Contribution of structural variation to adaptive
evolution of mammalian genomes

Lorena Derezanin

Publikationsbasierte Dissertation

zur Erlangung des akademischen Grades
"doctor rerum naturalium" (Dr. rer. nat.)

in der Wissenschaftsdisziplin "Evolutionsbiologie"

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultét
Institut fiir Biochemie und Biologie

der Universitiat Potsdam

Disputationsdatum: 27.02.2023
Hauptbetreuer: Prof. Dr. Jorns Fickel (University of Potsdam)
Weitere Gutachter: Prof. Dr. Ralph Tiedemann (University of Potsdam) and Assoc. Prof.
Paulo Célio Alves (University of Porto, Portugal)



This work is protected by copyright and/or related rights. You are free to use this work in any
way that is permitted by the copyright and related rights legislation that applies to your use.
For other uses you need to obtain permission from the rights-holder(s).
https://rightsstatements.org/page/InC/1.0/?1language=en

Published online on the

Publication Server of the University of Potsdam:
https://doi.org/10.25932/publishup-59144
https://nbn-resolving.org/urn:nbn:de:kobv:517-opus4-591443






Declaration of authorship

I, Lorena Derezanin, hereby declare that the thesis has not previously been submitted to any

other university and it has been prepared independently and exclusively with the specified

resources.

This thesis is based on the following manuscripts:

1.

Derezanin L, Blazyté¢ A, Dobrynin P, Duchéne DA, Grau JH, Jeon S, Kliver S,
Koepfli K-P, Meneghini D, Preick M, Tomarovsky A, Totikov A, Fickel J, & Forster
DW (2022) “Multiple types of genomic variation contribute to adaptive traits in
the mustelid subfamily Guloninae”, Molecular Ecology 31, 2898 - 2919.
https://doi.org/10.1111/mec.16443

I conceived the study, conducted genome assembly, gene family evolution and
structural variation analyses, interpreted the data, and wrote the manuscript.

Derezanin L*, Safanova Y*, Kliver S, Fontsere C, Serres-Armero A, Tomarovsky A,
Totikov A, Etherington G, Haerty W, Di Palma F, Perelman PL, Beklemisheva V,
Serdyukova N, Graphodatsky A, Melo-Ferreira J, Marinari P, Marques-Bonet T,
Fickel J, Forster DW, Koepfli K-P (2022) “Comparative analyses inform the
genomic consequences of the population bottleneck in the endangered
black-footed ferret” (manuscript prepared for submission to Current Biology)
*These authors contributed equally.

My contribution to this study encompasses structural variation analysis
(presented in this thesis), interpretation of the results, writing, revising, and
editing of the manuscript.

Palma-Vera SE, Reyer H, Langhammer M, Reinsch N, Derezanin L, Fickel J, Qanbari
S, Weitzel J, Franzenburg S, Hemmrich-Stanisak G, Schon J (2021) “Genomic
characterization of world’s longest selection experiment in mouse reveals the
complexity of polygenic traits”. BMC Biology 20, 52, 10.1186/s12915-022-01248-9

I conducted structural variation analysis, interpretation of the results and
assisted in writing and revising the manuscript.

Totikov A, Tomarovsky A, Prokopov D, Yakupova A, Bulyonkova T, Derezanin L,
Rasskazov D, Wolfsberger WW, Koepfli K-P, Oleksyk TK, Kliver S (2021)
“Chromosome-Level Genome Assemblies Expand Capabilities of Genomics for
Conservation Biology”, Genes, 12(9), 1336, 10.3390/genes12091336

I conceptualized the project idea together with Sergei Kliver and assisted with
writing, revising, and editing the manuscript.


https://doi.org/10.1111/mec.16443
https://doi.org/10.1111/mec.16443




Acknowledgements

The work presented in this thesis is brought to life by the unstinting effort of many people. I
wish to thank them all for the help and support along my scientific journey.

I am foremost grateful to my supervisors, Prof. Dr. Jorns Fickel and Dr. Daniel Forster, for
the opportunity to work on exciting projects in a field I was previously not all that familiar
with. Thank you for your generous support and guidance throughout the years of my
development as a scientist. I immensely appreciate our brainstorming sessions about new
ideas and approaches, as well as our nerdy discussions about sci-fi books, movies and other
similar topics. Your enthusiasm for science, high expectations and great attention to detail
have motivated me to think better, write better and strive to be a better researcher. Thank you
for being great mentors. I still owe you that poster, though! :)

Furthermore, I would like to thank all my collaborators, who helped shape our research
studies with their valuable contributions and feedback. In particular, I would like to
acknowledge Dr. Klaus-Peter Koepfli and Sergei Kliver for their unsparing support and
insightful advice, especially in the final months of my thesis preparation. Additionally, I
thank Dr. Koepfli for the opportunity to visit and work at the Smithsonian Conservation
Biology Institute and my supervisors for the outstanding support for this voyage.

Likewise, I want to thank my colleagues from the Department of Evolutionary Genetics at the
IZW. Thank you for your help in the lab (especially Suse and Anke), thoughtful discussions
during our group meetings and for being a pretty awesome bunch of people. Of course, I will
mostly miss our meticulously organized theme parties on the Institute premises. Please,
continue this quirky tradition with the highest standards possible.

To friends, fellow PhD students and postdocs - Paula, Cecilia, Kseniia, Liam, Shannon, Leon,
Sénia, Saba, Michal, John, Riddhi, and many more, thank you for all the hangouts, game
nights and gigs. You are making my (PhD) life way more cheerful and lively. Stay gold!

A special appreciation to my family and friends from Croatia who wholeheartedly supported
me in this endeavour. I am grateful to you for listening to neverending monologues about my
projects. Thank you for showing interest, nodding along and overall being a great source of
stress relief and laughter. I hope to spend many such moments with you all!

Lastly, the biggest thank you goes to Zoltan, my husband and a supplier of the best code
hacking tips and tricks. I am forever grateful for your patience, advice, our late-night
discussions and shared joys and sorrows. Thank you for being my beloved home office mate
during the long days of the pandemic and beyond. You being here got me through this, thank
you for always caring. I excitedly look forward to the next big adventure ahead of us. Drago
mi je da te imam!






Table of contents

Summary 8
Zusammenfassung 10
General Introduction 12
Adaptive evolution of mammalian genomes 12
The role of structural variation in shaping biological diversity 14
History of structural variant identification 15
Types of structural variants 16
Adaptive variation in protein-coding regions 20
Methods for structural variant characterization 22
Reference genome improvements and conservation genomics 27
Aims of study 29
Chapter I 32
Multiple types of genomic variation contribute to adaptive traits in the mustelid subfamily
Guloninae 32
Chapter 11 56
Comparative analyses inform the genomic consequences of the population bottleneck in the
endangered black-footed ferret 56
Chapter 111 68
Genomic characterization of the world’s longest selection experiment in mouse reveals the
complexity of polygenic traits 68
Chapter IV 90
Chromosome-Level Genome Assemblies Expand Capabilities of Genomics for
Conservation Biology 90
General discussion 109
Aims and importance of this dissertation 109
References 122
Appendix A. 136
Appendix B. 164



List of abbreviations

bp - base pairs

CDS - coding sequence

CNV - copy number variation

DEL - deletion

DUP - duplication

FDR - false discovery rate

GEMs - gel beads in emulsion

GWAS - genome-wide association studies
INS - insertion

INV - inversion

kbp - kilobase pairs

Mbp - megabase pairs

NGS - next-generation sequencing

PE - paired-end

QTL - quantitative trait loci

ROH - runs of homozygosity

SD - segmental duplication

SMRT - Single Molecule, Real-Time (sequencing)
SNP - single nucleotide polymorphism
SV - structural variation

TE - transposable element

WGS - whole-genome sequencing



Summary

Following the extinction of dinosaurs, the great adaptive radiation of mammals occurred,
giving rise to an astonishing ecological and phenotypic diversity of mammalian species.
Even closely related species often inhabit vastly different habitats, where they encounter
diverse environmental challenges and are exposed to different evolutionary pressures. As a
response, mammals evolved various adaptive phenotypes over time, such as morphological,
physiological and behavioural ones. Mammalian genomes vary in their content and
structure and this variation represents the molecular mechanism for the long-term evolution
of phenotypic variation. However, understanding this molecular basis of adaptive
phenotypic variation is usually not straightforward.

The recent development of sequencing technologies and bioinformatics tools has enabled a
better insight into mammalian genomes. Through these advances, it was acknowledged that
mammalian genomes differ more, both within and between species, as a consequence of
structural variation compared to single-nucleotide differences. Structural variant types
investigated in this thesis - such as deletion, duplication, inversion and insertion,
represent a change in the structure of the genome, impacting the size, copy number,
orientation and content of DNA sequences. Unlike short variants, structural variants can
span multiple genes. They can alter gene dosage, and cause notable gene expression
differences and subsequently phenotypic differences. Thus, they can lead to a more
dramatic effect on the fitness (reproductive success) of individuals, local adaptation of
populations and speciation.

In this thesis, I investigated and evaluated the potential functional effect of structural
variations on the genomes of mustelid species. To detect the genomic regions associated
with phenotypic variation I assembled the first reference genome of the tayra (Eira
barbara) relying on linked-read sequencing technology to achieve a high level of genome
completeness important for reliable structural variant discovery. I then set up a
bioinformatics pipeline to conduct a comparative genomic analysis and explore variation
between mustelid species living in different environments. I found numerous genes
associated with species-specific phenotypes related to diet, body condition and reproduction
among others, to be impacted by structural variants.

Furthermore, I investigated the effects of artificial selection on structural variants in mice
selected for high fertility, increased body mass and high endurance. Through selective
breeding of each mouse line, the desired phenotypes have spread within these populations,
while maintaining structural variants specific to each line. In comparison to the control line,
the litter size has doubled in the fertility lines, individuals in the high body mass lines have
become considerably larger, and mice selected for treadmill performance covered
substantially more distance. Structural variants were found in higher numbers in these



trait-selected lines than in the control line when compared to the mouse reference genome.
Moreover, we have found twice as many structural variants spanning protein-coding genes
(specific to each line) in trait-selected lines. Several of these variants affect genes
associated with selected phenotypic traits. These results imply that structural variation does
indeed contribute to the evolution of the selected phenotypes and is heritable.

Finally, I suggest a set of critical metrics of genomic data that should be considered for a
stringent structural variation analysis as comparative genomic studies strongly rely on the
contiguity and completeness of genome assemblies. Because most of the available data
used to represent reference genomes of mammalian species is generated using short-read
sequencing technologies, we may have incomplete knowledge of genomic features.
Therefore, a cautious structural variation analysis is required to minimize the effect of
technical constraints.

The impact of structural variants on the adaptive evolution of mammalian genomes is
slowly gaining more focus but it is still incorporated in only a small number of population
studies. In my thesis, I advocate the inclusion of structural variants in studies of genomic
diversity for a more comprehensive insight into genomic variation within and between
species, and its effect on adaptive evolution.



Zusammenfassung

Nach dem Aussterben der Dinosaurier kam es zu einer groflen adaptiven Radiation der
Séugetiere, die eine erstaunliche 6kologische und phinotypische Vielfalt von Sdugetierarten
hervorbrachte. Selbst eng verwandte Arten bewohnen oft sehr unterschiedliche
Lebensrdume, in denen sie verschiedenen Umwelteinfliissen und evolutiondrem Druck
ausgesetzt sind. Als Reaktion darauf haben Sdugetiere im Laufe der Zeit verschiedene
adaptive  Phénotypen entwickelt, z. B. morphologische, physiologische und
verhaltensbezogene. Die Genome von Sdugetieren variieren in ihrem Inhalt und ihrer
Struktur, und diese Variation stellt den molekularen Mechanismus fiir die langfristige
Evolution der phénotypischen Variation dar. Das Versténdnis dieser molekularen Grundlage
der adaptiven phanotypischen Variation ist jedoch meist nicht trivial.

Die jlingste Entwicklung von Sequenzierungstechnologien und Bioinformatik-Tools hat
einen besseren Einblick in die Genome von Saugetieren ermdglicht. Durch diese
Fortschritte wurde erkannt, dass sich die Genome von Sdugetieren sowohl innerhalb als
auch zwischen den Arten stdrker durch strukturelle Variationen als durch Unterschiede
zwischen einzelnen Nukleotiden unterscheiden. Variantenarten, die in dieser Arbeit
untersucht werden - wie Deletion, Duplikation, Inversion und Insertion - stellen eine
Verdnderung der Genomstruktur dar, die sich auf die Grofe, die Kopienzahl, die richtung
und den Inhalt der DNA-Sequenzen auswirken. Im Gegensatz zu kurzen Varianten kénnen
strukturelle Varianten mehrere Gene umfassen. Sie konnen die Genkopien verdndern und
bemerkenswerte Unterschiede in der Genexpression und in der Folge phénotypische
Unterschiede hervorrufen. Dadurch konnen sie dramatischere Auswirkungen auf die Fitness
(den Fortpflanzungserfolg) von Individuen, die lokale Anpassung von Populationen und die
Artbildung haben.

In dieser Arbeit untersuchte und bewertete ich die potenziellen funktionellen Auswirkungen
von strukturellen Variationen auf die Genome von Mustelidenarten. Weil fiir die
zuverldssige Entdeckung struktureller Varianten ein hohes Mall an Genomvollstindigkeit
wichtig ist, habe ich das erste Referenzgenom der Tayra (Eira barbara) mit Hilfe der
Linked-Read-Sequenzierungstechnologie zusammengestellt, um die mit der phénotypischen
Variation verbundenen Genomregionen zu ermitteln. AnschlieBend habe ich eine
Bioinformatik-Pipeline aufgesetzt, um eine vergleichende Genomanalyse durchzufiihren
und die Variationen zwischen den in unterschiedlichen Umgebungen Ilebenden
Mustelidenarten zu untersuchen. Ich fand heraus, dass zahlreiche Gene, die mit
artspezifischen Phénotypen in Verbindung stehen, durch strukturelle Variationen beeinflusst
werden. Diese Phénotypen stehen u.a. in Zusammenhang mit Erndhrung, Korperzustand
und Fortpflanzung.

Dartiber hinaus untersuchte ich die Auswirkungen der kiinstlichen Selektion auf strukturelle
Variationen bei Maiusen, die auf hohe Fruchtbarkeit, erhohte Korpermasse und hohe
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Ausdauer selektiert wurden. Durch selektive Ziichtung jeder Mauslinie haben sich die
gewiinschten Phénotypen innerhalb dieser Populationen durchgesetzt, wobei die fiir jede
Linie spezifischen strukturellen Variationen erhalten blieben. Im Vergleich zur Kontrolllinie
hat sich die WurfgroBe in den Linien selektiert auf Fruchtbarkeit verdoppelt, die Individuen
in den Linien mit hoher Korpermasse sind erheblich groBer geworden, und die auf
Laufbandleistung selektierten Méuse haben wesentlich mehr Strecke zuriickgelegt. Im
Vergleich zum Referenzgenom der Maus wurden in diesen nach Merkmalen selektierten
Linien mehr strukturelle Variationen gefunden als in der Kontrolllinie. Dartiber hinaus
fanden wir doppelt so viele strukturelle Variationen, die proteinkodierende Gene
iiberspannen (spezifisch fiir jede Linie), in nach Merkmalen selektierten Linien. Mehrere
dieser Varianten betreffen Gene, die mit ausgewidhlten phénotypischen Merkmalen in
Verbindung stehen. Diese Ergebnisse deuten darauf hin, dass strukturelle Variationen
tatsichlich zur Evolution der ausgewéhlten Phanotypen beitragt und vererbbar ist.

AbschlieBBend schlage ich eine Sammlung von maBigeblichen Metriken fiir Genomdaten vor,
die fiir eine strenge Analyse der strukturellen Variation beriicksichtigt werden sollten, da
vergleichende Genomstudien in hohem MafBle von der Kontiguitidt und Vollstandigkeit der
Genomassemblies abhidngen. Weil die meisten der verfiigbaren Daten, die verwendet
wurden, um Referenzgenome von Sdugetierarten zu repridsentieren mit
Short-Read-Sequenzierungstechnologien erzeugt wurden, verfiigen wir moglicherweise nur
tiber unvollstindige Kenntnisse der genomischen Merkmale. Daher ist eine vorsichtige
Analyse der strukturellen Variationen erforderlich, um die Auswirkungen technischer
Beschrankungen zu minimieren.

Der Einfluss struktureller Variationen auf die adaptive Evolution von Sdugetiergenomen
rickt langsam immer mehr in den Mittelpunkt, wird aber immer noch nur in wenigen
Populationsstudien beriicksichtigt. In meiner Dissertation beflirworte ich die Einbeziehung
struktureller Variationen in Studien zur genomischen Diversitit, um einen umfassenderen
Einblick in die genomische Variation innerhalb und zwischen den Arten und ihre
Auswirkungen auf die adaptive Evolution zu erhalten.
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General Introduction

Adaptive evolution of mammalian genomes

Genomes vary in the content and structure of their DNA sequence both within the same
species and between species. Genome variation is caused by mutation, gene flow, and
recombination and is influenced by evolutionary processes - natural selection and genetic
drift. These factors contribute to the distribution of variants along the chromosomes of
individuals within and between populations. Mutations are changes in the DNA sequences
that occur mostly randomly, leading to genetic diversity among individuals. In mammals,
each individual inherits half of its genome from the mother and half from the father.
Therefore, all processes influencing who the parents are and which parts of their DNA
sequence they transmit to their offspring influence the genetic diversity of the population as
well. This is the case of gene flow - an exchange of genes between populations caused by
the migration of individuals of the same species and non-random mating. Finally, the
recombination of DNA fragments of maternal and paternal chromosomes via sexual
reproduction leads to new genetic variants.

Genetic drift and natural selection are two evolutionary processes with an important role in
shaping genome diversity. Genetic drift represents the change in the frequency of an
existing gene variant in a population due to random chance. It may cause some gene
variants to disappear from a population completely and thereby reduce genetic variation.
Moreover, drift can randomly cause initially rare gene variants to become much more
frequent within a population. Natural selection, on the other hand, is a process where the
increase in the frequency of a gene variant in a population is tied to a trait that is also
influenced by the environment, known as a phenotype, which provides the individuals
harbouring this trait variant with a reproductive advantage.

Genetic variation represents the raw material for long-term evolutionary change. It
translates into diverse phenotypes through molecular networks and metabolic pathways.
Mammals differ greatly in their phenotypic traits, such as morphological, physiological and
behavioural ones. Phenotypic differences shape the survival and reproductive potential of
individuals in the environment they inhabit. Over time, these differences can lead to an
increase in the frequency of the particular features of the genomes, collectively known as a
genotype, that translate to successful phenotypes — those that promote the reproductive
success of individuals, and to a decrease in the frequency of those that translate to less
performant phenotypes. Such a change in the frequency of genotypes of individuals in their
environment occurs via natural selection. In general, the effect of phenotypic variation on
fitness (reproductive success) is considered beneficial, deleterious or neutral. A phenotype
may be adaptive in a given environment, but not in another, due to differing environmental
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factors. Thus, understanding genetic variants facilitating species’ adaptation to their
environments is one of the key objectives in evolutionary biology. Yet, disentangling which
variants are relevant for which adaptive phenotypic differences remains a challenge.

The extreme adaptive radiation of mammalian species occurred following the extinction of
dinosaurs, an event that created an ecological opportunity for the exploitation of previously
unavailable resources (Stroud and Losos 2016). Subsequently, mammals occupied different
niches with a multitude of biotic and abiotic factors that require both short-term ecological
and long-term evolutionary responses. To understand adaptive evolution, we need to look
into the molecular basis of heritable variation in traits coupled with environmental factors
affecting them is the principal focus of the study of evolution. Therefore, the aim of my
research is to identify specific genomic regions responsible for the species’ differences in
morphological, physiological and behavioural traits and examine the adaptive evolution
through which these responses arise and persist.

Numerous sequenced genomes have made it possible to apply comparative genomic
methods to associate genomic variation with phenotypic differences within and between
species. Variation in mammalian genomes ranges from single-nucleotide differences to
large chromosomal rearrangements (lafrate et al. 2004; Alkan, Coe, and Eichler 2011).
Previously, single nucleotide polymorphisms (SNPs) were thought to account for the
majority of variation among species and thus have become the most studied type of variants
(Wellenreuther et al. 2019). In recent years, it has been acknowledged that mammalian
genomes differ more, both on intra- and interspecies levels, as a consequence of structural
variation compared to variation at a single base-pair level (Chain and Feulner 2014; Radke
and Lee 2015; Chakraborty et al. 2019). For example, the average genomic variation
between two humans is 0.1% in terms of single nucleotide variants, and when SVs are
taken into account, this increases to 1.5% (Pang et al. 2010; Mahmoud et al. 2019). The
resolution of structural variants was accelerated by the improvement of existing short-read
sequencing technologies and the development of long-read technologies (Balachandran and
Beck 2020), along with advances in analytical methods for improved SV identification.
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The role of structural variation in shaping biological diversity

Unlike monogenic traits, such as the flower colour of the pea plant (Ellis et al. 2011), the
majority of heritable traits is polygenic, involving the effect of multiple genes. These
complex traits include disease susceptibility, e.g. diabetes; agriculturally important traits,
such as milk yields of dairy livestock; and traits that affect the fitness of wild species, e.g.
litter sizes and reproductive strategies (seasonal vs. aseasonal mating) (Goddard and Hayes
2009).

Considerable effort was put into characterizing SNPs and short insertions and deletions
(indels) linked to certain traits by employing quantitative trait loci (QTL) mapping and
genome-wide association studies (GWAS) (Chakraborty et al. 2019). However, for most
traits, both QTL and GWAS managed to explain only a small fraction (5 - 10%) of trait
heritability (Frazer et al. 2009; Eichler et al. 2010; Liu et al. 2010).

A growing number of studies support the hypothesis that chromosomal rearrangements
accumulated over time contribute to phenotypic variation in complex traits and that they
may be of notable relevance in both adaptation and speciation (Conrad and Hurles 2007;
Hall and Quinlan 2012; Bickhart and Liu 2014; Fan et al. 2019). Structural variation (SV)
intersects with genes more often than SNPs (Pang et al. 2010; Catanach et al. 2019; Chiang
et al. 2017), can span multiple genes or gene blocks and likely have a larger impact on
fitness (Hamala et al. 2021). Identifying genes associated with fitness-related traits, affected
by structural variation, represents an important aspect of conservation genomics. For
example, uncovering deleterious structural variants affecting trait-related genes leading to
low fitness could serve to better inform conservation management decisions and mitigate
the impact of these variants with a minimal loss of genome-wide diversity (Wold et al.
2021).

The available data suggests that structural variants are under strong selection in both wild
and domesticated species. SVs affecting dietary preferences have been detected, such as
gene copy number variation (CNV) facilitating the shift to a primarily carnivorous diet in
polar bears from a more omnivorous diet of brown bears during the divergence of these
species (Rinker et al. 2019). A higher copy number of a gene encoding pancreatic amylase
is associated with adaptation to a diet rich in starch during dog domestication (Axelsson et
al. 2013; Arendt et al. 2014). Furthermore, a number of SVs have been associated with the
selection of favourable production traits in livestock (Zhao et al. 2016; Liu et al. 2019).

The impact of SVs on fitness may be direct - leading to the disruption of coding regions or
regulatory elements; or indirect - causing suppression of recombination (Mérot et al. 2020).
Suppression of recombination by SVs, particularly inversions, might play an important role
in local adaptation and subsequently speciation, as inversions can shelter beneficial alleles
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of multiple genes from gene flow by suppressing the formation of crossovers within
chromosomal heterozygotes (Giner-Delgado et al. 2019).

History of structural variant identification

The discovery of structural variants dates back to the 1920s before scientists had knowledge
about DNA and its function. Structural variants were first discovered when Alfred
Sturtevant compared chromosome maps of closely related fruit flies, D. melanogaster and
D. simulans. Sturtevant noticed that the structure of chromosomes was similar in both
species, except for a large section of the third chromosome, where the segment was
inverted (Sturtevant 1921). Following this discovery, Sturtevant performed experiments
using D. melanogaster mutants with inversions present in different chromosomes and
concluded that in heterozygotes, inversions are suppressing recombination in these genomic
regions (Sturtevant and Mather 1938; Dobzhansky and Sturtevant 1938).

