembly provides a robust foundation for evolutionary and
ecological genomics in this species, as well as for studies of rodent-borne zoonotic parasites and pathogens. Continued
advances in long-read sequencing technologies and assembly algorithms are expected to further improve genome
completeness and enable deeper insights into gene family evolution, paralogous relationships, and structural variation.

Data availability

Raw paired-end Illumina sequencing reads are available from the NCBI Sequence Read Archive under BioProject
PRJNA1005562 (SRA Study SRP650011)°!. The genome assembly of the bank vole is deposited in NCBI GenBank
under accession GCA_055000105.1*". Genome annotation data and masked genome assemblies are available
from Figshare (https://doi.org/10.6084/m9.figshare.29329526)%. This dataset includes a genome annotation file
in GFF3 format, a corresponding tab-delimited annotation table, and three masked genome assembly FASTA
files: one with repetitive elements masked using RepeatMasker, one with regions of low sequence mappability
masked using GenMap, and one masked for both repetitive elements and low-mappability regions.

Code availability
All data analyses were performed with bioinformatics software describe in Methods. No custom script or code
were utilized in this study.
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