In the same decade, Barbara McClintock identified transposable elements (TEs) in maize,
genomic rearrangements commonly referred to as “jumping genes” (McClintock 1931;
McClintock 1950). TEs can move from one genomic location and insert themselves into
another during replication. If inserted in a coding sequence (CDS), they can lead to its
disruption and subsequently affect its gene products. Nevertheless, TEs don’t necessarily
have deleterious effects and may cause “exon shuffling”, alteration in gene sequence that
could give rise to novel proteins (Moran, DeBerardinis, and Kazazian 1999).

In recent decades, with the development of molecular genetics and novel markers,
including microsatellites, and the more widespread single nucleotide polymorphism (SNP)
markers, focus shifted from large chromosomal rearrangements toward shorter variants
(Elshire et al. 2011). As SNP genotyping emerged as a scalable and affordable
high-throughput method, generating results comparable across different laboratories, the
growing number of studies centred around single base-pair variation (Kim and Misra 2007).

Still, associating genotypic to phenotypic variation represents one of the most challenging
tasks in genomics. The application of SNP genotyping assays within genome-wide
association studies (GWAS), suggests thousands of associations between SNPs and
complex traits in humans (Wood et al. 2014). Despite multiple studies confirming notable
phenotypic effects of SNPs, this type of variation is unlikely solely responsible for a broad
spectrum of phenotypic diversity within and among species (Hoekstra et al. 2006; Shastry
2009; Young et al. 2019) and is only explaining a small amount of heritability of a trait
(Eichler et al. 2010). Fifty years ago, Ohno (1970) proposed that gene expression can be
significantly altered by copy number variation (CNV), a subtype of SVs, including
deletions and duplications of whole gene sequences, subsequently affecting phenotype and
evolutionary trajectories of species (Ha, Kim, and Chen 2009).
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Types of structural variants

Structural variation represents a change in the structure of genomic regions, impacting the
size, copy number, location, orientation and content of a DNA sequence (Fan et al. 2014;
Bickhart and Liu 2014). Originally, the term structural variant was used to define a
genomic region that differs between individuals, either in copy number (deletion,
duplication, insertion), orientation (inversion), or chromosomal location (translocation),
concerning regions greater than 1000 bp in length (Alkan, Coe, and Eichler 2011).
Following the improvement of sequencing resolution, the definition was expanded to
variants greater than 50 bp (Kosugi et al. 2019), while smaller elements are referred to as
indels (insertions or deletions). Another way of characterizing SVs is based on whether
they are unbalanced, i.e. showing loss or gain of genomic information as do CNVs, or
balanced, i.e. with no change in net genomic content - as in inversions and translocations
(Escaramis, Docampo, and Rabionet 2015). In my dissertation, I focused on four types of
chromosomal rearrangements - duplications, deletions, inversions and insertions (Figure
1.), involving a change in copy number and orientation of the genomic segments.

Duplication Deletion
Inversion Insertion

Figure 1. Types of SVs investigated in this study: duplication, deletion, inversion and
insertion.
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Copy number variation (CNV)

This type of structural variation accounts for the largest fraction of detected SV and
involves unbalanced genomic rearrangements such as duplication (DUP), deletion (DEL) or
insertion (INS), which lead to a decrease or increase in genomic content (Redon et al.
2006). CNVs encompass more polymorphic nucleotides than SNPs by an order of
magnitude (Conrad and Hurles 2007, Conrad et al. 2010).

Although the study of gene duplications (Ohno, 1970) represents a turning point in the
research of genome evolution, the first segmental gene duplication was identified in the
1920s by Sturtevant (Sturtevant 1925). It was an X chromosome-linked Bar mutation in D.
melanogaster. This duplication causes hemizygous male and homozygous female flies to
develop smaller, elongated eyes compared with round eyes in the wild-type (Wolfner and
Miller 2016). Moreover, a tandem triplication of the Bar region, resulting from an unequal
crossover, led to an even more severely affected phenotype, with a further reduction of the
eyes (Sturtevant 1925). Until recently, gene duplication and its effect on gene dosage and
species diversification represented one of the best-documented types of copy number
variants (Dhar, Bergmiller, and Wagner 2014; Mérot et al. 2020). However, the adaptive
potential of deletions and insertions, along with their deleterious effect, is gaining more
focus in the last decades, following advancements in sequencing technologies and more
rigorous comparative genomics analyses.

Transposable elements (TEs), also known as transposons, represent one type of insertion
abundantly present in eukaryotic genomes (Bourque et al. 2018). They can be balanced or
unbalanced, appear in different sizes and insert randomly across the genome, often leading
to the disruption of genes (McClintock 1950), and comprise approximately one-fourth of
the SVs differentially present in human genomes (Gardner et al. 2017). There is a growing
interest in the adaptive potential of transposable elements and their influence on genome
evolution and genetic differences in individuals (Bourque et al. 2018). These insertions can
trigger a broad range of molecular variations in a population with potentially severe fitness
and phenotypic consequences for individuals (Schrader and Schmitz 2019). One of the
classic examples is industrial melanism, the adaptive response of peppered moths to
environmental changes during the Industrial Revolution in Britain. Influenced by coal
pollution and bird predation, the replacement of the common pale form with a black form
occurred. The mutation underlying industrial melanism was the insertion of a large,
tandemly repeated, transposable element into the first intron of the corfex - a previously
unknown gene (Van’t Hof et al. 2016).
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Origin and formation of CNVs

CNV formation occurs during recombination and replication events, with higher de novo
locus-specific mutation rates compared to SNPs (Turner et al. 2008). There are four
mechanisms associated with the formation of CNVs: nonallelic homologous recombination
(NAHR), and nonhomologous end-joining (NHEJ), both occurring during the
recombination stage, retrotransposition (Kazazian and Moran 1998; Kidd et al. 2008; Xing
et al. 2009), and fork stalling and template switching (FoSTeS) (Zhang et al. 2009). The
latter is a replication-based mechanism suggested to explain more complex genomic
rearrangements. Sequencing of variant breakpoint regions supported the finding that a
fraction of complex CNVs occur by a mechanism consistent with FoSTeS (Perry et al.
2008).

1. Nonallelic homologous recombination (NAHR)

NAHR occurs during mitosis and meiosis, leading to duplication, deletion or inversion. It is
caused by sequence alignment and crossover between two paralogous, nonallelic sequences
showing high similarity. In cases where these nonallelic sequences are located on the same
chromosome and in direct orientation, duplication and/or deletion can occur, while
inversions emerge if the genomic region is flanked by inverted repeats (Stankiewicz and
Lupski 2002). NAHR taking place between repeats on different chromosomes can lead to
chromosomal translocation (Samonte and Eichler 2002). Repeats that facilitate NAHR are
primarily low copy repeats or segmental duplications (SDs) of >10kb in length and 95 -
97% sequence similarity (Shaw and Lupski 2004). Different types of SDs are occasionally
grouped together, with some tandem subunits, or ones with reverse orientation, forming a
more complex SD.

In addition to SDs, retrotransposons such as L1 elements (Han et al. 2008), A/u (Babcock et
al. 2003), or homologous pseudogenes (Steinmann et al. 2007; Kim et al. 2008) can also
trigger the NAHR event. If NAHR occurs in meiosis, it results in unequal recombination
and leads to genomic rearrangements that can be neutral polymorphisms or could give rise
to de novo, or inherited genomic disorders (Turner et al. 2008). When NAHR takes place
during mitosis, it leads to somatic mosaicism, characterized by populations of somatic cells
with SVs (Quinlan and Hall 2012).

2. Nonhomologous end-joining (NHEJ)

This mechanism evolved as a primary way to repair DNA double-strand breaks in
eukaryotic cells such as those caused by ionizing radiation. There are four stages of the
NHEJ process: detection of double-strand break, molecular bridging of both broken DNA
ends, modification of the ends, and the final ligation (Weterings and van Gent 2004). NHEJ
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does not require breakpoints with high similarity and often leads to short indel events at
these SV breakpoints (Lee, Carvalho, and Lupski 2007). Genomic regions where NHEJ
takes place often overlap repetitive elements such as LTR, LINE, and Alu. NHE]J is also
considered to be the mechanism important for rejoining translocated chromosomes in
cancers (Gu, Zhang, and Lupski 2008).

3. Fork stalling and template switching (FoSTeS)

Most of the complex SVs are formed following this mechanism during DNA replication. It
happens when the DNA replication fork stalls at one position, the lagging strand gets
detached from the DNA template, translocates to the 3’ end at the homologous region, and
restarts the replication process with another fork (Lee, Carvalho, and Lupski 2007). Upon
transferring, the joining point rather than a breakpoint is created, as one DNA segment is
joined with another. Switching to a downstream fork (forward invasion) would result in a
deletion, whereas switching to an upstream fork (backward invasion) yields a duplication.

4. Retrotransposition

Retrotransposition represents the insertion of a DNA sequence mediated by an RNA
intermediate (Boeke et al. 1985). In this process, an RNA copy of the original
retrotransposon is generated and then reverse-transcribed back into the genome by reverse
transcriptase. Several studies showed a correlation between retrotransposons such as Alu
and the breakpoints of segmental duplications in human and primate genomes. They
suggest a role in the expansion of gene-rich segmental duplications and subsequently origin
of other types of SVs. (Bailey, Liu, and Eichler 2003; Goidts et al. 2006; Lee et al. 2008;
Cao et al. 2020).

Inversions and translocations

Inversions (INV) are generally characterized as copy number neutral rearrangements that
affect the order and orientation, but not the gain or loss of the genomic segment (Sharp,
Cheng, and Eichler 2006). Inversions are represented as segments of chromosomes in the
opposite orientation in comparison to the reference genome. This renders them hard to
detect with common CNV detection methods, especially ones relying on the read depth
analysis (Chaisson et al. 2019). Previously, inversions have mostly been identified through
karyotyping in cytogenetic studies. More recently, inversions are identified at a higher
resolution with sequence-based methods (Sanders et al. 2016). Still, polymorphic inversions
are challenging to detect, because they are often flanked by segmental duplications that can
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span > 1 Mbp in length and cannot be fully overlapped by short-read sequencing methods
(Alkan et al. 2009; Kidd et al. 2010). Within the human genome, it was found that the
majority of the polymorphic inversion breakpoints indeed mapped to regions of segmental
duplication (Tuzun et al. 2005). Inversions can spread in a population by reducing
recombination between alleles that independently increase fitness (Lyon 2003; Stefansson
et al. 2005; Hoffmann and Rieseberg 2008).

Translocations (TRA) occur when there is an exchange of genomic content between two
chromosomes (interchromosomal) or distal regions within the same chromosome
(intrachromosomal). Most of the translocations result in a copy number neutral
rearrangement (balanced), although some can alter the genomic content (unbalanced)
(Balachandran and Beck 2020) such as translocation leading to Down’s syndrome
(Bornstein et al. 2010). In this study, translocations were excluded from the analysis due to
the difficulty in detecting them reliably, especially in the mustelid species with different

karyotypes.

Adaptive variation in protein-coding regions

Gene duplications and losses

Gene duplications exist in large numbers in mammalian genomes and contribute to many
differences in phenotypes between species. They act as a source of genetic material from
which new functions may arise over time (Han et al. 2009; Lynch and Force 2000).

Duplicated genes or paralogs usually undergo two different processes: long-term
maintenance in the genome or loss (Ohno 1970). For many years, loss of function or
pseudogenization was thought to be the most common outcome for one of the gene copies
that gets silenced by degenerative mutation. However, a high degree of retention of
functional gene duplicates (20 - 50 %) across eukaryotic genomes shows otherwise (Han et
al. 2009). Thus, at least a subset of duplicated genes goes through subfunctionalization,
with paralogs dividing their ancestral function into its parts or subfunctions among
themselves; or neofunctionalization, where one paralog retains its ancestral function, and
the other takes on a completely new function. An example of neofunctionalization has been
detected in placental mammals, where the non-shivering thermogenesis arose via
neofunctionalization of the UCP1 paralog (Mendes et al. 2020). Subfunctionalization of
duplicates is a product of neutral evolution where the duplicates become fixed for
complementary mutations where no new functions are formed (Lynch and Force 2000).

Another mechanism that contributes to adaptive evolution and phenotypic differences is
gene loss, a partial or complete absence of a functional gene sequence encoding a protein.
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Two of the mechanisms by which a gene loss occurs suddenly is through unequal
crossing-over resulting in the physical removal of a gene, or through the insertion of a
transposable element into the exon leading to disruption of gene function. In contrast, a
more incremental process is gene loss via pseudogenization, where point mutations
accumulate after an initial mutation that causes a loss of function (Albalat and Cafestro
2016). This initial mutation can be a nonsense mutation leading to the production of
truncated proteins, short insertions or deletions causing a frameshift, or a missense mutation
that by affecting splice sites, results in atypical, often nonfunctional transcripts.

Associations between gene losses and changes in mammalian phenotypes have been
implied by several studies (Danchin, Gouret, and Pontarotti 2006; Guijarro-Clarke,
Holland, and Paps 2020; Sharma and Hiller 2020; Yuan et al. 2021). Some of the direct
roles gene losses have played in the evolution of new adaptations have been shown in
aquatic mammals (Zhou et al. 2018; Yuan et al. 2021). For example, adaptations to the
aquatic environment have been facilitated by a decrease in the copy number of genes that
encode olfactory receptors (Hughes et al. 2018), and epidermis- and hair-related functions
(Sharma et al. 2018; Espregueira Themudo et al. 2020).

Artificial selection and structural variation

Artificial selection is a process in which animals or plants with particular phenotypic traits
are chosen for further breeding with the aim of enhancing and propagating these traits in
future generations (Conner 2003). Systems where artificial selection can be induced,
provide a valuable method to directly measure adaptive genetic responses in populations
(Kessner and Novembre 2015). The aim of artificial selection experiments is to assess the
genetic basis for complex traits by analyzing changes in allele frequency in selected
populations. This approach has been used in a wide variety of organisms, from yeast
(Ehrenreich et al. 2010) to mice (Copes et al. 2015) and livestock (Gomez-Raya et al.
2002).

The majority of the studies in mammals have focused on the differences expressed in
morphological characteristics such as coat colouration, muscle growth, increased litter size
and others. Moreover, the effect of artificial selection on copy number variation has been
investigated in domesticated species (Lye and Purugganan 2019). Protein-coding genes
related to metabolic activity and production traits have been shown to be affected by SVs
during the selection of certain domesticated species. In Holstein cattle with high and low
estimated breeding values of milk protein and fat percentage, copy-number-variable regions
have been detected spanning genes associated with milk and fat composition (Gao et al.
2017). Similarly, CNV has been suggested to be involved with high fertility in goats.
Duplication of genes encoding prolactin, a hormone that regulates lactation, ovarian
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function and fetal growth and development, is observed in the high fertility group (Zhang et
al. 2019).

Furthermore, in several artificially selected species, mainly livestock and pets,
heterozygotes were found at high frequencies in populations, with the same variant having
detrimental effects when present in a mutant homozygous state (Hedrick 2015). These
heterozygotes are artificially selected for, as they exhibit higher relative fitness compared to
both homozygotes (Hedrick 2012). For example, the taillessness in Manx cats shows
marginal heterozygote advantage over the wild-type homozygote, but a greater
heterozygote advantage over the mutant homozygote which is lethal (Adalsteinsson 1980).
In sheep, two genes that affect female fecundity lead to higher fecundity when
heterozygous, relative to the wild-type homozygote, but if homozygous mutant alleles are
inherited, they lead to infertility (Gemmell and Slate 20006).

During the diversification and/or enhancement of selected traits, domesticated species
develop local or population-specific adaptations to different environments or human
preferences (Larson et al. 2014; Wang et al. 2014). Some of the adaptive traits that arose
during this process may have evolved under ‘unconscious selection’, such as adaptation to a
human diet rich in starch during dog domestication enabled by an increase in copy number
of the gene encoding for pancreatic amylase (Axelsson et al. 2013; Arendt et al. 2014).
Moreover, it has been demonstrated that CNVs have been implicated in the adaptation of
Chinese indigenous cattle to high-altitude environments, with copy number variable genes
related to hypoxia also showing strong selection signatures (Zhang et al. 2019). These
findings suggest that both artificial and natural selection may have shaped the landscape of
CNVs in genomes of domesticated animals, thereby contributing to adaptive evolution and
breed differentiation.

Methods for structural variant characterization

Identification of structural variants has notably improved since the first findings of large
rearrangements spanning more than several megabase pairs, discovered using light
microscopy. Nowadays, in silico variant calling using NGS data enables the detection of
most types and sizes of SVs. Despite further advancements in sequencing technologies and
a growing number of open-source tools for SV characterization, reliable detection of the
whole range of complex types and sizes of SVs is difficult to achieve relying on a single
method at a reasonable cost. One of the challenges is the variable amount of repeats present
in genomes. Thus, studies of primarily model or commercially important species have
implemented a combination of sequencing and bioinformatic methods to reliably identify
and validate SVs (Balachandran and Beck 2020).
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Traditional identification techniques

One of the first SV identification methods used is karyotyping, a staining method used to
identify and pair homologous chromosomes, and to determine the number and size of
chromosomes. It forms a banding pattern along chromosomes, where the intensity of
staining depends on the structure of the DNA region (Trask 2002). The heterochromatic,
AT-rich regions are dyed more intensely than euchromatic, GC-rich genomic regions. Such
stained chromosomes, observed in cells in the metaphase stage, are then compared and
inspected for insertions, deletions, translocations or aneuploidies. Karyotyping is suited for
the identification of large (> 3 Mbp) chromosomal rearrangements, due to its low
resolution.

The fluorescence in situ hybridization (FISH) technique has a higher resolution than
karyotyping and is capable of detecting chromosomal alterations > 100 kbp and longer with
a low false discovery rate (FDR) (Cui, Shu, and Li 2016). It utilizes fluorescent probes that
hybridize to complementary DNA segments on chromosomes. Following successful
hybridization, metaphase cells are inspected for fluorescent signals (Hu et al. 2014). In
recent years, a Cas9-mediated FISH method was developed for marking highly repetitive
genomic regions (Deng et al. 2015).

Comparative genomic hybridization (CGH) is a hybridization method that anneals genomic
DNA from two samples (test and reference, or tumour and control) to either long
oligonucleotides or bacterial artificial chromosome (BAC) clones, to identify changes in
copy number between them. The most commonly used form, array CGH (aCGH), uses an
array of oligonucleotides for high throughput and high-resolution hybridization (Conrad et
al. 2010). Although it cannot identify balanced SVs, aCGH can be scaled up to detect
multiple CNVs at once, even at the resolution of 1 kb for the whole human genome
(Wiszniewska et al. 2014).

The single-nucleotide polymorphism (SNP) arrays work in a similar way as previously
noted aCGH but contain allele-specific oligos and support allele frequency measurement
(Cooper et al. 2008). These arrays are predominantly used for SNP genotyping, but can also
be applied for CNV detection (Wang et al. 2007). These SNP genotyping platforms cannot
identify balanced SVs such as inversions and balanced translocations.
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Second and third-generation sequencing technologies

Although hybridization methods are effective in CNV detection, they fail to quantify higher
copy number gains and cannot detect SV breakpoints with base-pair accuracy.
Development of second- or more widely referred to as next-generation sequencing (NGS)
technologies enabled large-scale assessment of SVs, using whole-genome sequencing
(WGS) and high-throughput sequencing data, primarily generated with Illumina sequencing
platforms. This SV detection method is based either on mapping paired-end (PE) reads to
the reference genome and identifying SVs based on the evidence supporting the called
variant, or a direct comparison of the de novo genome assembly, aligned to the reference
genome of the same or closely related species, to infer synteny between them
(Balachandran and Beck 2020).

Short-read sequencing includes library preparation, where DNA is sheared into shorter
fragments followed by insert size selection, and sequencing of both ends of the DNA
fragment (Korbel et al. 2007). Reads are then either mapped to the reference genome or de
novo assembled. To infer SVs from mapped reads, change in insert size and read
orientation, along with the depth of coverage are assessed. Currently, the common approach
for short-read SV detection is an analysis of mapped Illumina 150 bp PE reads. The
mapping methods usually rely on four types of evidence for SV detection: read pairs, split
reads, read depth, and contig assembly (Kosugi et al. 2019).

Still, short-read sequencing technologies have a common limitation - the inability to
sequence long stretches of DNA, particularly repetitive ones, and to resolve complex SVs
and phase haplotypes. To sequence a large stretch of DNA using NGS, the strands have to
be fragmented and amplified. Unfortunately, these steps can introduce sequence gaps and
biases into the library preparation. Also, short-read sequencing can fail to generate a
sufficient overlap between the DNA fragments and sufficient coverage. Thus, sequencing
highly complex and repetitive genomes can be challenging using these technologies, along
with mapping issues, due to the non-unique read mapping in repetitive regions.

To amend some of these issues, while still employing widely used short-read sequencing,
synthetic long-read methods have been developed, with the 10x Genomics ‘Linked-Reads’
approach being the most prominent and cost-effective. Linked reads provide long-range
information from short-read sequencing data, using molecular barcodes to tag short reads
that originate from the same long DNA fragment, making it possible to assemble larger
neighbouring fragments back together and access previously inaccessible repetitive
segments to a certain extent. Linked-reads rely on emulsion technology to partition long
DNA molecules into GEMs (gel beads in emulsion). Each GEM contains fragments of a
single long DNA molecule, with each fragment getting a unique barcode following the
amplification process. After [llumina sequencing, barcodes are used for the identification of
adjacent DNA fragments and reconstruction of the initial long DNA strand, while phasing
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out haplotypes, where the maternal and paternal origin of genomic loci is inferred. This
made the linked-read approach also favourable for structural variant detection (Marks et al.
2019; Karaoglanoglu et al. 2020).

In contrast to short-read sequencing, recently developed third-generation sequencing,
long-read technologies have the capacity to sequence on average over 10 kb in one single
read, thereby requiring fewer reads to cover the same genomic segment. There are two
predominant long-read sequencing technologies, Pacific Biosciences’ Single-Molecule
Real-Time (SMRT) sequencing (Rhoads and Au 2015), and Oxford Nanopore
Technologies’ platform (Jain et al. 2016). Long reads originating from a single molecule
eliminate amplification bias and generate longer DNA fragments to overlap repetitive
regions for an improved genome assembly (Amarasinghe et al. 2020). Initially, a downside
to long-read sequencing was the accuracy per read being lower than that of short-read
sequencing. Recently, accuracy in both SMRT and nanopore sequencing has been notably
improved, leading to the generation of highly accurate reads, with the raw base-called error
rate claimed to have been reduced to < 1% for SMRT sequencers (Wenger et al. 2019) and
< 5% for nanopore sequences (Jain et al. 2018).

The detection method used in this thesis

In my studies, I used an SV detection approach based on short-read sequencing data. Prior
to the SV calling and annotation, this approach comprises several exhaustive steps of
alignment preparation to retain uniformity among samples: adapter and quality trimming,
read mapping to the reference genome, sorting and deduplication. Subsequently, filtered
alignments underwent structural variant detection, as shown in Figure 2. To reduce the bias
toward a specific SV type or size, I employed three SV calling tools - Manta (Chen et al.
2016), Whamg (Kronenberg et al. 2015) and Lumpy (Layer et al. 2014), in an ensemble
approach, with each tool using different detection algorithm. Such a combination of
algorithms, relying on information from paired and split reads, depth of coverage and
contig assembly, sums up to a higher specificity and sensitivity rate, compared to applying
only a single tool.

Subsequently, I genotyped and quality filtered all variant call sets, and further analyzed
only scaffolds assigned to chromosomes. To reduce the number of potential false-positive
events, I identified and removed SV calls overlapping gaps and high coverage regions in
the reference genome. I used Survivor (Jeffares et al. 2017), an open-source tool to merge
and compare SV call sets within and among samples, and retained SV calls detected by at
least two detection tools per sample. Furthermore, I annotated a union of SV calls among
all samples containing sample-specific and shared variants with Ensembl Variant Effect
Predictor (McLaren et al. 2016) to identify variants affecting protein-coding genes.
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Finally, I conducted a functional classification of genes through detailed literature and
database search (OrthoDB v10, Kriventseva et al. 2019; Uniprot, The UniProt Consortium
2017; NCBI Entrez gene, Maglott et al. 2011), and Gene Ontology enrichment analysis of
biological processes (Shiny GO, Ge, Jung, and Yao 2020) for SVs encompassing larger
gene blocks (> 5 genes). As the precise effect of inversions overlapping large sets of genes
is still challenging to determine, I inspected inversions affecting only up to 20 genes for
significantly enriched biological processes, with no limitation imposed on deletions,

duplications and insertions.

Structural variant detection pipeline

Reads aligned to
the reference

3 independent

Mant
SV callers cli
SV quality o
filtering Qc filtering
SV overlaps Survivor intersection
among at least
2 callers

SV overlaps among
populations/species

SV annotation

Consequences of SVs

Mapped reads

Whamg

Qc filtering

Survivor intersection

Union of SV call sets

VEP Annotation

Impact analysis

Lumpy

Qc filtering

Survivor intersection

Figure 2. The schematic overview of seven steps of the structural variant detection pipeline
with three SV calling algorithms (Manta, Whamg, Lumpy), a tool to sort and intersect SVs
found in all species or individuals (Survivor), and Variant Effect Predictor (VEP), an

Ensembl annotation tool.
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Reference genome improvements and conservation genomics

Assessment of all types of variation among genomes of closely related species is affected
by contiguity and completeness of genome assemblies (Gurevich et al. 2013). The majority
of reference genomes of non-model species are represented with draft genome assemblies
(Meltz Steinberg et al. 2017; Rhie et al. 2021). Incomplete genomic features such as genes,
regulatory elements, repeats, presence of gaps and contig misassemblies, complicate the
interpretation of results of comparative genomic analysis and could lead to over- and
underestimations of certain attributes.

The recent advancements in high-throughput sequencing, development of linked-read
(Weisenfeld et al. 2017) and long-read technologies (Murigneux et al. 2020), and
chromosome conformation capture (Hi-C) methods (Lieberman-Aiden et al. 2009) enabled
the generation of more contiguous assemblies built from scaffolds spanning the length of
entire chromosomes.

The linked-read strategy, developed by 10x Genomics, generates synthetic long reads by
incorporating information from high-molecular-weight DNA (>50 kb in length) through
barcoding of its fragments sequenced with short-read technologies (Weisenfeld et al. 2017).
The information retained in linked reads enables long stretches of the genome to be
resolved more accurately with fewer gaps and haplotype phased, making the whole genome
assembly process more straightforward and notably faster than the assembly from only the
short-read sequencing (Ott et al. 2018; Armstrong et al. 2019). These characteristics and the
lower input and cost compared to the true long-read technologies made the linked-read
method popular for sequencing mammalian genomes (Armstrong et al. 2019; Etherington et
al. 2019).

Previously mentioned long-read sequencing technologies, the Single Molecule, Real-Time
(SMRT) sequencing, developed by Pacific Biosciences, and nanopore sequencing (Oxford
Nanopore Technologies), generate read lengths in the range of 5 kbp to >100 kbp. Longer
reads provide better resolution of repetitive elements and substantially reduce the
computational complexity of genome assembly (Sohn and Nam 2018; Giani et al. 2020).

Furthermore, as chromosome-length assemblies can be generated with Hi-C scaffolding of
existing draft assemblies, assembly improvements come at a smaller additional cost. Thus,
the generation of more contiguous assemblies leads to improved analyses of genome-wide
features. Such advancements have enabled the transition from conservation genetics to
conservation genomics, with more focus on functional variation across whole genomes and
their interaction with the environment.

Initiatives to generate high-quality reference genomes of non-model species have been on
the rise in recent years. A community-driven effort has already yielded many
chromosome-length genomes, crucial for more accurate comparative genomic analysis,
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population studies and subsequently, conservation management decisions. To address these
issues, the Earth BioGenome Project has an ambitious plan to sequence genomes of all
eukaryotic species on our planet in the next ten years, and the Vertebrate Genomes Project
(VGP) aims to generate genomes for ~70,000 species representing major orders and
families of vertebrates (Rhie et al. 2021). In addition, the DNA Zoo is working on
improving the contiguity of published draft genomes with Hi-C mapping, besides
generating new ones, and has made available already more than 200 assemblies to be freely
used for scientific research (Dudchenko et al. 2017). Similar initiatives have been
established in Europe, such as the Darwin Tree of Life and European Reference Genome
Atlas (ERGA), with the focus on sequencing all eukaryotic species in Great Britain and
Ireland, and genomes of species at risk of extinction across Europe, respectively.

One of the more specialized projects, the Martes Genome Consortium, and the most
relevant for my dissertation, aims to generate and analyze at least one reference genome of
each species within the subfamily Guloninae, with four Martes genomes already assembled
in collaboration with the DNA Zoo, and tayra genome generated as part of this thesis.

For these large and noteworthy initiatives to be executed successfully, it is important to
collect and preserve tissue samples and genetic material in an optimal manner, in order to
ensure high-quality genomes can be assembled. Furthermore, long-term storage of genetic
material obtained from captive or free-ranging individuals will likely have a notable impact
on future conservation decisions and the management of endangered populations. The
EAZA Biobank serves such a purpose as the primary repository of samples supporting
conservation research, and the Leibniz Institute for Zoo and Wildlife Research (IZW)
represents one of the four European hubs.
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Aims of study

Despite the growing interest in research of structural variation in model species, this type of
variation in nonmodel species has been understudied. The goal of this thesis was to identify
and evaluate the potential effect of structural variants on the genomes in wild mustelid
species, along with the study of SV selection and inheritance in artificially selected mice
lines. Here, I suggest that structural variants should be an integral part of genomic variation
studies as they affect larger segments of the genome, have a stronger effect on the
phenotype, and account for the majority of variation leading to trait differences between
and within species compared to shorter variants.

The topics of my thesis chapters revolve around three general aims.

My first aim was to detect structural variants associated with trait-related genes and
adaptive phenotypic differences among mustelids. In the last decade, it has been
acknowledged that mammalian genomes differ more, both on the intra- and interspecies
levels, as a consequence of structural variation compared to single-nucleotide variation.

1. Can genomic regions harbouring structural variants be associated with
trait-related genes?

Identifying variable regions of the genome associated with differences in species’
morphological and physiological traits is an important aim of evolutionary studies and my
thesis. Still, examining the adaptive evolution through which these traits arise and persist in
a population is usually not straightforward in wild species. Thus, I inspected the dynamics
of structural variants in mice lines artificially selected for several phenotypic traits.

2. Does the artificial selection of phenotypic traits result in an accumulation of
SVs in trait-related genes?

As the majority of reference genomes of mammalian species are represented with draft
genome assemblies, this may lead to incomplete knowledge of genomic features. Due to
this issue, more contiguous and complete genome sequences, and a cautious and stringent
variation analysis is needed to avoid over- and underestimating certain attributes.
Furthermore, I suggest the critical metrics of genomic data to consider prior to structural
variation identification.

3. How do assembly quality and discovery methods impact variation detection?
Which metrics are important for SV detectability?
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To achieve these aims, in chapter I, I generated a de novo genome assembly of the tayra
(Eira barbara) and conducted a comparative genomic analysis with published genomes of
three closely related mustelids: wolverine (Gulo gulo), sable (Martes zibellina) and
domestic ferret (Mustela putorius furo). 1 examined three different types of variation
displaying adaptive potential, from signals of positive selection in single-copy genes,
expansions in gene families, to structural variation.

Chapter II encompasses structural variation analysis as part of the conservation genomics
study of genomic consequences of the population bottleneck in the endangered black-footed
ferret (Mustela nigripes) in comparison with closely related mustelid species. This is one of
the most endangered mammals in North America, which exhibits low genomic diversity
and long stretches of runs of homozygosity due to inbreeding depression.

In chapter III, I performed structural variation analysis as part of the study of candidate
genes associated with complex traits (high fertility, high fat and high protein mass, and
endurance) selected for in five mice lines over more than 100 generations.

Chapter IV focuses on the benefit of chromosome-length genome assemblies in
conservation genomic studies, enabling a comprehensive and accurate assessment of
genetic diversity in endangered species.
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Abstract

Species of the mustelid subfamily Guloninae inhabit diverse habitats on multiple con-
tinents, and occupy a variety of ecological niches. They differ in feeding ecologies,
reproductive strategies and morphological adaptations. To identify candidate loci as-
sociated with adaptations to their respective environments, we generated a de novo
assembly of the tayra (Eira barbara), the earliest diverging species in the subfamily, and
compared this with the genomes available for the wolverine (Gulo gulo) and the sable
(Martes zibellina). Our comparative genomic analyses included searching for signs of
positive selection, examining changes in gene family sizes and searching for species-
specific structural variants. Among candidate loci associated with phenotypic traits,
we observed many related to diet, body condition and reproduction. For example, for
the tayra, which has an atypical gulonine reproductive strategy of aseasonal breeding,
we observed species-specific changes in many pregnancy-related genes. For the wol-
verine, a circumpolar hypercarnivore that must cope with seasonal food scarcity, we
observed many changes in genes associated with diet and body condition. All types
of genomic variation examined (single nucleotide polymorphisms, gene family expan-

sions, structural variants) contributed substantially to the identification of candidate

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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significance.

KEYWORDS

1 | INTRODUCTION

The Mustelidae are the most ecologically and taxonomically di-
verse family within the mammalian order Carnivora, representing a
remarkable example of adaptive radiation among mammals that is
rich with recent speciation events (Koepfli et al., 2008; Liu et al.,
2020). Closely related mustelid species often inhabit vastly differ-
ent ecosystems, where they experience diverse environmental chal-
lenges and are thus exposed to different evolutionary pressures.
This is particularly pronounced in the mustelid subfamily Guloninae,
within which species occupy a variety of ecological niches, ranging
from scansorial (adapted to climbing) omnivores in the neotropics
to terrestrial hypercarnivores in circumpolar regions. Members
of the Guloninae display a range of behavioural and physiological
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loci. This argues strongly for consideration of variation other than single nucleotide

polymorphisms in comparative genomics studies aiming to identify loci of adaptive

adaptation, gene family evolution, genomics, mustelids, positive selection, structural variation

adaptations associated with environment-specific resource avail-
ability, and consequently differ markedly in feeding ecology, repro-
ductive strategy and morphology (Heldstab et al., 2018; Zhou et al.,
2011). Here, we focus on tayra, wolverine and sable (Figure 1), for
which genomic resources are now available.

The tayra (Eira barbara) is a predominantly diurnal, solitary
species that inhabits tropical and subtropical forests of Central
and South America, ranging from Mexico to northern Argentina
(Wilson & Mittermeier, 2009). It is a scansorial, opportunistic om-
nivore, feeding on fruits, small mammals, birds, reptiles, inverte-
brates and carrion. Caching of unripe fruit for later consumption
has been observed (Soley & Alvarado-Diaz, 2011). Unlike other
gulonine species, which are characterized by seasonal breeding
and embryonic diapause, the tayra is an aseasonal polyoestrous

Seasonal breeding,
hypercarnivory

Wolverine

[ Sable
I Tayra
B Wolverine

Tayra
Aseasonal breeding,
omnivory

Sable
Seasonal breeding,
omnivory

FIGURE 1 Distribution and species- specific traits of the tayra (Eira barbara), wolverine (Gulo gulo) and sable (Martes zibellina). Vector
graphics of species are created based on royalty-free images (Source: Shutterstock)
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breeder and does not exhibit delayed implantation (Proulx &
Aubry, 2017), which may be due to the less prominent season-
ality and fluctuation in food availability in neotropical habitats
(Heldstab et al., 2018).

The largest terrestrial mustelid, the wolverine (Gulo gulo), is
a circumpolar species, inhabiting alpine and boreal zones across
North America and Eurasia (Ekblom et al., 2018). The wolverine
is an opportunistic predator and facultative scavenger, either
feeding on carrion or actively hunting medium- to large-sized
mammals, such as roe deer, wild sheep and occasionally moose
(Pasitschniak-Arts & Lariviere, 1995). Morphological and be-
havioural adaptations such as dense fur, plantigrade locomotion
facilitating movement through deep snow, and food caching en-
able wolverines to survive in cold habitats with limited food re-
sources (Copeland & Kucera, 1997). In addition, wolverines occupy
large home ranges, and display territoriality, seasonal breeding
and delayed implantation, traits indicating an adaptive response
necessary for survival in scarce resource environments (Inman
etal., 2012).

The sable (Martes zibellina) is distributed in the taiga and decid-
uous forests of north central and northeastern Eurasia. The sable
is solitary and omnivorous, relying on hearing and olfaction to lo-
cate prey, even under snow cover during winter months (Liu et al.,
2020; Monakhov, 2011). Unlike wolverines, seasonal changes do
not cause dramatic fluctuations in resource availability for sables
as they are able to exploit a wider variety of food sources, and
are adapted to tolerate short-term food scarcity (Mustonen et al.,
2006). Their diet consists of small mammals, birds, nuts and ber-
ries, and in some instances food caching during the winter period
has been reported (Monakhov, 2011). Similar to wolverines and
many other species of mustelids, sables have a well-defined re-
productive season and exhibit delayed blastocyst implantation
(Proulx & Aubry, 2017).

To date, only a few studies have investigated adaptive variation
in mustelids using comparative genomics (Abduriyim et al., 2019;
Beichman et al., 2019; Liu et al., 2020; Miranda et al., 2021). Here,
we generated a highly contiguous genome assembly of the tayra, an
early diverging gulonine (Koepfli et al., 2008; Law et al., 2018), and
compared it to previously published genomes of the wolverine and
sable to identify the genetic basis underlying the adaptations to the
diverse environments inhabited by these species.

In addition to identifying genes under positive selection, we
investigated gene family evolution and structural variants (SVs), as
these types of variants represent a significant source of intra- and
interspecific genomic differentiation, affecting more nucleotides
than single-nucleotide polymorphisms (SNPs) (Catanach et al., 2019).
Gene copy number variation and large SVs can be associated with
an adaptive response to new ecological circumstances (Rinker et al.,
2019), and are thus an important source of genomic novelty to con-
sider when studying adaptive divergence among species (Hecker
et al., 2019). We focused on candidate loci linked to species-specific
traits associated with response to environmental challenges, such as
resource availability in the respective habitats of our study species.

2 | MATERIALS AND METHODS

2.1 | Sequencing, genome assembly and alignment
Whole blood from a captive (second-generation) male tayra was
collected by the veterinary staff of the “Wildkatzenzentrum
Felidae,” Barnim (Germany), during a routine medical checkup.
High-molecular-weight (HMW) genomic DNA extraction was per-
formed using the Qiagen MagAttract HMW DNA Kit, following the
manufacturer's protocol. We used 1 ng of DNA and the Chromium
Genome Reagents Kits Version 2 and the 10x Genomics Chromium
Controller instrument with a microfluidic chip for library prepara-
tion. Sequencing was carried out on an lllumina NovaSeq 6000 with
300 cycles on an S1 lane.

We generated a de novo genome assembly using the 10x
Genomics Supernova assembler version 2.1.1 (Weisenfeld et al.,
2017) with default parameters (assembly metrics given in Table 1;
Table S1). The assemblies of tayra (this study, JAHRIGOO0000000),
wolverine (Ekblom et al., 2018; GCA_900006375.2), sable (Liu et al.,
2020; GCA_012583365.1) and domestic ferret (MusPutFur1.0_HiC;
Dudchenko et al., 2017, 2018; Peng et al., 2014) were assessed for
gene completeness with Busco version 4.1.2 using the mammalian
lineage data set mammalia_odb10 (Simao et al., 2015). To accurately
identify repeat families, we used RepEATMODELER version 2 (Flynn et al.,
2020) with the “-LTRstruct” option, followed by RePEATMASKER version
4.1.2 (Smit, 2004) to identify and mask the modelled repeats in the

tayra genome assembly.

2.2 | Demographic reconstruction

Trimmed reads of all three gulonine were mapped to their respec-
tive genomes in local mode with BowTie2 version 2.3.5.1 (Langmead
& Salzberg, 2012), and analysis of demographic history was per-
formed with psmc version 0.6.5 (Li & Durbin, 2011) using the fol-
lowing parameters (repeated 100 times for bootstrapping): psmc
-N25 -t15 -r5 -b -p ‘4+25*2+4+6 -0 round-${ARRAY_TASK_ID}.psmc
${name}.split.psmcfa. Results for each genome were plotted with
psmc_plot.pl, and the mutation rate was set to 1e-08 substitutions
per site per generation (Cahill et al., 2016; Dobrynin et al., 2015).
Generation times were set to 7.4 years for tayra, 5.7 years for sable
(Pacifici et al., 2013) and 6 years for wolverine (Ekblom et al., 2018).

2.3 | Reference-based scaffolding

Using the domestic ferret genome as a reference, we generated
pseudochromosome assemblies for tayra, wolverine and sable, to
visualize heterozygosity along chromosomes. Scaffolding was per-
formed using racoo version 1.1 (Alonge et al., 2019). The X chro-
mosome in the domestic ferret assembly was identified via whole
genome alignment to the domestic cat (Felis catus) Felis_catus_9.0
assembly (Buckley et al., 2020) and ZooFISH data available from
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TABLE 1 Comparison of genome assembly metrics among four mustelid species

Assembly accession/
reference

Tayra (Eira barbara)

JAHRIGO0O0000000
(this study)

Domestic ferret (Mustela
putorius furo)

MusPutFur1.0_HiC

(Dudchenko et al., 2017,
2018; Peng et al., 2014)
GCF_000215625.1

(Dudchenko et al., 2017,
2018; Peng et al., 2014)
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Sable (Martes zibellina)

GCA_012583365.1 (Liu

et al., 2020)

Wolverine (Gulo gulo)

GCA_900006375.2
(Ekblom et al., 2018)

Sequencing/assembly Illumina + 10x Illumina/ALLPATHS-LG + Illumina/soAPDENOVO2 Illumina/soAPDENOVO
approach Genomics/ Hi-C scaffolding
Supernova
Raw coverage (x) 75.6 162 114.5 76
Contig N50 (kb) 289.9 447 41.7 3.6
Scaffold N50 (Mb) 42.0 145.3 5.2 0.2
Number of scaffolds 14,579 7428 15,814 47,417
Total genome length (Gb) 2.44 2.40 2.42 2.42

the Atlas of Mammalian Chromosomes (Cavagna et al., 2000; O’Brien
et al., 2020). Whole genome alignment was performed using LasT
version 971 (Frith & Kawaguchi, 2015).

Variant calling followed by quality filtration was performed using
the BcrrooLs pipeline version 1.10 (Poplin et al., 2018). Low-quality
variants were removed (scrroos filter, “QUAL < 20.0 || (FORMAT/SP
> 60.0 || FORMAT/DP < 5.0 || FORMAT/GQ < 20.0)"). In each sam-
ple, positions with coverage lower or higher than 50%-250% of the
whole genome median value were removed. Of the remaining posi-
tions only those common to all samples were retained. Finally, SNPs
with uncalled genotypes in any sample and variants with the same
genotypes for all samples were removed. For visualization, hetero-
zygous SNPs were counted in nonoverlapping sliding windows of
1 Mbp (counts scaled to SNPs per kbp). Indels were not included
due to the low quality of calls from short reads. SNP density plots
were created using the mace package (https://github.com/mahajrod/
MACE).

2.4 | Phylogenomic data preparation,
analysis and dating

We performed sequence alignments and filtering of excessively
divergent segments in each of 6020 coding genomic regions of
single-copy orthologues shared across eight species of carni-
vores, using the software Macse version 2 (Ranwez et al., 2011).
Our taxon set included domestic cat (Felis catus), domestic dog
(Canis familiaris), northern elephant seal (Mirounga angustirostris)
and walrus (Odobenus rosmarus), in addition to four mustelid spe-
cies. To extract the most reliable signal from these coding data, we
excluded whole alignments that were excessively divergent, con-
tained excessive missing data or violated basic substitution model
assumptions (further details in the Supporting Information). This
led to a phylogenomic data set with 2457 gene regions comprising
over 3.2 million nucleotide sites. Gene trees were estimated from

37

gene regions by first selecting the best substitution model from
the GTR+F+T'+1+R family (Kalyaanamoorthy et al., 2017), and cal-
culating approximate likelihood-ratio test (aLRT) branch supports
(Anisimova & Gascuel, 2006), as implemented in 1Q-TREE version 2
(Minh et al., 2020a,b).

Species tree estimates were performed using (i) concatenated
sequence alignments for maximum-likelihood inference using 1Q-TREE
version 2, and (ii) gene trees for inference under the multispecies
coalescent using the summary coalescent method in AsTraL-1l (Zhang
et al., 2018). The maximume-likelihood estimate of the species tree
was accompanied by aLRT branch supports, while summary coales-
cent inference was accompanied by local posterior probabilities
(Sayyari & Mirarab, 2016). The decisiveness of the data regard-
ing the phylogenetic signals was examined using gene- and site-
concordance factors, calculated in 1Q-Tree version 2 (Minh, Schmidt,
etal., 2020).

Bayesian molecular dating analysis was performed using
MCMCtree in pamL version 4.8 (Yang, 2007). To minimize the violation
of the time-tree prior (Angelis & Dos Reis, 2015) and the negative
impact of gene tree discordance on rate estimates (Mendes & Hahn,
2016), we only included genomic regions with gene trees concordant
with the species tree, and assumed the reconstructed species tree
from asTrAL-1l (see Supporting Information for further details). This
led to a data set for molecular dating that included 992 single-copy
orthologous gene regions, comprising 0.53 million sites. The data
were partitioned by codon positions, each modelled under individ-
ual GTR+T" substitution models. We used an uncorrelated gamma
prior on rates across lineages and a birth-death prior for divergence
times. Fossil calibrations are listed in the Supporting Information.
The posterior distribution was sampled every 1 x 10° Markov chain
Monte Carlo (MCMC) steps over 1 x 107 steps, after a burn-in phase
of 1 x 10° steps. We verified convergence to the stationary distribu-
tion by comparing the results from two independent runs, and con-
firming that the effective sample sizes for all parameters were above
1,000 using the R package coda (Plummer et al., 2006).
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Positive selection on single-copy orthologues

To investigate genes under positive selection, the coding sequences
(CDS) corresponding to 1:1 orthologues were aligned for the eight
aforementioned carnivoran species. Multiple sequence alignments
(MSAs) were constructed with prank version 120716 (Loytynoja,
2014), and 17 MSAs were removed due to short alignment length.
The CODEML module in the pamL version 4.5 package was used
to estimate the ratio of nonsynonymous to synonymous substitu-
tions, also called d,/d; or » (Yang, 2007). We applied the one-ratio
model to estimate the general selective pressure acting among all
species, allowing only a single d,/d ratio for all branches. A free-
ratio model was also used to estimate the d/d, ratio of each branch.
Furthermore, the CODEML branch-site test for positive selection
was performed on 6003 orthologue alighments for three separate
foreground branches: Eira barbara, Gulo gulo and Martes zibellina
(Zhang et al., 2005). Statistical significance was assessed using likeli-
hood ratio tests (LRTs) with a conservative 10% false discovery rate
(FDR) criterion (Nielsen et al., 2005). Orthologues with a free-ratio
>2 in the branch model were considered for further analysis of sig-
natures of positive selection.

To account for differences in genome assembly quality, we eval-
uated the alignments of selected orthologues based on the transi-
tive consistency score (TCS), an extension to the T-Coffee scoring
scheme used to determine the most accurate positions in MSAs
(Chang et al., 2014). Additionally, alignments were visually inspected

for potential low-scoring MSA portions.

2.6 | Gene family evolution

To investigate changes in gene family sizes, we constructed a matrix
containing 7838 orthologues present as either complete “single-
copy,” complete “duplicated” or “missing,” identified using the Busco
genome assembly completeness assessment of all eight carnivoran
genomes. Orthologues were retained if they were detected in at least
four species (including Felis catus as an outgroup) to obtain meaning-
ful likelihood scores for the global birth and death (1) parameter.

We applied a probabilistic global birth and death rate model of
cAFE version 4.2.1. (Han et al., 2013) to analyse gene gains (“birth”)
and losses (“death”) accounting for phylogenetic history. First, we
estimated the error distribution in our data set, as genome assem-
bly and annotation errors can result in biased estimates of the aver-
age rate of change (1), potentially leading to an overestimation of 1.
Following the error distribution modelling, we ran the care analysis
guided by the ultrametric tree estimated earlier, calculating a single
A parameter for the whole species tree. The care results were sum-
marized (Table S4A) with the python script cafetutorial_report_analy-
sis.py (https://github.com/hahnlab/CAFE).

We examined differences between duplicates arising through
gene family expansion, to determine how these paralogues differed
and if a signal of selection could be detected. Pairwise codon-aware
sequence alignment of paralogues was performed with DIALIGN-TX

version 1.0.2 (Subramanian et al., 2008). Ratios of nonsynonymous
to synonymous substitution rates were estimated using KaKs_CALCULA-
Tor version 2.0 (Zhang et al., 2006; details are given in the Supporting
Information). Paralogues with identical nucleotide sequences were
considered to be recent duplications (“NAs” in Table S5B).

2.7 | Structural variation

To avoid reference genome bias, preprocessed reads from the three
Guloninae were aligned to the domestic ferret (Mustela putorius furo)
genome with sowTtie2 version 2.3.5.1 (Langmead & Salzberg, 2012)
(details given in Supporting Information). Duplicated reads were
removed with picarRD TooLkiT version 2.23 (MarkDuplicates, Broad
Institute, 2019). Trimmed tayra reads were downsampled to ~38x
with seqrk version 1.3 (https://github.com/Ih3/seqtk) prior to map-
ping to maintain uniformity among libraries and to avoid bias in vari-
ant calling.

We applied an ensemble approach for SV calling, encompass-
ing three SV callers: manTa version 1.6.0 (Chen et al., 2016), wHAMG
version 1.7.0 (Kronenberg et al., 2015) and Lumpy version 0.2.13
(Layer et al., 2014). SV calls originating from reads mapping in low-
complexity regions and with poor mapping quality were removed
from all three call sets. We retained manTa calls with paired-read
(PR) and split-read (SR) support of PR > 3 and SR = 3, respectively.
To reduce the number of false positive calls, the wrHamc call set was
filtered for potential translocation events, as wHamG flags but does
not specifically call translocations. We further removed calls with a
low number of reads supporting the variant (PR, SR) from the wramc
(A < 10) and the Lumpy call set (SU <10). All SV call sets were filtered
based on genotype quality (GQ = 30). wHamc and tumpy SV call sets
were genotyped with svtyper version 0.7.1 (Chiang et al., 2015) prior
to filtering. Only scaffolds assigned to chromosomes were included
in further analyses. survivor version 1.0.7 (Jeffares et al., 2017) was
used to merge and compare SV call sets within and among samples.
The union set of SV calls among the three gulonine species contain-
ing species-specific and shared variants was annotated, using LIFTOFF
version 1.5.1 (Shumate & Salzberg, 2020), for preparation of refer-
ence genome annotation, and Ensembl Variant Effect Predictor ver-
sion 101.0 (McLaren et al., 2016) for identifying variants affecting
protein-coding genes. Gene ontology analysis was performed with
sHINY Go (Ge et al., 2020) with an FDR < 0.05 for each SV type (ex-
cluding inversions) overlapping multiple protein-coding genes (more

than five genes).

2.8 | Candidate loci

The functional and biological roles of positively selected genes, loci
affected by changes in gene family size, and structural variants, were
explored using literature sources and online databases, including
OrthoDB version 10 (Kriventseva et al., 2019), Uniprot (The UniProt
Consortium, 2017) and NCBI Entrez Gene (Maglott et al., 2011).
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Gene descriptions, GO biological processes, functions and relevant
citations are provided in the supporting tables (see below). Gene
Ontology enrichment analysis was performed with sHINY Go version
0.65 (Ge et al., 2020), for gene sets obtained from previously men-
tioned analyses (positive selection on single genes, PSG; gene fam-
ily evolution, GF; and SV) for the three gulonine species. Gene sets
were inspected for significant enrichment of biological processes
with the following parameters: best matching species, top 10 path-
ways, and FDR p-value cutoff.05. sHiNY Go version 0.65 is based on a

database derived from Ensembl Release 103.

3 | RESULTS

3.1 | Genome assembly

We generated a highly contiguous reference genome assembly for
the tayra (Eira barbara). Extracted genomic DNA had an average
molecular size of 50.75 kb and was sequenced to ~76-fold cover-
age (Table S1). The final assembly showed a total length of ~2.44 Gb
(excluding scaffolds shorter than 5 kb), with a contig N50 of 290 kb,
scaffold N50 of 42.1 Mb, and identity in 95% of all positions in an
alignment with the domestic ferret genome (Figure S1). The tayra
assembly has higher contiguity than the lllumina-only-based assem-
blies of both wolverine and sable, but it is more fragmented than
the chromosome-length domestic ferret (Mustela putorius furo) as-
sembly (Table 1; Figure S2A) that we used as a reference genome for
some analyses. The haploid tayra genome of ~2.4 Gb is contained
in 162 scaffolds (>100 kb) with 40 scaffolds having a length above
50 Mb (Figure S2A).

The tayra assembly has high gene completeness as assessed with
BUsco version 4.1.2 using 9226 conserved mammalian orthologues in
total, 8540 (92.5%) complete benchmarking Universal Single-Copy
Orthologs (BUSCOs) were identified, encompassing 8492 (92.0%) of
complete and single-copy, and 48 (0.5%) complete and duplicated
orthologues. Additionally, 104 (1.1%) orthologues were fragmented
and 582 (6.4%) were missing. As measured by this metric, the tayra
genome has higher gene completeness than the published genomes

of wolverine, sable or domestic ferret (Figure S2B).

3.2 | Repetitive elements
The repeat landscape of the tayra assembly contains ~0.85 Gb of
repetitive elements (Table S2). L1 type LINE elements are the most
abundant, constituting 23% of the tayra genome. L1 elements also
show signs of recent proliferation in comparison to DNA trans-
posons and LTR retroelements (Figure S3). Endogenous retrovi-
ruses constitute 3.8% of the tayra genome and can be classified as
Gammaretroviruses and Betaretroviruses.

The overall repeat landscape of the tayra genome assembly is
comparable to other carnivore genomes (Liu et al., 2020; Peng et al.,
2018). It is similar to that of the sable genome, differing mostly in
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the number of L1 LINE elements, which have been recently pro-
liferating and accumulating within the tayra genome more than in
other Guloninae genomes. The diversity of endogenous retroviruses
is similar to that of other mustelids. Although endogenous delta-
retroviruses have been described from a broad range of mammal
genomes, including several smaller carnivores such as mongoose
(family Herpestidae) and the fossa (Cryptoprocta ferox) (Hron et al.,

2019), no delta-retroviruses were found in the genome of tayra.

3.3 | Demographic reconstruction

Reconstruction of historical demography for tayra, wolverine and
sable, using the Pairwise Sequentially Markovian Coalescent model
(PSMC; Li & Durbin, 2011) revealed different trends in effective
population sizes (N,) (Figure S4). While the trajectories for all three
species involve multiple declines and rebounds in N,, the timing, du-
ration and magnitude of these differ. In tayras, there are three ex-
tensive declines beginning around 4.5 million years ago (Ma) (>35%
reduction in N,), 500 thousand years ago (ka) (>30%) and 80 ka
(>80%), resulting in a recent N, of ~14,000 individuals. In wolver-
ines, a sharp decline 1 Ma (>45%) is followed by a plateau in N, and
subsequent decline beginning ~400 ka (>30%), followed by a moder-
ate rebound and final decline beginning 40 ka (>80%), resulting in a
recent N, of ~2,500 individuals. In sable, N, gradually declines until
~500 ka (>40%), followed by a moderate rebound and sharp decline
around 200 ka (>40%). This is followed by an extensive rebound
beginning 100 ka and subsequent sharp declines 50 ka (>30%) and
15 ka (>50%), resulting in a recent N, of ~23,000 individuals. Thus,
all three species exhibit complex historical trends in N,, with little
overlap in timing or magnitude.

Consistent with Ekblom et al. (2018), we observe low recent N,
in wolverines. However, our reconstructed trajectory of historical
N, for the wolverine differs from that of Ekblom et al. (2018), proba-
bly owing to different PSMC parameters. That notwithstanding, the
timing and relative magnitude of the final decline is in broad agree-
ment in the two studies.

3.4 | Nucleotide diversity

The tayra, sable and wolverine assemblies were generated using
different approaches and differ significantly in contiguity (Table 1).
To compare nucleotide diversity among the Guloninae, we gener-
ated pseudochromosome assemblies for each species using the
chromosome-length assembly of the domestic ferret as a reference.
The domestic ferret has more chromosomes than the other species
(2n = 40 vs. 2n = 38), and the same number (20) of pseudochromo-
somes (Lewin et al., 2019) were obtained after scaffolding in each
case. For each assembly, we identified the X chromosome (labelled
as ps_chrX) and arranged pseudoautosomes (labelled as ps_autl
- ps_aut19) according to the length of the original scaffolds in the
domestic ferret reference. This allowed us to verify the sex of the
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animals using a coverage-based approach (Figure S5), which con-
firmed morphological sexing for the tayra (male) and wolverine (fe-
male) individuals. While the sable individual is referred to as a male
(Liu et al., 2020), our analysis suggests it is a female (further details
given in Supporting Information).

We counted heterozygous SNPs in 1-Mbp stacking windows for
all three species and scaled it to SNPs per kbp (Figure 2). Median val-
ues for tayra, sable and wolverine were 1.89, 1.44 and 0.28 SNPs per
kbp, respectively, the last being in agreement with previous findings
(Ekblom et al., 2018). All scaffolds of 21 Mbp in pseudochromosome
assemblies were taken into account. Exclusion of ps_chrX resulted
in slight increases of medians to 1.93, 1.47 and 0.29, respectively
(Table S3, Figure Sé). Regardless of whether ps_chrX was included
or excluded, the genome-wide diversities among the three species

were significantly different (p « 0.001, Mann-Whitney test).

3.5 | Phylogenomics and molecular dating
We reconstructed the phylogenetic relationships of the following
carnivoran species: domestic cat, domestic dog, walrus, northern ele-
phant seal, domestic ferret, wolverine, sable and tayra. Phylogenomic
analyses using concatenation and summary coalescent methods led
to an identical resolution of the relationships among mustelid taxa.
Within Guloninae, the wolverine and sable were placed as sisters, to
the exclusion of the tayra (Figure 3). Branch supports were maximal
across all branches using both aLRT and local posterior probabilities.
Similarly, concordance factors for genes and sites (gCF, sCF) were high
across branches and consistently more than twice as high as the val-
ues of the discordance factors (gDF, sDF). The lowest concordance
factors were those in support of the resolution of Gulo and Martes as
sisters (gCF = 64.52, sCF = 54.38). However, the discordance factors
were less than half these values (gDF < 14, sCF < 24), suggesting sub-
stantial decisiveness across genes and sites for this resolution.
Divergence time estimates across mustelids were largely in
agreement with previous findings (Koepfli et al., 2008; Law et al.,
2018; Li et al., 2014; Sato et al., 2012), placing the split between
Mustela and Guloninae at 11.2 Ma (highest posterior density interval
(HPDI) between 13.1 and 9.5 Ma), and the split between Eira and
the Gulo-Martes group at 7.5 Ma (HPDI between 9 and 6.1 Ma). The
split between Gulo and Martes was dated at 5.9 Ma (HPDI between
7.4 and 4.7 Ma).

3.6 | Positive selection on single-copy orthologues

In the three Guloninae species, we found sites under positive selec-
tion (5> d/ds > 1; Barnett et al., 2020) in 55 single-copy orthologues

that were highly significant (free-ratio > 2). Of these 55 positively
selected genes (PSGs), 15 were observed in tayra, 22 in wolverine
and 18 in sable (Figure 4a,b). Gene names, descriptions and func-
tions are given in Table S4.

Among the 15 PSGs we detected in tayra, five are associated
with reproduction (NSMCE1, ETV2, SPATA25, MUC15 and PIH1D2)
with functions involving spermatogenesis, placenta and embryo de-
velopment, and blood vessel morphogenesis. Among the remaining
10 PSGs, HSPB6 is involved in vasodilation and muscle contraction,
DERA is associated with environmental stressors, including exposure
to toxins, and uricase (UOX) is a liver enzyme involved in purine ca-
tabolism and regulation of fructose metabolism. Three PSGs (IP6K3,
MAGIX and FAM149B1) are found to be associated with the nervous
system, synapse formation and structural plasticity, as well as motor
skills and coordination. Three further PSGs (DUSP19, TNLG2B and
LRRC46) are related to the immune system and HEMK1 regulates
methylation processes. Gene enrichment analysis revealed an over-
representation of genes in gene ontology (GO) categories associated
with reproduction (Table S4A; GO:0046483, “Heterocycle meta-
bolic process,” p = .022) and metabolism/energy conversion (Table
S4A, multiple pathways, p < .03).

We detected 22 PSGs in wolverine, including six genes associ-
ated with energy production and conversion. Among them, ATP6VOB,
KMO and SLC16A4 are primarily involved in insulin level regulation,
and the metabolism of carbohydrates and fatty acids. Three PSGs
(OIP5, ZADH2 and MTPAP) are specifically associated with adipose
tissue formation and intramuscular fat deposition. Additionally, we
found three PSGs (NBR1, TMEM38B, PPP1R18) involved in selective
autophagy as a response to nutrient deprivation along with bone
mass and density regulation, and resorption. We also detected PSGs
(DAB1, OPA1 and CTNS) linked to cognition, brain development and
vision. Several PSGs (BNIPL, IL18BP, CRNN) were associated with
the immune system; three others (ANAPC7, RNF212B, IZUMOG3) are
involved in reproduction processes and USB1 and CLCN4 have a
role in basal cell cycle processes. For the remaining two, CEP95 and
FAM185A, it was not possible to associate a specific phenotypic trait.
No overrepresentation of GO categories was detected.

Among the 18 PSGs detected in sable, three (PRRT2, ATL2,
SELENOI) are associated with locomotion and coordination, and
USP53 is associated with sensory perception and the nervous sys-
tem. Two PSGs, VEGFC and RASA1, are associated with blood ves-
sel formation, three (TTC4, ZBP1, CD247) with the immune system
and three (IQUB, UBQLNL, MEIKIN) with reproduction. Several PSGs
(EEF2KMT, DEUP1, ECD, IQCK) are associated with cell cycle pro-
cesses, while ZC2HC1C and CCDC17 could not be associated with a
particular biological process. Gene enrichment analysis revealed an
overrepresentation of GO categories associated with ear morpho-
genesis (Table S4A, multiple pathways, p < .05).

FIGURE 2 Heterozygosity density among pseudochromosomes for (a) tayra, (b) sable and (c) wolverine. Heterozygous SNPs were
counted in stacking windows of 1 Mbp and scaled to SNPs per kbp. Tayra is a male individual and thus heterozygous SNP density is
underestimated (due to only one X chromosome), while sable and wolverine are females and therefore likely to be representative of true

SNP density
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3.7 | Gene family expansions and contractions

Adaptive divergence between species may also be caused by
changes in gene family sizes that occur during genome evolution
and are due to gains (expansions) or losses (contractions) of genes
or groups of genes (Olson, 1999; Tigano et al., 2020). All species
analysed displayed more gene family contractions than expansions,
with the wolverine having the highest contraction rate. This is prob-
ably an artefact resulting from the fragmented genome assembly of
this species (Figure S7). All identified expansions were in the form
of gene duplications, with one putative triplication detected in tayra
(Table S5B).

Tayra and sable had similar numbers of gene family expansions
and contractions (Figure S7): 34 expansions and 169 contractions
in tayra, and 33 expansions and 162 contractions in sable. The less
contiguous wolverine genome contained seven expansions and 649
contractions (Table S5A,B). Due to the stochastic nature of gene
losses and the potential inflation of estimates resulting from differ-
ent genome assembly contiguities, we focus here on gains of gene
copies.

Expanded gene families in the tayra genome are associated with
reproduction, metabolism, the nervous and immune system, and
cell cycle, among others (Figure 4c,d; gene names, descriptions and
functions are given in Table S5B). Of the three reproduction-related
genes, SLC38A2 regulates supply of nutrients for fetal growth
through the placenta during the peri-implantation period. The sec-
ond,HSD17B10, isassociated with regulation of pregnancy-sustaining
steroid hormones, and RBP2 is involved in retinol binding and vitamin
A metabolism, necessary for oogenesis and embryogenesis, as well

FIGURE 3 Phylogenetic tree and
divergence times of Guloninae and five
other carnivorans. The mean age of each
node is shown, with 95% confidence
intervals depicted as purple bars. The
gene and site concordance (gCF, sCF) and
discordance (gDF, sDF) factors are given.
While the concordance factors refer to
the portions of the data in agreement
with the tree shown, each of the two
discordance factors (DF1 and DF2) refer
to the support for each of the two other
possible alternative quartet resolutions
for each branch. Also included are the
tree branch supports as calculated using
approximate likelihood-ratio tests (aLRT)
and local posterior probabilities (LPP)

Felis catus

Canis familiaris

Mirounga angustirostris

Odobenus rosmarus

Mustela putorius furo

Gulo gulo

Martes zibellina

as vision. Four genes (PDHB, SH3GLB1, SLC35A1, N6AMT1) are in-
volved in metabolic processes, with N6AMT1 specifically associated
with modulation of arsenic-induced toxicity. Four genes (ATP6V1D,
DBX2, SLC38A1, MAPKAPKS) are associated with cerebral cortex de-
velopment, synapse formation, visual perception and learning pro-
cesses. ANKRD13A is also associated with vision, more specifically
with lens fibre generation and vitamin A metabolism. The olfactory
receptor gene TAARS is involved in behavioural responses in mam-
mals, and was duplicated in both tayra and sable. We detected one
putative triplication of FKBP3, a gene associated with immunoregula-
tion, predominantly of T-cell proliferation. Four additional genes are
associated with the innate immune system (TUFM, UBXN6, SPON2,
SERPINB1). Two genes (MRPS14 and MRPS23) are involved in energy
conversion. Two genes (ATF4 and ARDI2) are associated with the car-
diovascular system and development, respectively. The rest of the
genes are involved in processes related to the cell cycle, and PRR11
could not be associated with a particular biological process. Among
duplications in the tayra, seven were recent duplications, 16 are
under relaxed selection and 10 under purifying selection (Table S5B).
Gene enrichment analysis revealed an overrepresentation of genes
in GO categories associated with metabolism/energy conversion
(Table S5C, multiple pathways, p < .02), the cardiovascular system
(multiple pathways, p < .02), the immune system (multiple pathways,
p <.02) and cell cycle processes (multiple pathways, p < .02).

In the wolverine, two duplicated genes are related to the ner-
vous system: GFRA4 is implicated in motor neuron development
and KCNS1 in regulating mechanical and thermal pain sensitivity.
MTM1 is associated with positive regulation of skeletal muscle tissue
growth and MON1B is implicated in the immune response to viral
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FIGURE 4 Number of candidate genes and their functional groups. Genes identified from analyses of (a, b) positive selection on
single genes (PSG), and (c, d) gene family expansions. Heatmap scale represents the number of genes. Heatmap cells in grey indicate no

observations for a given variable

infection. Three duplicated genes are associated with cell cycle pro-
cesses. Among duplications in the wolverine, one is a recent dupli-
cation, one is under relaxed selection and two are under purifying
selection (Table S5B). No overrepresentation of GO categories was
detected.

In the sable, expansions involve gene families associated with the
nervous system, metabolism, angiogenesis, hair follicle development
and the immune system, among others (Table S5B). Fourteen genes
are associated with the nervous system. Among them, six (PPA1,
THOCS6, SHISAL2A, SHISAL1, FICD, DUSPS8) are involved in neuronal
development, two (SYNGR3, TM4SF20) are associated with locomo-
tion, and two (MFSD5 and BICDL2) with energy regulation and se-
cretion. TAARS5 is associated with olfaction, FBXL3 with regulation
of the circadian clock and TIMM10 with hearing. CD93 is associated
with regulation of inflammation in the central nervous system. Six

genes are involved with metabolism and energy conversion (ASBé,
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CRYZL1, SLC25A10, CLDN20, RNF186, BORCS6). Three genes (GPS2,
BRICD5, HCFC1R1) are associated with the immune system. Two
genes, CDC42 and TCHHL1, are implicated in hair-follicle develop-
ment. Additionally, CDC42, a gene coding for a cell division control
protein, is also involved in angiogenesis and haematopoiesis, along-
side SLC25A39, TNFRSF12A and LXN. Three genes (MRPL38, RPP30,
TBL3) are associated with basal cell cycle processes and two genes
(SEPT12, CDK2) with gametogenesis.

Among duplications in the sable, seven were recent duplications,
nine are under relaxed selection, 15 are under purifying selection
and two are under positive selection (Table S5B). Gene enrich-
ment analysis revealed an overrepresentation of genes in GO cat-
egories associated with metabolism/energy conversion (Table S5C;
G0:0006839, “Mitochondrial transport,” p = .018), the nervous sys-
tem (multiple pathways, p < .03) and cell cycle processes (multiple

pathways, p < .03).
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Structural variation

SVs modify the structure of chromosomes and can affect gene syn-
teny, repertoire, copy number and/or composition (e.g. gain or loss
of exons), create linkage-blocks and modify gene expression (Chiang
et al., 2017; Mérot et al., 2020), leading to complex variation in
phenotypes and genetic diseases (Weischenfeldt et al., 2013). We
investigated four types of SVs (deletions, duplications, insertions,
inversions) in the three Guloninae relative to the domestic ferret
genome.

We identified the highest number of species-specific SVsin sable
(22,979), followed by tayra (8907) and wolverine (264) (Figure 5a).
The most abundant SVs detected in all three species are deletions
(>50 bp), ranging from 183 species-specific deletions in wolverine
to 21,713 in sable. Duplications were the least frequent SV type
among the three species (Figure S8A). For all three species, the ma-
jority of SVs are located in intergenic regions (>80%), with a smaller
proportion found in genic regions, completely or partially overlap-
ping protein-coding genes (untranslated regions, exons, introns).
According to Variant Effect Predictor (VEP) classification, SVs im-
pacting genic regions are classified either as high-impact variants
or modifiers (McLaren et al., 2016) with putative consequences on
gene transcription ranging from transcript truncation to transcript
ablation or amplification. The highest number of species-specific
genic SVs was detected in tayra, with 330 (3.70% of species-specific
SVs), followed by 156 (0.68%) in sable and 53 (20.08%) in wolver-
ine (Figure S8B). Other than the well-documented impact of inver-
sions on intra- and interspecific gene flow (Porubsky et al., 2020;
Wellenreuther & Bernatchez, 2018), determining the impact of in-
versions overlapping large sets of genes is still challenging, as the
largest effect is likely to be restricted to genes near SV breakpoints.
Therefore, we restricted our examination of gene function to loci
affected by deletions, duplications and insertions (Figure 5b; gene
names, descriptions and functions are given in Table Sé).

In the tayra genome, we observed 14 duplications spanning a
combined length of 2.92 Mb, putatively affecting 24 protein-coding
genes. Duplicated genes and gene blocks are associated with repro-
duction, olfaction, metabolism and energy conversion. This included
RNASEH2B, a gene involved in in utero embryo development, and
two genes involved in spermatogenesis, DIAPH3 and PCNX1, with
the latter an example of a complex SV involving heterozygous du-
plication and deletion of an exon (SV ~2 kb in length). We detected
212 deletions in the tayra genome in relation to the domestic fer-
ret reference, comprising a total length of 2.08 Mb, and affecting
247 genes, which are associated with reproduction, metabolism/
energy conversion, the nervous system and cell cycle processes,
among other functional categories (Table S6). Genes involved in pla-
centa development and in utero embryogenesis include HSF1, RSPO2
and DNMT3A. Additionally, we detected NLRP1 and NLRP8, both as-
sociated with pre-implantation development, and highly expressed
in oocytes. One short insertion was observed in LIX1L, a gene asso-
ciated with anatomical structure morphogenesis. No overrepresen-
tation of GO categories was detected.

In the wolverine genome, no duplications overlapped genic re-
gions. However, 47 deletions spanning a combined length of 229 kb
are putatively associated with transcript truncation or ablation in
48 genes. The majority of affected genes are associated with me-
tabolism/energy conversion, development and basic cell cycle pro-
cesses. These include GLUD1, a gene involved in amino-acid-induced
insulin secretion, also found to be affected by a shorter deletion
in sable, and NSDHL, a gene regulating cholesterol biosynthesis.
Additionally, we detected deletions affecting PARVA, a gene asso-
ciated with angiogenesis and smooth muscle cell chemotaxis, and
DNAJC7, involved in positive regulation of ATPase activity and reg-
ulation of cellular response to heat. We also detected one insertion
in a gene of unknown function. No overrepresentation of GO cate-
gories was detected.

In the sable genome, we detected 11 duplications spanning a
combined length of 324 kb, overlapping 16 genes associated with
sensory perception, development, the cell cycle and the immune
system. The 130 detected deletions (combined length of 408 kb)
overlap 125 protein-coding genes associated with reproduction,
the immune system, development, metabolism, sensory percep-
tion and the cell cycle. Deletions were identified in two genes
involved in keratinocyte differentiation, PPHLN1, also affected
in wolverine, and IVL, associated with hair follicle development.
Additionally, two short insertions were found in NCOA4 and YIPF5,
genes associated with mitochondrial iron homeostasis and pro-
tein transport, respectively. Gene enrichment analysis revealed
an overrepresentation of genes in GO categories associated with
cellular responses to xenobiotic compounds (Table S6A; multiple
pathways, p < .05).

4 | DISCUSSION

Here, we present a highly contiguous genome for the tayra (Eira
barbara). Contiguity of the assembly and its gene completeness are
similar to or higher than those of other carnivoran species using the
same sequencing approach (Armstrong et al., 2019; Etherington
et al., 2020; Kim et al., 2020), confirming the utility of linked reads
for assembly of mammal genomes.

Phylogenomic relationships among the mustelids resulted in
a tree topology and divergence time estimates in agreement with
previous studies using fewer loci (Koepfli et al., 2008; Koepfli et al.,
2018; Li et al., 2014; Sato et al., 2012). We estimated the split be-
tween Mustela and Guloninae occurred 11.2 Ma (HPDI 13.1-9.5 Ma),
followed by the split between Eira and the Gulo-Martes group 7.5 Ma
(HPDI 9-6.1 Ma), and the split between Gulo and Martes at 5.9 Ma
(HPDI 7.4-4.7 Ma).

Perhaps unsurprisingly, we observed different historical trends
in effective population size among the three Guloninae. They dif-
fer markedly in ecology, and it is not unexpected that climatic and
environmental changes (affecting, for example, habitat, ecologi-
cal competition, prey and pathogens) also differentially impacted
tayra, wolverine and sable populations. Consistent with previous
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work (Ekblom et al., 2018), we observed low recent effective pop-
ulation size in wolverines, and a concomitant low genome-wide
heterozygosity.

Contrary to the findings by Weissensteiner et al. (2020) in cor-
vids, we did not observe a positive relationship between variation at
the nucleotide level (heterozygous SNPs) and variation at the struc-
tural level (heterozygous SVs) within the gulonine species. The tayra
displayed the highest nucleotide diversity (1.89 SNPs per kbp), but
only the second highest amount of heterozygous SVs (2,543, 23.6%
of the total SVs, Figure S9). The sable had the second highest nucle-
otide diversity (1.44 SNPs per kbp), but the highest number of het-
erozygous SVs (14,823, 59.5% of the total). The wolverine displayed
the lowest variation for both (0.28 SNPs per kbp, and 153 or 43.1%
heterozygous SVs in total). It is known that SV calling using short-
read data can miss a large number of SVs (Ebert et al., 2021). The fact
that we did not detect a positive correlation between variation at the
nucleotide and structural level, as would be expected if diversity of
SNPs and SVs are correlated with population size, may result from
our SV analysis relying on short-read data only. Weissensteiner et al.
(2020), who did report a positive correlation between SNP and SV
diversity, performed long-read-based SV typing.

Assessment of variation among genome assemblies of closely
related species is also strongly impacted by the contiguity and com-
pleteness of the analysed assemblies (Gurevich et al., 2013; Totikov
etal., 2021). This needs to be accounted for when examining variation
among discontiguous genome assemblies. Here, the low contiguity of
the wolverine assembly has probably impacted the number of PSGs
and gene family expansions/contractions detected. Additionally, the
use of multiple, short insert size libraries sequenced at low coverage
for the wolverine (Ekblom et al., 2018) has probably resulted in de-
creased SV detectability. We would thus argue that future compara-
tive genomics studies of Guloninae may benefit from improving the

contiguity and completeness of the wolverine genome.

4.1 | Adaptive genomic variation

Among positively selected genes, gene family expansions and cod-
ing regions impacted by SVs, we found numerous candidate loci that
may be associated with species-specific traits in Guloninae.

For example, the tayra has an atypical reproductive strat-
egy among Guloninae, namely aseasonal breeding. Among the
23 genes associated with reproduction in tayra (Figure 6a), 10 were
pregnancy-related (two PSGs, two GF, six SVs), which may be linked
to this species’ reproductive strategy. In the hypercarnivorous wol-
verine, we did not observe any candidate loci associated with car-
bohydrate metabolism (“omnivorous diet,” Figure 6b), while several
were detected in the omnivorous tayra (one PSG, two GF, three SVs).
However, we did observe seven genes (six PSGs, one GF) associated
with body condition in wolverines, which may reflect this species’
adaptive response to unfavourable environmental conditions in its
circumpolar habitat. We discuss candidate loci in the context of the
three species’ ecology in more detail below.

We note that in two analyses (PSGs and gene family evolution),
we only considered variation in single-copy orthologues, not in the
entire gene repertoire of these species. Thus, our results are prob-
ably only an incomplete reflection of the genes involved in these
traits.

4.2 | Seasonal breeders in the north palaearctic:
wolverine and sable

Obligate embryonic diapause or delayed implantation of the blas-
tocyst is a widespread reproductive strategy among seasonally
breeding mustelids and other carnivorans. For example, wolver-
ines and sables delay implantation for several months (Mead, 1981;
Svishcheva & Kashtanov, 2011). Conspecific encounters are rare
(Inman et al., 2012; Kashtanov et al., 2015), and thus induced ovu-
lation during encounters is advantageous (Lariviere & Ferguson,
2003). Previous studies in mink showed that increased levels of
vascular endothelial growth factors (VEGFs) and their receptors cor-
relate with the implantation process (Lopes et al., 2003). VEGFC, pri-
marily associated with angiogenesis and regulation of permeability
of blood vessels during embryogenesis, was positively selected in
sable, suggesting its possible involvement in embryo implantation
regulation in this species. In wolverine, we detected signals of posi-
tive selection in ANAPC7, a gene involved in progesterone-mediated
oocyte maturation and release from cell arrest prior to fertilization
(Papin et al., 2004; Reis et al., 2006), that may have a role in increas-
ing progesterone secretion and renewed embryonic development,
as observed in skunks and mink (Mead, 1989).

Changes in testicular activity and spermatogenesis also correlate
strongly with season (mink: Blottner et al., 2006, lynx: Jewgenow
et al., 2006). In the wolverine, positively selected genes involved
in spermatogenesis included 1ZUMO3, essential for gamete fusion
during fertilization (Ellerman et al., 2009), and RNF212B, critical for
crossing over in gametes (Reynolds et al., 2013). In sable, candidate
genes involved in spermatogenesis were UBQLNL and SEPT12, with
the latter also being duplicated. Furthermore, MEIKIN and CDK2,
both involved in meiosis, show signals of positive selection and rapid
evolution through gene family expansion, respectively.

Seasonal breeding in many mammals is largely under photope-
riod regulation, suggesting that the circadian system plays an im-
portant role in this reproductive strategy. FBXL3, associated with
maintenance of circadian clock oscillation in mammals (Shi et al.,
2013; Siepka et al., 2007), is duplicated in sable.

4.3 | Aseasonal breeder in the neotropic: tayra

In tropical regions, reproduction does not depend on season as en-
vironmental conditions are relatively stable throughout the year
(McNutt et al., 2019). Tayras are aseasonal breeders with multiple
oestrous cycles per year (Proulx & Aubry, 2017) and do not exhibit
embryonic diapause (Poglayen-Neuwall et al., 1989). The tayra

46



DEREZANIN ET AL.

2911
MOLECULAR ECOLOGY VAR =A%

(a) Aseasonal breeding

PSG=5,GF=3,8V=15

Seasonal breeding

PSG=3GF=3,8v=12

Seasonal breeding

Wolverine
N=5

PSG=3,GF=0,8V=2

@ Pregnancy ® Gametogenesis @ Other (hormone regulation, milk secretion, circadian clock)

Neotropics
(®) P

PSG=3,GF=6,8v=22

@ Body condition

Northern Palearctic

PSG=0,GF =6,8V=11

Carnivore diet

Northern Palearctic

PSG=9,GF=2,8V=5

@ Omnivore diet

@ Other (detoxification, insulin regulation, bile secretion, thermoregulation, glomerular permeability)

FIGURE 6 Summary of functional categories of (a) reproduction and (b) metabolism-related genes derived from analyses of positively
selected genes (PSG), gene family expansion (GF) and structural variation (SV). N represents the total number of detected genes. Vector
graphics of species are created based on royalty-free images (Source: Shutterstock)

represents the most basal taxon of the Guloninae and is an excep-
tion regarding its reproductive strategy.

We detected candidate genes in tayra that are related to preg-
nancy, and thus potentially to aseasonal breeding in this species.
ETV2 and MUC15, both under positive selection, are associated
with placental and embryo development, and regulation of implan-
tation (Poon et al., 2014; Singh et al., 2019). SLC38A2, which is
duplicated in tayra, is upregulated in the pre-implantation period
(Forde et al., 2014) and during late gestation, maintaining fetal
growth when maternal growth is restricted by undernutrition

a7

(Coan et al., 2010). HSD17B10, duplicated in tayra, is highly ex-
pressed in fetal and maternal livers, maintains pregnancy and
provides protection against excitotoxicity (Hill et al., 2011).
RBP2, also duplicated in tayra, regulates retinoids during oogen-
esis and embryogenesis, and positively impacts oocyte matura-
tion in mice, cattle, pigs and sheep (Brown et al., 2003; Harney
et al., 1993). Furthermore, six genes involved in placental devel-
opment, implantation and embryogenesis (HSF1, RSPO2, NLRP1,
NLRP8, RNASEH2B and DNMT3A) have been affected by partial
deletions or duplications in tayra, raising the possibility of further
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modification (e.g., functional or regulatory) of these pregnancy-
related genes. Partial deletions or duplications overlapping one or
more exons in protein-coding genes impact RNA splicing patterns
and subsequently protein functions. They lead to production of
protein isoforms with different structural and functional proper-
ties, or modulate mRNA translational efficiency, or lastly, lead to
pseudogenization of a gene (Wang et al., 2015; Xing & Lee, 2006).

4.4 | Resource availability in the northern
Palaearctic: wolverine and sable

Surviving the winter is challenging for nonhibernating northern
palearctic species and requires specific mechanisms to cope with
adverse temperatures and food scarcity. Thus, efficient storage and
mobilization of fat is very important in low-productivity environ-
ments (Inman et al., 2012). Three PSGs detected in the wolverine
are involved in formation of adipose tissue, MTPAP, OIP5 and ZADH2
(Han et al., 2012; Inoue et al., 2014; Yu et al., 2013) and selective
fatty acid mobilization stimulated by fasting periods (Inman et al.,
2012; Krebs et al., 2004), as observed in mink (Nieminen et al., 2006)
and raccoon dog (Mustonen et al., 2007).

One of the responses to prolonged periods of nutrient depri-
vation and extreme environmental conditions is suppressed bone
resorption and formation (Lennox & Goodship, 2008; McGee-
Lawrence et al., 2015). While the control of autophagy is import-
ant for the survival of blastocysts during delayed implantation
(Lee et al., 2011; Lim & Song, 2014), it is also very important in
maintaining bone homeostasis (DeSelm et al., 2011; Montaseri
et al., 2020). It is thus of note that genes involved in bone mass
regulation, resorption (PPP1R18, TMEM38B) and autophagy (NBR1)
are under positive selection in wolverines. We also detected a du-
plication of the muscle growth-regulating gene MTM1. While a
lack of MTM1 will lead to muscle hypotrophy through unbalanced
autophagy in humans and mice (Al-Qusairi et al., 2013), a gene
duplication may facilitate muscle growth or counteract muscle
reduction.

In sable, fatty acids are mobilized from fat deposits (Nieminen
& Mustonen, 2007), and we observed duplications of ASBé,
SLC25A10, RNF186 and BORCSé6, which regulate fat storage and
response to nutrient availability (Mizuarai et al., 2005; Okamoto
et al,, 2020; Schweitzer et al., 2015; Wilcox et al., 2004). The
partial deletions we detected in APOD, PDHB, LDLR and CERSS5,
all associated with lipoprotein metabolism (Carmo et al., 2009;
Gosejacob et al., 2016; Serao et al., 2011; Tavori et al., 2015), in-
dicate modification of genes in pathways associated with energy
conservation in this species.

We observed partial deletions in DNAJC7 in both sable and
wolverine, indicating independent modification of this thermoreg-
ulation gene (Sonna et al., 2002) in gulonines inhabiting colder envi-
ronments. Another gene in which we detected independent partial
deletions in sable and wolverine is GLUD1, which regulates insulin
homeostasis (Fahien & Macdonald, 2011). Modification of this gene

may impact “adaptive fasting” in these species, an adaptation to pro-
longed periods of nutrient deprivation observed in several carniv-
orans (Martinez & Ortiz, 2017; Viscarra et al., 2013).

Sables are famous for their dense fur, and we observed two du-
plications that may be linked to this trait: TCHHL1, involved in hair
morphogenesis (Wu et al., 2011), and CDC42, required for differenti-
ation of hair follicle progenitor cells (Wu et al., 2006).

4.5 | Resource availability in the Neotropics: tayra
Tayras exploit diverse food sources and experience relatively sta-
ble resource availability all year round (Zhou et al., 2011). Shifts
in dietary preferences have been linked to positive selection in
single genes (Kosiol et al., 2008) and to copy number variation in
metabolism-related gene families in mammals (Hecker et al., 2019;
Rinker et al., 2019). In tayra, we found candidate genes associated
with fructose metabolism, which may be associated with the ad-
dition of fruits and honey to this species’ diet. For example, UOX,
involved in regulation of purine metabolism and conversion of
fructose to fat (Johnson & Andrews, 2010), and DERA, associated
with catabolic processes, were both under positive selection in
tayra, and part of significantly overrepresented GO categories in
this species.

High rates of lineage-specific variation in gene family size, espe-
cially those families involved in immune response or detoxification
of xenobiotic molecules (Thomas, 2007), are probably associated
with environmental changes during speciation (Lynch & Conery,
2000; Zhang, 2003). We found a duplication of N6AMT1, which is
associated with conversion of an arsenic metabolite, monomethylar-
sonous acid, to the less toxic dimethylarsonic acid (Ren et al., 2011).
Arsenic with geothermal origins (e.g., volcanic activity) is common in
Latin America, where it represents a severe threat to public health
and the livelihoods of millions of people, with chronic exposure lead-
ing to various diseases (Morales-Simfors et al., 2020; Zhang et al.,
2015). This duplication may represent an adaptation of tayra to this
xenobiotic compound.

Finally, we also found candidate genes associated with lens fibre
formation and retinal vascularization in tayra, including gene expan-
sions of ANKRD13A (Avellino et al., 2013) and RBP2 (D’Ambrosio
et al,, 2011). It has been suggested that tayras detect prey primar-
ily by smell, as their eyesight has been described as being relatively
poor (Defler, 1980; Wilson & Mittermeier, 2009). However, this has
not been experimentally tested, and it is somewhat contradictory to
the observed behaviour of caching of unripe but mature stages of
both native and non-native fruits (Soley & Alvarado-Diaz, 2011). As
tayras inhabit (sub)tropical forests, where mammals rely on vision,
alongside olfaction, to forage and avoid potentially poisonous prey
(Alatalo & Mappes, 1996; Nelson et al., 2011; Webb et al., 2008),
we suggest that “poor” eyesight would not be advantageous, as this
would impede recognition of noxious prey displaying conspicuous
coloration (Blount et al., 2009). It may thus be appropriate to revisit
tayras’ visual acuity.
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4.6 | Conclusion and future outlook

Mustelids are a remarkable example of adaptive radiation, and we
show how positively selected loci, changes in gene family size and
SVs have shaped genomes in this diverse taxonomic group. We
demonstrated that, in particular, the latter two sources of varia-
tion contribute many loci potentially involved in adaptive genomic
evolution. In the past, these types of genomic variation were often
not considered in comparative genomic studies of nonmodel spe-
cies, even though they encompass more nucleotides than SNPs. To
fully explore the impact of different types of genomic variants on
phenotypic variation, gene expression data would be necessary.
Comparative analysis of gene expression patterns and elucidating
protein interactions and pathways is a domain of functional genom-
ics, and was unfortunately outside the scope of our study.

The mustelid subfamily Guloninae includes three monotypic
genera (Eira, Gulo and Pekania) as well as the martens (eight Martes
species). A feasible short-term goal regarding future genomics
studies of this subfamily is the generation of reference genomes
for all remaining Guloninae, which is a goal of the Martes Genome
Consortium, launched in 2018. Additionally, existing reference ge-
nomes may be improved in contiguity using, for example, Hi-C ap-
proaches (e.g., Dudchenko et al., 2017; DNAzoo.org). This will be a
strong foundation for both inter- and intraspecific genomics studies
of Guloninae, which includes species of conservation concern (wol-
verine and Nilgiri martens: “vulnerable” on the IUCN red list), spe-
cies that hybridize in nature (e.g., European pine martens and sables;
Davison et al., 2001; Kassal & Sidorov, 2013), and species character-
ized by convergent evolution of ecological adaptations (e.g., delayed
implantation, seasonal moulting, sociality, scent glands).
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Summary

Comparing the genomes of threatened and non-threatened species can reveal important
insights into the impact of demographic history on genetic diversity, inbreeding, and
functional variation. The black-footed ferret (Mustela nigripes) was once declared extinct
as a result of habitat loss, persecution of its primary prey, and disease susceptibility. In
1981, the last colony of black-footed ferrets was rediscovered and the surviving 18
individuals (an estimated 7 founders) were used to start a successful ex situ breeding
program which enabled the reintroduction of the species into its former range in North
America.

We analyzed the genomes of black-footed ferrets and four other species in the genus
Mustela to characterize differences in genomic diversity, structural variation, and the
organization of the immunoglobulin gene repertoire. Black-footed ferrets showed the
lowest levels of heterozygosity and highest burden of runs of homozygosity, with up to
70% of the genome occupied by blocks greater than 10 Mb. Deletions and inversions were
the most frequent structural variants observed, and we found a high amount of
intra-individual variation in the number and distribution of structural variants in
black-footed ferrets, suggesting a hitherto unknown reservoir of genetic diversity with
potential impacts on gene function.

Lastly, relative to their congeners, black-footed ferrets lack variable gene clusters at two of
three immunoglobulin loci examined and possess an altered complementarity-determining
region (CDR) at one of these clusters. Our findings demonstrate the power of comparative
analyses for expanding our understanding of the genomic composition of threatened
species, thereby informing efforts to manage and protect the genetic diversity that remains.
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Identification and functional annotation of genome-wide
structural variants in Mustela genomes

Besides SNPs and short indels, structural variants (SVs) represent an important source of
genomic variation across a range of species (Wold et al. 2021; Chain and Feulner 2014), but
the estimation of their functional impact has remained challenging (Ho, Urban, and Mills
2020). SVs encompass deletions, duplications, insertions, inversions, and translocations of
at least 50 bp in size (Alkan, Coe, and Eichler 2011). These variants can be either balanced,
with no loss or gain of genetic material, such as inversions or a majority of translocations
within or between chromosomes, or unbalanced, where genetic information is lost or
gained, also referred to as copy number variation (CNV) (Escaramis, Docampo, and
Rabionet 2015).

Compared to SNPs, CNVs encompass an order of magnitude more nucleotides and have
higher mutation rates (Zarrei et al. 2015). Besides their key role in ecological adaptation
and speciation (Mérot et al. 2020; Rinker et al. 2019; Wellenreuther et al. 2019; Axelsson et
al. 2013), SVs are often associated with genomic disorders and diseases (Payer et al. 2017;
Weischenfeldt et al. 2013), with CNVs mainly contributing to disease susceptibility,
affecting traits related to immune gene functions (Aitman et al. 2006; Fellermann et al.
2006).

Black-footed ferrets underwent a fairly recent but severe population bottleneck leading to a
decrease in genetic diversity. Their genetic diversity was found to be lower compared to the
unaffected steppe polecat population and similar to the bottlenecked European polecat
population (Wisely et al. 2002). Furthermore, the small size of a black-footed ferret founder
population in the first conservation breeding program led to a decrease in seminal quality of
male individuals, subsequently affecting pregnancy and litter size (Santymire et al. 2019).

As structural variation represents a significant source of functional genomic variation it can
complement SNP-based approaches in conservation genomic assessments and breeding
programs to enhance species recovery and survival (Wold et al. 2021). Here we examined
the evolutionary dynamics and diversity of SV in black-footed ferrets compared to closely
related, more outbred Mustela species.
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Methods

We aligned short-read data from three black-footed ferret individuals (SB6536, SB7462,
SB8055), least weasel (Mustela nivalis), steppe polecat (Mustela eversmanii) and European
polecat (Mustela putorius, (Etherington et al. 2020) to the chromosome-length genome
assembly of the domestic ferret (Mustela putorius furo) (Dudchenko et al. 2018, 2017).
Prior to alignment with Bowtie2 v.2.3.5.1 (Langmead and Salzberg 2012), the 10x
linked-read barcodes were trimmed from M.eversmanii and M.putorius reads. Paired-end
reads of M.eversmanii and M.nivalis were trimmed from 250 to 150 bp length to maintain
uniformity among samples, and reduce the number of overlapping reads leading to potential
spurious variant calls. Adapter and quality trimming (Q30, min. length 80 bp) were
performed on all samples with TrimGalore v.0.6.4. Duplicated reads were removed with
Picard v.2.23. Aligned reads of all samples were downsampled to ~30x coverage to reduce
bias during structural variant calling.

Structural variant calling was conducted using an ensemble approach, consisting of three
SV callers that rely on different detection methods (Manta v.1.6.0, Chen et al. 2016;
Whamg v.1.7.0, Kronenberg et al. 2015; and Lumpy v.0.2.13, Layer et al. 2014). We
retained Manta calls with minimum paired-read (PR) and split-read (SR) support of PR > 5
or SR > 5, respectively. Potential translocation events were removed from the variant sets,
in order to decrease the proportion of false-positive calls, as they could not be reliably
called in species with different karyotypes. Calls with total evidence supporting a variant
(PR and/or SR) below 10 were removed from the Whamg and Lumpy call sets.

Moreover, SV call sets were genotyped with Svtyper v0.7.1 (Chiang et al. 2015) and were
then filtered for genotype quality of GQ > 30. Only scaffolds assigned to chromosomes
were further analyzed. To further reduce the number of potentially unreliable variant calls,
variants overlapping gaps and high coverage regions (> 100x) in the reference genome were
identified and removed. Survivor v.1.0.7 (Jeffares et al. 2017) was used to merge and
compare SV call sets within and among samples. Union of SV calls among all samples
containing sample-specific and shared variants (Figure 1A.) was annotated using Liftoff
v.1.5.1 (Shumate and Salzberg 2020) and Ensembl Variant Effect Predictor v. 101.0
(McLaren et al. 2016) to identify variants affecting protein-coding genes.

Functional classification of genes was conducted through detailed literature and database
search (OrthoDB v10, Kriventseva et al. 2019; Uniprot, The UniProt Consortium 2017;
NCBI Entrez gene, Maglott et al. 2011), and Gene Ontology enrichment analysis of
biological processes (Shiny GO v0.61, FDR < 0.05, Ge, Jung, and Yao 2020) for SVs
encompassing larger gene blocks (>5 genes). As the precise effect of inversions
overlapping large sets of genes is still challenging to determine, we inspected inversions
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affecting up to 20 genes for significantly enriched biological processes, and no limitation
was imposed on other SV types.

Results and Discussion

Overall SV landscape in Mustela species

We characterized four types of SVs (DEL, DUP, INS, INV) in the least weasel (Mustela
nivalis), steppe polecat (Mustela eversmanii), European polecat (Mustela putorius) and
three black-footed ferrets (Mustela nigripes), based on a majority call from an ensemble SV
calling approach.

We detected the highest number of inter- and intraspecific SVs (> 50bp) in M. nivalis
(7138/5743), and the lowest number in M. putorius (677/264) (Table 1, Figure 1). Thus, we
observed a relationship between the number of SVs detected and the relatedness of a given
species to the domestic ferret, the reference species, with an increasing number of SVs
detected in more distantly related species (see e.g. phylogenies in Law, Slater, and Mehta
2018; Koepfli et al. 2008). This finding shows a pattern of SV accumulation over time, with
the most SVs also found in the most outbred species, the least weasel (M. nivalis), which
harbours the highest SNP diversity. Similarly, Weissensteiner et al. (2020), reported a
positive correlation between SNP and SV diversity in corvid species. Both SNP and SV
numbers were lowest in the highly inbred Hawaiian crow compared to more outbred,
closely related species.

In all mustelids, deletions were the most frequent SV type, ranging from 524 deletions in
M. putorius up to 6149 in M. nivalis (Table 1). The least abundant SV type were insertions,
ranging from 2 in the M. nigripes sample SB6536 to 149 in the M. nigripes sample
SB8055, all detected in non-coding genomic regions. Only one insertion affected the genic
region, detected in M. nivalis (Figure 2A).

Table 1. Total SV counts in all samples split by variant type.

Species DEL DUP INS INV Total
M. putorius 524 44 5 104 677

M. eversmanii 1797 74 24 263 2158
M. nigripes SB6536 2109 74 2 319 2504
M. nigripes SB7462 2675 85 28 418 3206
M. nigripes SB8055 2703 116 149 422 3390
M. nivalis 6149 160 47 782 7138
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Figure 1. Intra and interspecific structural variation in Mustela sp.

Distribution of shared and sample-specific structural variants in three black-footed ferret individuals
(SB6536, SB8055, SB7462), European polecat (M_putorius), steppe polecat (M_eversmanii) and
least weasel (M_nivalis). The green barplot on the left indicates total SV counts per sample.

Genic SVs in Mustela species

The majority of SVs in investigated mustelids were located in non-coding regions (> 96%),
with a smaller proportion of SVs either completely or partially overlapping protein-coding
regions and intergenic regions putatively implicated in the regulation of nearby genes
(Figure 2A). Structural variants impacting coding regions were all classified either as
high-impact variants or modifiers (Variant Effect Predictor (VEP), McLaren et al. 2016).

The highest number of sample-specific genic and nearby intergenic SVs was 229 (3.99% of
the total number of sample-specific SVs) observed in M. nivalis, while the lowest was 18
(3.15%), detected in the black-footed ferret SB6536 (Figure 2A). In all mustelids, the
majority of genic and nearby intergenic variants were in the size class with lengths of 50 bp
- 20kb (Figure 2B).
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Figure 2. Structural variation type, variant impact and size distribution.

(A) The number of different structural variant types (deletion - DEL, duplication - DUP, inversion -
INV, insertion - INS) overlapping sample-specific genic and nearby intergenic regions. Gray bars
indicate SV impact classified by VEP based on the severity of consequences (high or modifier). (B)
Length distribution of structural variants split by type. Aggregated lengths of sample-specific genic
SVs and nearby intergenic regions (max SV length shown = 20 kb).
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Most genic SVs were heterozygous in all samples, with deletions being the primary SV
type in all samples except for SB8055, for which heterozygous inversions are more
prevalent (Supplementary Figure S1). Inversions are known to strongly impact genome
evolution by suppressing recombination and facilitating the protection of favourable allelic
combinations in heterozygous individuals (Dobigny, Britton-Davidian, and Robinson 2017;
Hammer, Schimenti, and Silver 1989). To determine the functions of genes affected by
SVs, we classified genes into eight functional categories (Figure 3).

In M. nivalis the functional group with the highest number of genes (145) is cell cycle
processes (e.g. DNA and RNA transcription, protein modification, mitosis), followed by
genes related to the immune system (28), metabolism (25), and nervous system (24). In one
of the black-footed ferret individuals (M. nigripes SB8055), we found a high number of
genes affected by large SVs, associated with the cell cycle (102), metabolism (32), followed
by sensory perception (25). In M. nigripes SB6536, the species with the lowest number of
genic SVs, functional categories are mostly involved in cell cycle processes (22) and the
nervous system (6).

Gene count
i
Reproduction e
. 120
Cardiovascular_system
| 100
Immune_system 80

Metabolism

Nervous_system

Development

Cell_cycle

Figure 3. Functional categories of genes overlapped by SV.
Functional categories of genes affected by sample-specific SVs. Categories with no genes detected
for a given sample are presented with a grey color.
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Genic SVs in black-footed ferrets

Among the 419 SVs exclusively shared by all three black-footed ferrets (Figure 1), we
detected 305 DELs, 10 DUPs and 104 INVs. Private genic SVs detected in each of the
black-footed ferret individuals are represented in relation to domestic ferret chromosomes
(Figure 4 A-C). Only ten of these shared SVs overlap coding sequence (CDS) regions
(Figure 4D). Unlike a large number of sample-specific genic SVs with predicted high
impact (Figure 2A), only two of the ten shared SVs among black-footed ferret individuals
are flagged as high-impact variants. The majority (417) of shared variants are identified as
modifiers, and the two deletions annotated as high-impact, are putatively inducing severe
consequences, affecting two to five exons of the genes (ENSMPUGO00000011741,
ENSMPUG00000006045 and ENSMPUG00000005865) leading to truncation of the CDS.
We excluded two shared inversions overlapping large sets of genes ( > 20 genes) from
further GO analysis as the precise effect on multiple genes is challenging to determine
without support from transcriptome data.
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Figure 4. SV composition and distribution in three black-footed ferrets.

(A-C) Private structural variants overlapping genic regions presented on domestic ferret
chromosomes for each of the three black-footed ferrets (SB6536, SB8055, SB7462). (D) SV counts
of shared and private SVs detected in the coding sequence (CDS) in all three individuals.
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Functional groups of genes overlapped by SVs shared in three black-footed ferrets include
cell cycle (63 genes), nervous system (29, out of which 4 are sensory perception-related),
development (12), metabolism/ energy conversion (8), reproduction (6), cardiovascular
system (3), and immune system (1).

Shared genic SVs in all tree individuals are localized on autosomes. Notably, we detected
short homozygous deletions (~1-2 kb long) within four reproduction-related genes. The
OSBP? is involved in spermatogenesis, lipid trafficking and apoptosis (Anniss et al. 2002).
In mice lacking this gene, a condition that includes low sperm number, low sperm motility
and abnormal sperm morphology (a common cause of male infertility) has been observed.
In male mice that are homozygous mutant for OSBP2, sperm cell proliferation and
subsequent meiosis occur normally, but the morphology of cells is severely distorted, with
spermatozoa having little to no motility and no fertilizing ability in vitro. On the other hand,
females display normal fecundity (Udagawa et al. 2014). Moreover, we detected SPACAI, a
gene also associated with spermatogenesis, and acrosome assembly. The loss of function of
this gene in male mice and human individuals has been found to cause globozoospermia - a
condition involving malformation or loss of the acrosome, and subsequently leads to
infertility (Fujihara et al. 2012; Chen et al. 2021).

Furthermore, RECK and TANCI, genes involved with embryo implantation, blood vessel
maturation, and embryonic development (Welm, Mott, and Werb 2002; Han et al. 2010)
harbor a short deletion in ferrets, respectively. The lack of RECK in mice embryos has been
shown to halt in utero angiogenesis and was lethal (Chandana et al. 2010), while
TANC1-knockout mice displayed impaired neuronal development (Han et al. 2010).

However, a homozygous duplication has been detected in all three black-footed ferrets,
within SETD3, a gene associated with muscle cell differentiation and regulation of uterine
smooth muscle contraction (Eom et al. 2011). SETD3-deficient female mice have severely
decreased litter sizes owing to primary maternal dystocia, leading to no births or incomplete
delivery with fetuses remaining in utero (Wilkinson et al. 2019). Duplication within this
gene may be implicated in the regulation of smooth muscle contractility of the uterus
during labor.

Additionally, we detected a heterozygous inversion in ferrets, within /HO1, a gene involved
in gametogenesis and homologous chromosome pairing at meiosis (Stanzione et al. 2016).
In mice, both female and male /HO-1-knockouts were found to be infertile. Oocytes were
depleted in six-week-old Thol—/— females, and spermatocytes in males underwent early
apoptosis, suggestive of meiotic recombination defects (Burgoyne, Mahadevaiah, and
Turner 2009). This polymorphic inversion may imply a putative adaptive potential in
ferrets.
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In all three black-footed ferret individuals, there is persistent diversity in the form of SVs in
parts of their genomes. Some of the genes affected by SVs may be associated with adaptive
processes, despite the presence of potentially deleterious SVs. Similarly, retention of
variation in parts of the genome associated with adaptation, despite the presence of
detrimental anatomical and physiological effects linked to inbreeding, was observed in a
small and isolated Apennine brown bear population (Benazzo et al. 2017). Random fixation
of SVs certainly carries an increased extinction risk in small populations. Still, it can be
tolerated if balancing selection prevents random loss of variation in regions of adaptive
potential.

Supplementary Figure
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Figure S1. Heterozygous and homozygous sample-specific genic and nearby intergenic variants.
Heterozygous variants are denoted with 0/1 and homozygous with 1/1. Note the difference in the y-axis
scale.
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Abstract

Background: Long-term selection experiments are a powerful tool to understand the genetic background of com-
plex traits. The longest of such experiments has been conducted in the Research Institute for Farm Animal Biology
(FBN), generating extreme mouse lines with increased fertility, body mass, protein mass and endurance. For >140
generations, these lines have been maintained alongside an unselected control line, representing a valuable resource
for understanding the genetic basis of polygenic traits. However, their history and genomes have not been reported
in a comprehensive manner yet. Therefore, the aim of this study is to provide a summary of the breeding history and
phenotypic traits of these lines along with their genomic characteristics. We further attempt to decipher the effects of
the observed line-specific patterns of genetic variation on each of the selected traits.

Results: Over the course of >140 generations, selection on the control line has given rise to two extremely fertile
lines (>20 pups per litter each), two giant growth lines (one lean, one obese) and one long-distance running line.
Whole genome sequencing analysis on 25 animals per line revealed line-specific patterns of genetic variation among
lines, as well as high levels of homozygosity within lines. This high degree of distinctiveness results from the com-
bined effects of long-term continuous selection, genetic drift, population bottleneck and isolation. Detection of
line-specific patterns of genetic differentiation and structural variation revealed multiple candidate genes behind the
improvement of the selected traits.

Conclusions: The genomes of the Dummerstorf trait-selected mouse lines display distinct patterns of genomic varia-
tion harbouring multiple trait-relevant genes. Low levels of within-line genetic diversity indicate that many of the ben-
eficial alleles have arrived to fixation alongside with neutral alleles. This study represents the first step in deciphering
the influence of selection and neutral evolutionary forces on the genomes of these extreme mouse lines and depicts
the genetic complexity underlying polygenic traits.

Keywords: Mouse, Fertility, Body mass, Endurance, Selective breeding, Genetic drift, Bottleneck, Whole genome
sequencing, Single-nucleotide polymorphism, Structural variation

Background

Artificial selection is the selective breeding of organisms
*Correspondence: serpalmav@gmail.com by which desired Phenotyplc traits evolve in a popu‘la-
! Institute of Reproductive Biology, Research Institute for Farm Animal tion [1]. Farm animals are the result of this selective

Biology (FBN), Dummerstorf, Germany breeding process to achieve efficient food production.
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However, artificial selection can also be applied experi-
mentally in other species in order to connect genes and
other genomic elements to selection response for com-
plex traits such as behaviour [2] and limb elongation [3].
More generally, experimental evolution, which includes
artificial selection experiments, is a powerful approach
to understand response to selection across multiple traits
and organisms [4].

The worldwide longest selection experiment on mice
began in 1969 at the former Forschungszentrum fiir Tier-
produktion (FZT), nowadays called Research Institute
for Farm Animal Biology (FBN) located in Dummerstorf,
Germany [5, 6]. Starting from a single founder line devel-
oped from four outbred and four inbred mouse strains
[5, 6], selection lines for different complex traits were
bred with population sizes of 60—100 breeding pairs per
line. An unselected control line from the same founder
line was maintained over the entire selection period
with a larger population size (125-200 breeding pairs)
[5, 6]. Over the course of >140 generations, selection has
shaped the genomes of the Dummerstorf trait-selected
mouse lines, and led to extreme phenotypes that include
increased litter size (approx. double the litter size of the
unselected mouse line) [7], body mass (approx. 90g body
weight at 6 weeks of age) [8] and endurance (more than
3x higher untrained running capacity) [9, 10]. Therefore,
in order to elucidate the unpredictable polygenic back-
ground of these complex traits, where multiple genes,
regulatory elements and pathways act in conjunction, the
Dummerstorf trait-selected mouse lines represent a valu-
able resource.

Other selection experiments have generated mice
with increased litter size [11-14], as well as mice with
enhanced body weight (see [15, 16] for a list of body
weight mouse lines) and exercise performance [17], yet
few studies have examined the polygenic background
of these traits through genomic analysis. For example,
a genome-wide association study of the high-fertility
inbred strain QSi5 corroborated multiple previously
reported loci associated with reproductive performance
[18]. Likewise, a multi-line approach detected shared loci
controlling body weight across seven high body weight
selection lines, including an inbred subline of the Dum-
merstorf’s body mass line [16]. Finally, a comprehen-
sive genomic analysis of mice from the “High Runner”
selection experiment found widespread regions with
significant genetic differentiation between selected and
unselected replicate lines (4 per group) [19].

The Dummerstorf mouse lines expand the repertoire
of polygenic mouse models to understand the genetic
basis of fertility, body weight and endurance. Each of
these lines arose from almost the same genetic diver-
sity and has been maintained to this day for about half
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a century. Here we describe the selection history of this
unique selection experiment, characterize line-specific
patterns of genetic variation and identify genes that are
likely associated to each selection trait.

Results and discussion

Phenotypic impact of selection

Over the course of more than 140 generations (Table 1),
the selected traits (Table 2) have shown remarkable
increments in each line (Table 1, Fig. 1, Additional file 2:
Figure S1). The span and number of generations makes
the present study the longest selection experiment ever
reported in mice. Relative to the unselected control
line FZTDU (exposed to genetic drift only), reproduc-
tive performance has doubled in DUK (Fertility mouse
line 1) and DUC (Fertility mouse line 2) (Fig. 1A,B, EG,
Additional file 2: Figure S1). Even though these two trait-
selected lines have achieved comparable litter sizes at
first delivery (>20 offspring) [20], their reproductive lifes-
pan differs, with 5.8 and 2.7 litters in average per lifetime
for DUK and DUC, respectively [20]. A remarkable level
of divergence has been achieved by the increased body
size lines (Fig. 1C,D, Additional file 2: Figure S1). Individ-
uals of the body mass line (DU6) have almost tripled their
weight compared to FZTDU (Fig. 1H, Additional file 2:
Figure S1), whereas mice of the protein mass line (DU6P)
not only have become larger and heavier than FZTDU
mice, but their level of muscularity is also considerably
higher (Fig. 1D,1, Additional file 2: Figure S1). In terms of
running distance capacity, the treadmill performance line
(DUKLB) can on average cover three times more distance
than FZTDU (Fig. 1], Additional file 2: Figure S1).

With the exception of the obese line DU6 [21], each
one of the trait-selected mouse lines has developed an
extreme phenotype without obvious detrimental effects
on their general health, well-being, and longevity. All these
lines are still maintained, but selection only continues for
DUK, DUC and DUS6. Due to the long span of this selec-
tion experiment, lines have been given alternative names
(Table 1, Additional file 3 [6, 8, 10, 20—41]: Table S1) and
selected at variable intensities (Additional file 2: Figure S2).

Whole genome sequencing (WGS) analysis

and short variant detection

After quality filtering and trimming, >90% of the raw reads
were mapped to the genome as pairs, with a mean insert
size of ~380 bp. For samples sequenced at a target cover-
age of 30x, mean genome-wide coverage averaged ~24x,
with ~95% of genome territory covered at least 5x; sam-
ples sequenced at a target coverage of 5x averaged ~8x
and ~72%, respectively (for a summary across all samples
see Table 3 and for details, Additional file 4: Data S1).



Palma-Vera et al. BMC Biology (2022) 20:52 Page 3 of 20
Table 1 Summary selection history of the Dummerstorf mouse lines

FZTDU DUK DuUC DU6 DU6P DUhLB
Established (year) 1969 1971 1971 1975 1975 1982
No. Founders (BPs) NR 60 60 80 80 100
Trait increment - 2% L2x 3% 2% 3x
Percentage selected® - 25-80 25-80 45-90 45-70 40-100
Relocation® at generation 160-164 165 163-164 154-155 154-155 120-121
BPs per generation before relocation 200 60-100 60-100 60-80 60-80 60-100
BPs after relocation (founders) 55 19 24 7 19 22
BPs per generation (current) 125 60 60 60-120 60 60
End of selection (at generation) - Ongoing Ongoing Ongoing 152 141
No. generations under selection® - 182/189 180/187 169/177 152/152 117/117
WGS at generation(s) 188/195 188/195 186/193 177/185 177/184 143/150
Alternative names® Fzt: DU, DUK, Ctrl  DU-K, FL1 DU-C, FL2 BW, Titan PA DU-hTP

BPs breeding pairs, WGS whole genome sequencing, NR no records

Trait increment: mean trait expression in the sampled generation compared with trait expression in starting generation

2 Percentage selected: percentage of litters from which parents were chosen
b Transfer of animals to a new housing building in 2011

“Total generations under selection until first and second sampling

d See Additional file 3: Table S1 for references on alternative names

Table 2 Selection criteria for Dummerstorf trait-selected mouse lines

Line-ID Selected Sex Trait

FZTDU - Unselected

DUK Females Number of offspring in first litter and litter weight at birth
DUC Females Number of offspring in first litter and litter weight at birth
DU6 Males Body mass at day 42 of age

DueP Males Protein amount in carcass at day 42 of age

DUhLB Males Submaximal untrained running distance on treadmill

The final variant call set contained 5,099,945 sin-
gle-nucleotide polymorphisms (SNPs) and 766,655
insertions-deletions (INDELs) (374,604 insertions;
392,051 deletions, Additional file 2: Figure S3B).
The trait-selected lines had much fewer variants
than FZTDU and these variants were mostly fixed,
whereas FZTDU variants were mostly polymorphic
(Fig. 2, Additional file 2: Figure S4, Additional file 3:
Table S2). This reduction in genetic diversity could
be explained by the fact that the trait-selected lines
have been maintained at smaller population sizes and

were relocated with fewer founders (Table 1). In fact,
it has been shown that artificial selection for complex
traits does not affect the number of segregating sites
[3], nor the number of SNP sites and heterozygosity
[19]. Interestingly, more than 89% of the variants
observed in the trait-selected lines were also detected
in the control line FZTDU (Fig. 2A, Additional file 3:
Table S2), indicating that despite genetic drift, the
control line preserves most of the alleles underlying
each selected trait and that it still is a proxy of the
original founder population.

(See figure on next page.)

Fig. 1 Phenotypic characteristics of the five trait-selected Dummerstorf mouse lines and the unselected control line FZTDU. Representative
subjects showing the impressive litter size of DUK and DUC (A, B, F, G) and the considerable body size difference at 6 weeks of age between DU6
(C, H) or DU6P (D, H, 1) and FZTDU. E Untrained mice undergoing a treadmill running endurance trial and the increased running performance of
DUhLB due to selection (J). Stars signify differences (p < 0.05) after conducting a t-test between trait-selected lines and FZTDU. Sample sizes are

indicated below tick labels (x-axis)
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Fig. 1 (Seelegend on previous page.)
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Table 3 Summary metrics WGS data

Page 5 of 20

Target coverage 30x Target coverage 5 x

Sample size 60 90
Mean number of reads mapped as pairs 90.72% 93.07%
Mean insert size 34773 bp 401.65 bp
Mean genome-wide coverage 24.08x 7.89x
Mean genome territory covered > 5x 95.57% 71.82%
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trait-selected lines (five black dots) and by all lines (six black dots)

Fig. 2 Overview and classification of SNP sites. A SNP sites were classified as fixed or not-fixed if their allele frequencies were 1 or <1, respectively.
At each line, the fraction of variants shared (in FZTDU) and not shared (not in FZTDU) with FZTDU is also shown. B Blue horizontal bars: Total
number of SNP sites detected in each line. Brown vertical bars: Number of private SNP sites for each line (single black dots), shared only by the

Most (~90%) INDELSs were no longer than 10 bp (Addi-
tional file 2: Figure S3A, Additional File 3: Table S4),
with slightly more deletions than inversions (Additional
file 2: Figure S3B). The proportion of SNPs and INDELSs
overlapping dbSNP was 95% and 55%, respectively. This
discrepancy is not necessarily due to a high number of
artefacts in the INDEL set, but rather by the fact that
INDELs are a much less characterized type of genetic
variant in comparison [42].

The number of alleles present in all six lines was ~1M,
but very few alleles were shared by the trait-selected lines
exclusively (~3.3K) (Fig. 2B). The lines DU6P and DUhLB
were the most polymorphic of the trait-selected lines, fol-
lowed by DU6. The two fertility lines (DUK, DUC) were
the least polymorphic ones (Fig. 2B, Additional file 3:
Table S2).

Almost all SNPs and INDELs (~97%) occurred in non-
coding regions (introns ~56%; intergenic ~41%). This is
not an unexpected outcome considering that only ~2%
of the genome codes for proteins and genetic variation is
widespread. Inter-genic variants could affect regulatory
elements of gene expression, as well as transcripts not

yet described [43], whereas intronic variants could affect
gene splicing [44].

Based on assessment of variant annotations, a very
small number of variants (20,236 SNPs and 1,801
INDELSs) were classified as high-impact and moderate-
impact mutations, and could interfere with gene tran-
scription or translation. These “impact variants” were
screened for (i) being private for any trait-selected line
(Additional file 3: Table S3) and (ii) the functional cat-
egories their affected genes belonged to. The number
of genes affected by these private “impact variants”
was twice as large in DUhLB (1027 genes) than in the
other trait-selected lines (465-546 genes). However,
there was no obvious coherence between significantly
enriched functions and the selected traits (Additional
file 4: Data S2).

Runs of homozygosity (RoH) and linkage disequilibrium
(LD)

While for the five trait-selected lines, most of the SNP
loci (57.5—-81.5%) were already fixed for either the refer-
ence or the alternative allele, in the control line FZTDU

74



Palma-Vera et al. BMC Biology (2022) 20:52

alleles were mostly (>75%) polymorphic (Additional
file 2: Figure S5). This disparity was also reflected by
the distribution of frequencies for the alternative allele,
displaying a “U” shape that is much more pronounced
in the trait-selected lines than in the control line (Addi-
tional file 2: Figure S6). Genomes of mice from the
control line FZTDU also had higher nucleotide diver-
sity (Additional file 2: Figure S7 and S8). Accordingly,
RoH covered between ~65 and ~78% (~50% as 1-8
Mb tracts) of the genome length of the trait-selected
lines, but only ~45% (~23% as 1-8 Mb tracts) of the
genome length of FZTDU (Fig. 3A). Analysing RoH
shared among individuals of a population can aid to
detect past selection events [45]; however, this is appli-
cable as long as RoH events are rare in the genome
(RoH islands), which is not the case here, where RoH
are widespread, indicating that the observed degree of
homozygosity is the result of a combination of multiple
evolutionary forces.

Linkage disequilibrium decay, represented by the
genotype correlation (r*) between pairs of SNP sites
within min. 0.1 Mb and max. 5 Mb, can be classified
into three patterns with decreasing decay strength;
one for the three most homozygous trait-selected
lines (DUK, DUC and DU6; upper three lines Fig. 3B),
a second for the two least homozygous trait-selected
lines (DU6P and DUALB; middle two lines Fig. 3B)
and a third for the unselected line FZTDU (bottom
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line Fig. 3B). Overall, 7 clearly differs between trait-
selected lines and FZTDU. Comparable levels of
* have been reported in mountain gorillas, in which
population decline has led to high levels of inbreeding
[46]. Likewise, strong levels of LD have been observed
in laboratory mice [47]. However, other populations
with high levels of inbreeding, such as dog [48] and
horse breeds [49], do not display such strong geno-
typic correlations, highlighting the impact of the bot-
tleneck in the genetic diversity of the Dummerstorf
mouse lines.

Population structure of the Dummerstorf mouse lines

The genetic relationship among the 150 Dummerstorf
mice was assessed by hierarchical clustering (HC) and
admixture analysis using the 5,099,945 SNPs obtained
after variant calling. Samples formed a hierarchical
group structure that represented each of the Dummer-
storf lines (Fig. 4A). There was no admixture present in
the trait-selected lines, except for one DUC animal shar-
ing ancestry with mice from DU6P (Fig. 4B). FZTDU
is represented as an admixture of all the trait-selected
lines with similarly large contributions of the four older
lines and a significantly larger contribution of DUhLB
(Fig. 4B). This is expected because this mouse line is the
youngest and has had the least number of generations
that underwent selection.
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Fig. 4 Genetic structure and cluster assignment of 150 mice of the six Dummerstorf mouse lines. A Hierarchical clustering analysis assorting
individuals into distinctive mouse line clusters. B Genetic composition of each mouse (indicated by 25 ticks on the x-axis) in terms of the five
trait-selected lines. Individuals are coloured according to the respective line of origin

Genetic differentiation of the trait-selected lines

Mean genome-wide pairwise genetic differentiation
among trait-selected lines estimated with the genetic
differentiation index (Fgr) ranged from 0.44 to 0.61
(Fig. 5B). The highest level of differentiation was found
between either one of the fertility lines and the body
mass line DU6 (Fsrpyk.pusy = 061 and Fgrpyc.pus) =
0.59; Fig. 5B), followed by the differentiation between
the two fertility lines themselves (Fsrpukpuc) = 0.57;
Fig. 5B). Although pairwise genetic differentiation
between trait-selected lines and the control line was
similar in all comparisons (Fg ~ 0.3), it was lowest in the
pairwise comparison between the two most polymorphic
lines (FsrpunLp-rzrpu) = 0-26; Fig. 5B). Such strong levels
of differentiation occur mainly as a result of reproductive
isolation and genetic drift [50]; however, it is expected
that a subset of alleles that have arrived to fixation due
to selection contribute to genetic differentiation as well.
The challenge is thus to sort out which genomic regions
contain such beneficial alleles.

Trait-specific regions of genetic differentiation
Genome-wide scans were conducted in order to detect
genomic regions of consistent genetic differentiation

between each trait-selected line and FZTDU. The
pseudo-line of DUK and DUC combined (FERT) was
also included, for a total of six Fgr contrasts. Overall,
outstanding regions of particularly extreme genetic dif-
ferentiation were not observed, but rather a uniform
genome-wide level of high Fg; (Fig. 5A). Choosing
genomic regions of interest by focusing on the most dif-
ferentiated regions (95th or 99th percentile of the Fqp
distribution) resulted in the detection of multiple loci
in every chromosome (Fig. 5A). Because these regions
were frequent and did not sufficiently depart from the
global level of genetic differentiation to be considered
genomic outliers (i.e. max. zF¢: 2.89-3.47, Fig. 5C), a
more stringent approach was applied to identify line-spe-
cific regions of high genetic differentiation (Fig. 6D and
Fig. 7D), while reducing the influence of genetic drift.
These regions of distinct genetic differentiation (hereaf-
ter referred to as RDDs) appeared simultaneously in the
top 5% Fgr windows of the target contrast and in the bot-
tom 10% of all the remaining contrasts, occurring close
to each other in only a subset of chromosomes and con-
taining multiple genes (Fig. 6A-C, Fig. 7A—-C, Additional
file 4: Data S3-S14), some of which were related to the
selected traits (see below).

(See figure on next page.)

Fig. 5 Genetic differentiation of the Dummerstorf trait-selected lines. A Genome-wide scans of genetic differentiation in sliding window mode
(size = 50 kb, step = 25 kb) contrasting each trait-selected line to FZTDU. Each window is the average Fqy of at least 10 SNPs. B Pairwise genomic
mean Fsr among all six Dummerstorf lines. C Fep distribution as z-scores, illustrating the departure of each window from the mean genomic level of
genetic differentiation. Dotted lines indicate the 95th (red) and 99th (blue) percentiles and black dots correspond to data points larger than 1.5 the
interquartile range (outliers)
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Fig. 6 Genes mapped to regions of distinct genetic differentiation for fertility lines. A-C Genomic overview of RDDs for each of the fertility lines

(DUK, DUC) and the joint pseudo-line (FERT). D F; distribution of RDDs, demonstrating the gap in Fg; between the target lines and the rest

These thresholds were empirically determined
based on a similar study comparing two extremely
differentiated inbred maize lines [51]. Neutral-
ity simulations were not conducted due to the lack
of genetic material from founders and incomplete

pedigrees. This information is critical to identify
discrete candidate targets of selection for complex
traits, in which selection response occurs gradually
and myriads of loci with small effects are expected to
be involved [3].
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Fig. 7 Genes mapped to regions of distinct genetic differentiation for body mass and treadmill performance lines. A-C Genomic overview of RDDs
for DUNLB, DU6 and DUGP, respectively. D Fe; distribution of RDDs, demonstrating the gap in Fs; between the target lines and the rest

Line-specific patterns of structural variation (SV)

Despite primarily thought to be deleterious and impli-
cated in disease phenotypes [52, 53], large chromosomal
rearrangements such as deletions, duplications and
inversions have an important role in local adaptation
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and divergence of populations [54]. These structural
variants can lead to gene expression differences by dis-
rupting genes and altering gene dosage [55]. Because
copy number variation often results in notable pheno-
typic differences, it is likely a subject to selection during
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domestication [56]. For example, genes related to meta-
bolic activity and production traits have been shown to
be affected by copy number variation during artificial
selection of cattle [57], goats [58] and pigs [59].

After calling and filtering, only duplications, dele-
tions and inversions remained in the final SV data
set. Insertions did not occur in enough samples to be
included in the analysis. Also, because of the lower
detectability in the low sequencing coverage samples,
most SVs were found in high coverage samples (Addi-
tional file 3: Table S10). Nevertheless, the final SV call
set contained the union of good-quality SVs detected in
both coverage sets.

SVs were predominantly located in non-coding regions
(98%) where they could affect gene expression. Also,
SVs (Table 4) were more abundant in the trait-selected
lines (deletions (DEL) 5560-4339; duplications (DUP)
48-20; inversions (INV) 1508-530) than in the control
line (DEL 3902; DUP 14, INV 605) implying that large
genomic rearrangements could contribute to the devel-
opment of the selected traits. In order to associate SVs
to each selected trait, line-specific SVs overlapping pro-
tein-coding genes were identified and characterized in
greater detail (Additional file 4: Data S15). The total num-
ber of these line-specific SVs ranged from 9 (FZTDU) to
36 (DUC), comprising mostly deletions and inversions
(Table 4). Most SVs were polymorphic and large length
differences were observed between polymorphic and
fixed SVs (Additional file 3: Table S6). Fixed line-specific
deletions were detected in all lines, whereas duplications
were found only in DU6P, and inversions only in DUC,
DU6P and DULLB (Additional file 3: Table S7).

The number of genes affected by fixed line-specific SVs
varied from 1 (DUC, DU6P, FZTDU) to 5 (DUK), but
went up to more than a thousand for genes affected by
large polymorphic inversions (Additional file 3: Table S8).
These genes were classified in functional groups based on
the biological processes they are associated with (Addi-
tional file 3: Table S9). The most gene-rich functional
groups are the ones associated with sensory perception,

Table 4 Summary of structural variants detected in all mouse lines
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predominantly olfaction (found in the fertility lines DUK
and DUC), followed by “cell cycle and nucleic acid tran-
scription and translation” (in DUC), and “metabolism
and energy conversion” (DUC, DU6P).

Genes associated with fertility

Genes detected in RDDs for DUK were enriched for
“phospholipase D signalling pathway” (Additional file 3:
Table S5). In granulosa cells, phospholipase D activity
is stimulated by GnRH, thereby inducing or inhibiting
cell differentiation depending on the maturation state
of the ovarian follicle [60]. Other genes encode for pro-
teins involved in the ovarian development and mainte-
nance of the primordial follicle reserve (Tsc1 [61], Trp63
[62]), in the vascularization of the placenta (Atoh8 [63])
and facilitate maternal supplied lipids and dietary fat
digestion in neonatal mice (Cel [64, 65]). Furthermore,
DUK shares a fecundity associated region (Sftpb, Usp39,
Tmeml150, Rufl181, Vamp5, Vamp8, Cgcx, Mat2a) with
Qsi5 mice [18], an inbred mouse line known for its
increased litter size, and candidate genes associated
with birth rate and male fertility in humans (Ntm [66])
and litter size in cattle, goats and pigs (Dio3 [67-69]).
Interestingly, analysis of private SVs detected a 317-bp
deletion affecting O[fr279 (Additional file 4: Data S15).
This gene has been associated to mouse male sub-fer-
tility [70] and more generally, olfactory receptors could
regulate fertilization [71, 72].

Significantly enriched terms for DUC included “intra-
cellular steroid hormone receptor signalling pathway”
(Additional file 3: Table S5), involving progesterone
receptor (Pgr) carrying a missense mutation, which is
fixed in and specific for DUC (Additional file 2: Figure
S9B). Progesterone is one of the main steroid hormones
regulating reproductive processes and critical for (i.a.)
pregnancy maintenance and mammary gland develop-
ment [73, 74]. It remains to be proven if a connection
exists between this missense and potentially deleterious
(Sorting Intolerant From Tolerant (SIFT) score = 0.04)
mutation and the fact that DUC females display increased

Total Line-specific-genic

DEL DUP INV Total DEL DUP INV Total
DUK 4633 32 530 5195 1 2 7 20
buC 5560 48 1248 6856 10 2 24 36
DU6 5025 27 551 5603 1 0 7 18
DU6P 4339 23 2091 6453 9 1 14 24
DUhLB 4614 20 1508 6142 10 1 9 20
FZTDU 3902 14 605 4521 4 0 5 9
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levels of progesterone [22]. Interestingly, a Neanderthal
missense mutation in Pgr associated with increased fer-
tility was recently reported to segregate in human popu-
lations [75]. Further candidates in DUC control ovarian
follicle development, uterine growth and endometrial
angiogenesis during pregnancy (Yapl [76], Rxfpl [77,
78]). In the context of preparation of the endometrium
for implantation and pregnancy and progesterone signal-
ling, the gene Rrm2 [78] was identified by the structural
variation analysis of the DUC genome.

The fertility lines DUK and DUC have been bred
according to the same criteria, share the same evolution-
ary history, and both have been able to more than double
the number of pups per litter since the beginning of selec-
tion. Despite these commonalities, improved fertility is
achieved via different physiological pathways in each line
[22]. For example, females from both fertility lines have
an increased ovulation rate, but only DUK exhibits folli-
cles containing multiple oocytes; DUC on the other hand
shows an increased progesterone level compared to DUK
and FZTDU [22]. The scarce number of RDDs in the
combined FERT population also illustrates this discrep-
ancy. Candidate RDD and line-specific SV overlapping
genes in both fertility lines likely affect the reproductive
process on multiple levels such as ovarian physiology,
placentation, sex steroid signalling and milk composition.

Genes associated with body size and endurance

Two of the Dummerstorf trait-selected mouse lines have
increased their body weight in response to selection. The
“giant” DUG6 line (selected for body mass at 6 weeks of
age) exhibits an obese phenotype [8] while the protein-
mass line DU6P (selected for protein mass in the carcass)
is lean and muscular [25].

In line with the obese phenotype, DU6 candidate genes
overlapping RDDs regulate energy metabolism and food
intake (Hert [79]) and are linked to feed efficiency (Wdr27
[80]) and body composition in other species (Atpllb
[81]). DU6 mice also exhibit larger bones [21], and the
analysis of SVs detected Smad5, a modulator of bone for-
mation [82], to be partially overlapped by a heterozygous
deletion and a heterozygous inversion. Though DU6 gave
origin to DUH], one of the lines used to detect parallel
selected regions (PSRs) for high body weight, none of the
RDDs intersected with PSRs [16]. This is partly explained
by the fact that DUHi was established after sampling
DU6 mice on generation 85 (well before bottleneck, see
Table 1) and further maintenance of these animals under
inbreeding [15].

Candidate genes in the RDDs for DU6P conform
with growth-related major quantitative trait loci found
in sheep and are known to influence stature and body
size in cattle, pigs and human (Plagl [83, 84], Chchd7
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[83-85], Impad1 [86]). In line with this, an SV (deletion)
was found overlapping Fam92a, a gene that is involved in
limb development [87]. Further candidates for lean body
mass are the RDD overlapping genes Piezol (myotube
formation [88, 89]) and Cdhi3 (control of lipid content in
developing adipocytes [90-92]).

Finally, genes specific for the endurance line DUhLB
participate in lipid metabolism (these animals display
faster mobilization of lipids during exercise). Only two
DUILB genes (Aldh3al and Aldh3a2, the later contain-
ing 3 missense SNPs (Additional file 2: Figure S10C))
caused the significant enrichment of the “Histidine
metabolism” and “beta-Alanine metabolism” path-
ways (Additional file 3: Table S5). The “marathon mice”
DULB have developed a striking metabolic phenotype
characterized by accelerated browning of subcutaneous
fat and altered mitochondrial biogenesis in response to
selection for high treadmill performance [29]. Likewise,
detected RDD candidate genes are involved in the devel-
opment of brown adipocytes (Srsf6 [93]), removal of toxic
waste products from lipid metabolism (Aldh3a2 [94]),
mobilization of fatty acids, mitochondria content and
cristae complexity (//15r [95]) and in the regulation of
glycolysis associated to obesity and weight gain (Pfkfb3
[96, 97]). Moreover, SV analysis detected a ~2.8 kb inver-
sion in Afp5j whose overexpression has been shown to
counteract exercise-induced cardiac hypertrophy in mice
[98]. Interestingly, the genes identified here did not over-
lap with significantly differentiated genes of the “High
Runner” selection experiment [19], highlighting the fact
that these two studies produced phenotypically differ-
ent mice (i.e. DUhLB shows lower running wheel activity
compared to controls [31]).

Limitations

There are five main weaknesses in this study. First, due to
gaps in pedigree documentation over more than 140 gen-
erations, modelling neutrality was not feasible. In turn,
the thresholds to evaluate line-specific genetic differen-
tiation were chosen empirically by setting conservative
limits that minimize the presence of false positives.

Second, at its origin in 1969, the study was not designed
to conduct genomic analyses. Thus, genetic material from
the founders is not available. Unfortunately, this and the
incomplete pedigree information hamper the detection
of signatures of selection. However, the genomic data
generated here still allows deriving biological interpreta-
tions based on the line-specific patterns of genetic differ-
entiation, which is the subject of this study.

Third, relocation of the mouse lines by embryo trans-
fer resulted in a genetic bottleneck and random fixation
events. This further obscures insight into the selection
response mechanisms of these mouse lines. Still, the
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current strong phenotypic divergence of the lines is the
result of long-term selection.

Fourth, except for the fertility lines DUK and DUC,
trait-selected lines were not replicated in order to iden-
tify overlapping genomic signatures. Interestingly, these
two lines are markedly different both physiologically and
genetically, despite having the same selection criteria.

Finally, SVs were detected using short pair-end reads
(150bp) and this is not an optimal approach for SV dis-
covery. For this, long reads provide much greater accu-
racy and sensitivity [99, 100].

Conclusions

The genomes of the Dummerstorf trait-selected mouse
lines have evolved in response to selective breeding and
neutral forces, exhibit low genetic diversity and display
distinct patterns of genetic variation. Distinguishing
between selection and neutral evolution is a challenging
task and will require further research. However, by focus-
ing on regions of distinct genetic differentiation, we were
able to identify genes with important functions associ-
ated to the selected traits.

Over the span of this selection experiment, traits have
improved continuously and have not decayed despite
the dramatic loss of genetic diversity within lines. This
implies that many of the alleles that contribute to trait
improvement have arrived to fixation and that these lines
are highly enriched for such alleles. Therefore, a deeper
understanding of the genomes of the trait-selected Dum-
merstorf mouse lines will provide valuable insights into
the genetic basis of important polygenic traits and con-
stitutes an unprecedented scientific resource for geneti-
cists, physiologists and the wider biomedical research
community.

Methods

Selection history of the Dummerstorf trait-selected mouse
lines

The selection experiment started in 1969 (Tables 1 and
2, for more detail see Additional file 1: Supplementary
Methods [5, 6, 22, 101-114]) with the establishment of
a founder line FZTDU (Forschungszentrum firr Tier-
produktion Dummerstorf) [5, 6] by systematic crossing
of four outbred strains (NMRI orig., Han:NMRI, CFW,
CF1) and four inbred strains (CBA/Bln, AB/Bln, C57BL/
Bln, XVII/Bln). From FZTDU, five lines were established
through selective breeding: two lines were selected for
increased litter size (DUK and DUC), one for increased
body mass (DU6), and one each for protein mass (DU6P)
and treadmill running endurance (DUhLB) (Table 2,
Fig. 1, Additional file 2: Fig. S1).
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Sample collection and whole genome sequencing
All animal procedures were performed in accordance
with national and international guidelines and approved
by the Animal Protection Board of the Institute for Farm
Animal Biology. Genomic DNA was purified from tail
biopsy samples using QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s rec-
ommendations. A total of 25 females per line (150 ani-
mals in total) were sampled at two different time-points
(Table 1). For the first time-point, 10 females per line
with the lowest kinship coefficient were chosen. Kinship
was determined using the programme INBREED imple-
mented in the software SAS/STAT® (v9.4, SAS Institute
Inc., USA). For the second time-point, 15 females per line
were chosen at random since the kinship coefficient is
similar among subjects of the same line. The study was
originally designed with 10 females per line, sequenced
at high coverage (target 30x, time-point 1) to capture as
much line-specific genetic variability as possible. Due to
the low genetic variability in each line resulting from the
preliminary data analysis, 15 additional females per line
were sequenced. As this was intended to verify the low
degree of genetic variability at the initially detected loci
and to increase the number of total observations for each
line, the samples of the second batch were sequenced
with a lower sample coverage (target: 5%, time-point 2).
Library preparation and sequencing were carried out
at the Competence Centre for Genomic Analysis (Kiel).
Paired-end sequencing libraries were prepared using
the TruSeq Nano DNA Library Prep kit following the
manufacturer’s specifications (Illumina Inc., San Diego,
CA, USA). Out of the 150 libraries, 60 were sequenced
on a HiSeq 4000 platform (Illumina Inc.), and 90 sam-
ples were sequenced on a NovaSeq 6000 (Illumina Inc.)
platform. The target coverage was 30x (high coverage
set) and 5x (low coverage set), respectively. Read length
was 151 nucleotides. Samples sequenced at 30x (1 = 60)
were distributed in 9 lanes for a total of 540 pairs of read
files. Ten of those samples had to be supplemented with
extra sequencing data due to not reaching the expected
30x coverage. Samples sequenced at 5x were not lane-
distributed, amounting to 90 pairs of read files. In total,
640 pairs of read files were produced. Sample-wise WGS
data is summarized in Additional file 4: Data S1.

Analysis of WGS data

Adapter removal and quality trimming were done using
Trimmomatic v0.38 [115] for HisSeq reads and FASTP
v0.19.6 [116] for NovaSeq reads. Read quality was evalu-
ated before and after processing with FastQC v0.11.5
[117]. Reads were aligned to the mouse genome build
GRCm38.p6 [118, 119] from Ensembl version 93 [120]
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using the Burrow-Wheeler Aligner software in MEM
mode (BWA-MEM) [121] coupled with SAMtools v1.5
[122] in order to store alignments as Binary Alignment
Map (BAM) files. Per sample BAM files were processed
sequentially with Picard tools [123] by adding read group
information (AddOrReplaceReadGroups), merging align-
ments from different read groups (MergeSamFiles), and
by sorting (SortSam) and marking duplicated (MarkDu-
Plicates) reads.

Short variant calling and annotation

Short variants were detected according to GATK’s best
practices for germline short variant discovery (GATK v
4.0.6.0) [124—127]. Systematic errors in base quality were
corrected using BaseRecalibrator and dbSNP [128] ver-
sion 150 for Mus musculus (Ensembl version 93 [129]).
For each sample, variants were called with Haplotype-
Caller and then combined with GenomicsDBImport. Joint
genotyping was done with GenotypeGVCFs and then
only bi-allelic variants (SNPs and INDELSs) were retained.
Filtering was applied separately for SNPs and INDELs.
Site-level filtering was done following the Variant Quality
Score Recalibration (VQSR) procedure. This comprised
an internal variant set used as truth-training resource,
created after stringent site-level filtering of the bi-allelic
variants obtained from joint genotype calling, plus an
external pre-filtered training variant set provided by the
Mouse Genomes Project (MGP version 5 [130]). Variants
were genotyped as missing if the depth of coverage (DP)
was either too low (<4), too high (3 standard deviations
higher than the sample mean depth) or if the genotype
quality (GQ) was too low (<20). INDELs overlapping
microsatellites [131] were excluded. The final set con-
sisted of variants present in at least 15 samples per line
(except for DU6 that had a lower coverage, so this thresh-
old was lowered to 12 samples). Annotations were done
using SnpEff v4.3t [132] and missense mutations were
further evaluated with Ensembl Variant Effect Predictor
(VEP) v.101.0 [103] to obtain their corresponding SIFT
scores [133] and to predict amino acid changes affecting
protein function.

Structural variant calling and annotation
Processed BAM files used for short variant calling were
also used to detect large structural variants (SVs). SVs
correspond to deletions, duplications, insertions, inver-
sions and translocations of at least 50 bp in size [134].
Because of the considerable difference in coverage of the
two sequence data sets, this was done independently for
the high and the low coverage set.

Three SV callers (Manta v.1.6.0 [110], Whamg v.1.7.0
[111] and Lumpy v.0.2.13 [112]) were applied per line
and per coverage set yielding six call sets per line (see
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Additional file 1 for more detailed information). Spe-
cific filters were applied depending upon the call set. SVs
detected by Manta were site-filtered by excluding SVs
with poor mapping quality (Mapping Quality (MAPQ) <
30) or with excessive coverage (>3 x the median chromo-
some depth) that could be due to reads originated from
low complexity regions. For each sample, only SVs with
GQ > 20 and read depth >5x were accepted. Whamg
SV calls with sizes <50 bp and >2 Mb were filtered out
to improve call accuracy. Here too, only calls with read
depth > 5x were accepted. Calls with GQ < 20 were fil-
tered out. To reduce the number of false positive calls,
high cross-chromosomal mappings were excluded, as
Whamg is aware of but does not specifically call trans-
locations. Likewise, SVs in poorly mapped regions were
also removed. Lumpy SV calls for which supporting evi-
dence (FORMAT/SU field) was below 5 (SU<5) were
excluded, as well as SV calls with GQ<20. Since both
Whamg and Lumpy do not have a built-in genotyping
module, SV call sets were genotyped with Svtyper v0.7.1
[101] prior filtering for genotype quality. For each line
and coverage set, SVs called by at least two SV callers
were merged using Survivor v.1.0.7 [102] and kept if they
were found in at least 10 samples. The final set consisted
of the union of SVs detected in the high and low cover-
age read sets. We then intersected SV calls among all
six mouse lines to obtain SVs private for each line (line-
specific) and SVs shared among lines. SVs were annotated
with Ensembl’s VEP [103] focusing on variants affecting
protein-coding genes with the maximum SV size set to
200 Mb.

Functional classification was conducted after thorough
literature and database search (OrthoDB v10 [104], Uni-
prot [107], NCBI Entrez gene [105]), plus Gene Ontology
enrichment analysis (Shiny GO [106], false discovery rate
[FDR] < 0.05). To further minimize false positives, SV
calls overlapping gaps and high coverage regions (>80x)
in the reference genome assembly were filtered out.

Population genetics analysis

Genetic structure among all 150 samples was assessed
using HC analysis and genetic admixture. HC was com-
puted using SNPRelate v1.22.0 [135]. The ape v5.0
package was used for visualization of HC results [136].
Genetic admixture was estimated with ADMIXTURE
v1.3.0 [137] after transforming the Variant Calling File
(VCEF) file into a BED file using PLINK v2.00a2LM [138,
139]. Linkage disequilibrium (LD) was evaluated after
thinning the main VCF file with vcftools v0.1.13 [140]
retaining sites at least 100 kb apart and then calculating
r* within windows of 5 Mb using PLINK v2.00a2LM [138,
139]. Runs of homozygosity were estimated for each sam-
ple using the RoH extension [141] in SAMtools/BCFtools
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v1.5 [122]. For this, allele frequencies at each SNP site
and a constant recombination rate (average recombina-
tion rate mouse genome: 0.51 ¢cM/Mb [142, 143]) were
provided. These parameters, plus the genotype likeli-
hoods stored in the VCF containing the sample, allow to
identify RoHs using a hidden Markov model.

Genetic differentiation and diversity analysis

The genomes of the trait-selected lines were compared
to the neutrally evolving control line (FZTDU). For this,
genetic differentiation was estimated using the Fg index
[144] in sliding window mode (size = 50 kb, step = 25 kb,
min 10 SNPs) using vcftools v0.1.13 [140]. Since Fg cal-
culations are based on allele counts and not read counts,
differences in depth between low and high coverage sam-
ples are not expected to have a direct effect in the esti-
mation of genetic differentiation. The average number
of SNP sites per window was ~ 125 (Additional file 3:
Table S11). At each window, the arithmetic mean of the
SNP-specific Fg was calculated and then transformed
into z-scores to represent its departure from the genomic
mean. Additionally, all samples of the two fertility lines
(DUK and DUC) were combined (pseudo-line: FERT)
and compared to FZTDU as well. Since autosomes and
the X-chromosomes have different effective population
sizes, the X-chromosome was standardized individually.
In order to identify RDDs, Fgp windows appearing simul-
taneously in the 95th percentile of a given contrast and
in the bottom 10th percentile of all other contrast were
identified. These thresholds are not derived from model-
ling neutrality, rather they were chosen empirically based
on a previous study [51] and after testing multiple com-
binations of >95th percentiles and <10th percentiles,
choosing the combination in which RDDs could be found
in all contrasts. The upper threshold is suitable to evalu-
ate genetic differentiation [49, 145, 146], while the bot-
tom threshold ensures that there is practically no genetic
differentiation between any of the other trait-selected
lines and the control line (Fig. 6D and Fig. 7D). Genome-
wide diversity patterns were assessed by measuring the
nucleotide diversity (i7) [147] in sliding windows of 50 kb
size (step size = 25 kb) using vcftools v0.1.13 [140].

Gene annotation and enrichment analysis

Genes overlapping RDDs were identified using Genomi-
cRanges [148] and Ensembl 93’s [120] Mus musculus gene
set. In order to sort out the most relevant genes for each
of the selected traits, thorough inspection of functional
annotations, literature and SNP effects was conducted.
This also included testing for enrichment of Gene Ontol-
ogy Biological Processes (GOBP) [149, 150] and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
[151-153] using WebGestalt [154—157] using the whole
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genome as reference set. A FDR threshold of 10% was
used as cutoff for significant enrichment of a term or
pathway. Finally, genes in quantitative trait loci (QTLs)
were identified by finding overlaps with QTL data com-
piled in the Mouse Genome Database [158, 159].

Data handling and visualization
Data processing and visualizations were done using R
[160] and the tidyverse package [161].
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Abstract: Genome assemblies are in the process of becoming an increasingly important tool for
understanding genetic diversity in threatened species. Unfortunately, due to limited budgets typical
for the area of conservation biology, genome assemblies of threatened species, when available, tend
to be highly fragmented, represented by tens of thousands of scaffolds not assigned to chromosomal
locations. The recent advent of high-throughput chromosome conformation capture (Hi-C) enables
more contiguous assemblies containing scaffolds spanning the length of entire chromosomes for little
additional cost. These inexpensive contiguous assemblies can be generated using Hi-C scaffolding of
existing short-read draft assemblies, where N50 of the draft contigs is larger than 0.1% of the estimated
genome size and can greatly improve analyses and facilitate visualization of genome-wide features
including distribution of genetic diversity in markers along chromosomes or chromosome-length
scaffolds. We compared distribution of genetic diversity along chromosomes of eight mammalian
species, including six listed as threatened by IUCN, where both draft genome assemblies and newer
chromosome-level assemblies were available. The chromosome-level assemblies showed marked
improvement in localization and visualization of genetic diversity, especially where the distribution
of low heterozygosity across the genomes of threatened species was not uniform.

Keywords: genome assemblies; scaffolds; genomes; Hi-C; heterozygosity; mammals; conservation
genetics; STR markers

1. Introduction

Each species inhabits a specific environment, a niche, that shapes its unique genome
sequence and its expression. Genetic diversity within species is valuable through the
existence of the unique combinations of genes and alleles present at a given time in a
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population, but it is also valuable as it contributes to ongoing evolutionary processes [1].
As environments continuously change, some species can adapt to this change, while others
cannot. Understanding factors that determine survival and adaptive potential in response
to the environmental change enables a better and effective design of conservation strategies
for each species [2,3].

Genome diversity is formed by a balance of mutation, drift, and gene flow contributing
to the distribution of diversity across the loci along the chromosomes of individuals in a
population. The resulting patterns of variation provide a backdrop for natural selection,
enabling adaptation [4,5], and it is generally thought that preserving genetic diversity
is required for adaptability: a species that has lost all its reserves of genetic diversity is
doomed to extinction [6-12]. In this context, adaptability is generally understood to depend
on the existing genetic variation within each species. Indeed, among many endangered
and threatened species, genome-wide genetic diversity has been severely reduced, which
is usually seen as a critical sign of vulnerability, as genetically diverse populations should
be more resilient to environmental change due to a higher adaptive potential [6,13-15].

Heterozygosity has been routinely used to evaluate the genetic potential of a popula-
tion faced with extinction, and a significant majority of threatened taxa show lower genetic
diversity than taxonomically related but not threatened taxa [16]. Historically, genetic di-
versity has been estimated as heterozygosity across neutral markers without regard to their
chromosomal locations [17,18]. Low heterozygosity points to high levels of inbreeding,
non-random mating, population fragmentation, and potential recent bottlenecks. This
measure is simple and easy to estimate, even from a relatively small number of individuals,
if enough loci are examined [18], which is perhaps the main reason why heterozygosity is
still widely used in conservation genetics to make estimates of genetic structure, migration
rates, and effective population sizes of endangered species [19-21].

Conservation biology deals with a huge number of species, but genomic studies of
non-model organisms usually have significantly smaller budgets than model organisms
used in the biomedical or agricultural sciences, forcing conservation scientists into a con-
tinuous trade off between quality and quantity of generated data and its cost. Fortunately,
the ongoing reduction in genome sequencing costs gradually allows for the increasingly
wider adoption of the whole genome resequencing approaches to estimate genetic diversity
among as well as within species. However, this usually requires an existing reference
genome assembly of sufficient contiguity and quality to be either available or generated for
use in aligning reads and calling variants from the resequenced genomes. The price for gen-
erating a quality de novo assembly is still a challenge for most conservation genomics teams,
depending on the technology used for genome sequencing (e.g., Armstrong et al., [22]).

A temporary solution to this problem (at least in the short-term perspective) is enabled
by the recently developed USD 1000 approach for generation of chromosome-level assem-
blies from one short-insert Illumina paired-end library and an in situ high-throughput
chromosome conformation capture (Hi-C) library [23]. An illustration of this approach can
help justify a new path towards future studies of genome-wide patterns of diversity across
loci in endangered species.

We collected genetic and genomic data from seven threatened mammalian species for
which previous highly fragmented scaffold assemblies and recently generated chromosome-
level assemblies (including those generated by the USD $1000 approach) were available.
Using these assemblies, we performed a comparison between the analyses based on the
traditional genetic data versus the new genomic approach to estimate genetic diversity
genome-wide. Our primary objective was to evaluate if the newer, more contiguous assem-
blies allowed for a better estimation of genetic diversity, localization, and visualization of
low heterozygosity regions within genomes.
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2. Materials and Methods
2.1. Genomic Data

Draft and chromosome-level assemblies of eight mammal species were downloaded
from the NCBI Genome and DNA Zoo databases (Table 1, Table S1). Six of the species
examined had a total of 19 pairs of chromosomes (2n = 38), one (Ailurus fulgen) had 18 pairs
(2n = 36), and one (Bison bison) had 30 pairs (2n = 60) (Table 1). Short-read libraries were
obtained from NCBI SRA [23-28]; the corresponding SRA accession IDs are listed per
species in Supplementary Table S2.

Table 1. Mammalian species and corresponding genome assemblies used in this study. The measures show the length
of the genome size (length), the size of gaps in the assembly (Ns), the N50, and the change in the gap size from draft to

chromosome-level assembly (dN).

Species Rlelé(f?st Common on Assembly Assembly  Length, Ns, N50, dN,
P C 1 Name Source or ID Level 2 Gbp Mbp Mbp %
ategory
Aonyx Asian DNA Zoo Chr 244 155 130.94
. vU 11-cl: d 38 +1048%
cinereus e eane DNA Zoo draft Draft 242 135 0.1
Enhyd DNA Zoo Chr 2.45 28.94 145.94
’l1u g’i Sm EN Sea otter 38 —2%
GCA_002288905.2 Draft 2.46 29.68 38.75
Lutra LC Eurasian river 38 DNA Zoo Chr 2.44 0.1 148.99 n/a
lutra otter
Peronura DNA Zoo Chr 246 11.89 133.38
N EN Giant ott 38 +749%
brasiliensis rant ofter DNA Zoo draft Draft 245 14 0.17
Ailurus DNA Zoo Chr 2.34 34.41 143.8
EN Red panda 36 +1%
fugens GCA_002007465.1 Draft 2.34 34.04 2.98
Acinonyx DNA Zoo Chr 2.37 1286 144.64
- VU Cheetah 38 +2%
jubarus GCA_001443585.1 Draft 2.37 42.06 3.12
Neofeli Clouded DNA Zoo Chr 2.42 7.94 147.11
Zofle is VU ; Ouared 38 +35%
nevoulosa eop DNA Zoo draft Draft 241 5.89 1.38
Bison o American o DNA Zoo Chr 2.83 199.31 101.69 -
bison bison GCF_000754665.1 Draft 2.83 195.77 7.19 °

1 TUCN Red List categories: EN—endangered, VU—vulnerable, NT—near threatened, LC—least concern. 2 The assembly levels: draft—
injtial fragmented assembly, Chr—chromosome-level assembly based on draft and in situ high-throughput chromosome conformation
capture (Hi-C).

2.2. Quality Control and Filtration of Data

Raw data quality control was performed using the FastQC [29] and KrATER v1.1 [30]
software. Adapter trimming and filtration by quality was performed in two stages with
initial kmer-based trimming of large adapter fragments using the Cookiecutter software [31],
followed by additional trimming of small fragments and quality filtering using the Trimmo-
matic software, v0.36 [32].

2.3. Alignment and Variant Calling

Filtered reads were aligned to the corresponding reference genome assemblies using
the BWA tool, v0.7.17 [33]. Read duplicates were marked with the Samtools package,
v1.9 [34]. Variant calling was performed using bcftools v1.10 [35] with the following
parameters: “-d 250 -q 30 -Q 30 —adjust-MQ 50 -a AD, INFO/AD, ADF, INFO/ADE, ADR,
INFO/ADR, DP, SP, SCR, INFO/SCR” for bcftools mpileup and “-m -v -f GQ,GP” for beftools
call. Low quality variants (QUAL <20.0 | | FORMAT/SP > 60.0 | | FORMAT/DP < 5.0
| | FORMAT/GQ < 20.0") were removed using bcftools filter. Finally, variants were filtered
by coverage. Only variants in regions with 50-250% of whole genome median coverage
were retained.
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2.4. Identification of X Chromosome, Autosomes, and Pseudoautosomal Region

The position of the pseudoautosomal region (PAR) on the X chromosome was detected
in several steps. First, the per-base coverage of the corresponding genome assembly was
calculated for each genome library analyzed using the Genomecov tool from the Bedtools
package [36]. Next, median coverage was calculated in stacking windows of 10 kbp.
Adjacent windows were merged if their median coverage was at least 70% of the whole
genome value, but among the merged windows, only those of 100 kbp or longer were
retained. Finally, all the combined windows were merged into final regions if the median
coverage of the windows in the gap between them was no lower than 70% of the whole-
genome coverage.

Identification of the X chromosome (for all species) and autosomes (for cheetah and
red panda) was performed using comparisons of the whole genome alignment (WGA)
to the genome assembly (v 9.0) of the reference species (domestic cat, Felis catus) and
published Zoo-FISH data [37]. The corresponding WGA was generated using LAST aligner
v961 [38]. Synonyms to C-scaffolds of all genome assemblies used in this study are listed in
Supplementary Table S4.

2.5. Comparison of Heterozygosity in Autosomes, X Chromosome, and PAR

For male and female individuals of sea otter and American bison, we compared SNP
heterozygosity in autosomes and the PAR in 100 kbp stacking windows using Mann-—
Whitney nonparametric test. To obtain lesser-greater priors and choose the type of test
for comparisons between X chromosome and autosome heterozygosity, we selected five
subsets of windows and generated boxplots for them using the Matplotlib library: windows
sampled from the (1) whole genomes (all), (2) autosomes only (noX), (3) the X chromosome
only (onlyX), (4) X chromosome without PAR (noPAR), and (5) pseudoautosomal region
only (PAR). Based on the distribution plot, we chose one-sided tests for both PAR versus
autosomes and autosomes versus noPAR with following alternative hypotheses: “PAR is
more heterozygous than autosomes” for the first comparison, and “autosomes are more
heterozygous than noPAR” for the second. The first comparison resulted in raw p-values of
4.9 x 10710 for female (SRR8588177) and 1.1 x 10~ for male (SRR8588180) American bison,
and 1.5 x 1078,3.4 x 10714, and 2.7 x 1013 for female (SRR8597300), male 1 (SRR5768046)
and male 2 (SRR5768052) sea otters, respectively. The second test was performed only
for females and showed a raw p-value 2.4 x 1078 for the female sea otter and a much
lower value for female American bison. Even with the Bonferroni correction for multiple
comparisons, p-values were below the significance level of 0.01, resulting in the acceptance
of alternative hypotheses in all cases.

2.6. Heterozygosity Visualization

Filtered genetic variants were split into two categories: (1) single nucleotide polymor-
phisms (SNPs) and (2) insertion-deletions (indels). All subsequent analyses were based
on SNPs only. Indels could not be used in this analysis due to the low-quality calls from
short reads. Counts of heterozygous SNPs were calculated in non-overlapping windows
of 100 kbp and 1 Mbp and scaled to SNPs per kbp. Heatmaps and boxplots were drawn
using custom scripts based on the Matplotlib 2 library [39].

2.7. Mapping of Known STR Loci on Chromosome-Level Assemblies of Mustelid Species

Primers of 66 previously published STR loci were extracted from seven different
mustelid species— stone marten (Martes foina),(stone marten), American marten (Martes
americana), wolverine (Gulo gulo), American badger (Taxidea taxus), European badger (Meles
meles), American mink (Neovison vison), and ermine (Mustela erminea) [40-43] and used for
in silico PCR using available chromosome-level genome assemblies of six mustelid species
(Asian small-clawed otter, sea otter, North American river otter, Eurasian otter, domestic
ferret, giant otter) and draft assembly of the American mink (Table 2). First, the in silico
PCR was performed using Simulate_PCR 1.2 [44] where, for the raw amplicons, no more
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than four mismatches with the target sequence were allowed for each primer, and amplicon
length was restricted to 50-1000 bp. Next, additional filtration was performed for each
primer pair obtained, with raw amplicons ranked (from minimal to maximal values) by
length of amplicon and maximum mismatches in pair—MM score = max (forward primer
mismatches, reverse primer mismatches), total number of mismatches (TM score = forward
primer mismatches + reverse primer mismatches. The top amplicons were then extracted.

Table 2. Mapping of known STR loci onto the six chromosome-level and one draft assemblies of seven mustelid species.

STR Markers
#* Chr** with  #* Chr** w/o
Species Localized Not Amplified Declined #* Chr** Markers Markers
(L) (NA) (D)
Aonyx cinereus ! 31 16 19 19 15 4
Enhydra lutris > 26 22 18 19 14 5
Lontra canadensis 3 28 17 21 19 15 4
Lutra lutra * 26 22 18 19 13 6
Mustela
putorius fitro > 28 17 21 20 14 6
Pteronura

brasiliensis © 30 18 18 19 13 6
Neovison vison 7*** 36 17 13 15 - -

1__Asian small-clawed otter, 2—sea otter, >—North American river otter, *—Eurasian otter, >—domestic ferret, G—giant otter, ”—American
mink. *—Number of, *—Chromosomes, ***—there is no chromosome-level assembly for American mink available, but we included this
species as control. See Section 3.4 for details.

All primer pairs were divided into three categories: NA—no amplification;, D—
amplified, but failed filtering criteria and declined; and L—localized (passed filtration)
(Table 2). The L category contains primers used for further analysis and includes two
groups that were selected. In both groups, the top one ranked amplicon was generated
from both forward and reverse primers (RF or FR amplicons) and had an MM score of
3 or less. In addition, the requirements for the first group included existence of the only
amplicon for primer pair. For the second group, multiple amplicons were allowed but with
additional restrictions: either the difference in MM score between the top and adjacent
amplicons had to be 2 or higher, or the difference in TM score had to be 3 or higher, respec-
tively. Location of amplicons on C-scaffolds (sensu Lewin et al., [45]) was visualized using
custom scripts based on the Matplotlib 2 library [39].

3. Results
3.1. Evaluation of the Genome Assemblies

We analyzed the genomes from eight mammal species representing different IUCN
Red List categories (Table 1): sea otter (Enhydra lutris), cheetah (Acinonyx jubatus), clouded
leopard (Neofelis nebulosa), giant otter (Pteronura brasiliensis), red panda (Ailurus fulgens),
Asian small-clawed otter (Aonyx cinereus), American bison (Bison bison), and Eurasian river
otter (Lutra lutra). Each of these species (except Eurasian river otter) was represented
by two genome assemblies: the initial draft assembly and a chromosome-level assembly
generated from the draft using Hi-C-scaffolding [23].

The draft assemblies were generated using different sequencing and assembly ap-
proaches, resulting in assemblies of different lengths and contiguities (Table 1; Table S1).
The scaffold N50 of the draft assemblies ranged from 0.10 Mbp for Asian small-clawed
otter to 38.75 Mbp for sea otter (Table 1). The total gap length (Ns, Table 1) also varied
considerably among the assemblies, from 1.4 Mbp in giant otter to 195.77 in American bison.

The chromosome-level assemblies included several chromosome-length scaffolds or C-
scaffolds [45] that corresponded with the haploid chromosome number (1n) of the species,
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along with many smaller scaffolds. Between these categories, the lengths differed by orders
of magnitude (from kbp to Mbp). The C-scaffolds were ordered according to length, from
longest to shortest, without assignment to species-specific karyotype, except for cheetah
and red panda for which such an assignment was performed using the Zoo-FISH data and
whole genome alignments (see Section 2.3 for details).

Clearly, with the help Hi-C scaffolding, the N50 of the assemblies increased consider-
ably (N50; Chr. vs. Draft, Table 1), as the fragments were aligned in their respective order
along the C-scaffolds (N50, Table 1). The most dramatic improvement was observed for the
Asian small-clawed otter (x1309) and giant otter (x784), while the smallest was observed
for the sea otter (x3.8).

While the contiguity has been remarkably improved, the total gap size in most cases
did not increase (Ns, Table 1) except in two of the eight species we considered: by 14.15 Mbp
for Asian small-clawed otter, and by 10.49 Mbp in case of giant otter. Unfortunately, the
Hi-C data cannot be used to estimate distances between the ordered scaffolds, because Hi-C
scaffolding uses a fixed-length stretches of Nis to fill the gaps. For instance, a 500 bp insertion
was used in the case of 3D-DNA pipeline for the analyzed chromosome-length assemblies.
In the case of sea otter, the gap sizes slightly decreased (by 0.74 Mbp), probably due to an
extensive correction of misassembles or split on long gaps preceding the scaffolding stage.

3.2. Heterozygosity Estimations and Visualization

Heterozygosity is expected to be low in threatened and endangered species [16,19-21].
Heterozygosity is clearly diminished across the genomes of some the endangered and
threatened species, but there is a difference in how this measure is distributed. The species
we analyzed included those well known for low levels of heterozygosity, such as cheetah
(Figure 1A) and sea otter (Figure 2A-C), which clearly showed extended regions of low
heterozygosity /SNP density across their chromosomes (Figure 2A,B, dark blue). In other
species that are also considered to be threatened, such as the Asian small-clawed otter
(Figure 1F), red panda (Figure 1E), and American bison (Figure 2D,E), genetic diversity as
reflected by higher SNP densities was still present in many chromosomal regions.

The Eurasian river otter is not considered threatened or endangered and has a global
LC (least concern) status [46]. However, high heterozygosity in this species was observed
only in a few chromosomal regions (Figure 1D), and 1130 Mbp of its genome was much less
diverse. Similar levels of heterozygosity were observed in the clouded leopard (0.1 < het-
SNPs per kbp 0.75), which is considered vulnerable (VU), and around 800 Mbp of its
genome showed extremely low levels of heterozygosity (0.1 hetSNP per kbp), similar to
the endangered giant otter. The Eurasian river otter genome assembly was sequenced as
a part of the 25 Genomes Project by the Wellcome Sanger Institute, but the origin of the
individual sample used was not listed in the SRA database. This example emphasizes the
necessity of sequencing several wild individuals of each species in a conservation study
before making conclusions about genome-wide heterozygosity.

The distributions of the counts of heterozygous SNPs calculated in non-overlapping
windows of 100 kbp and 1 Mbp and scaled to SNPs per kbp are presented in Figure 3. We
noted that variant counts between the draft and the chromosome-level assemblies were
similar for all species in our analysis (Table 3, number of SNPs). However, representing
draft assemblies as density plots is challenging due to the high number of short scaffolds
that are generally smaller than the window size of 1 Mb. In a typical contiguous 2.5-3.0 Gbp
mammalian genome, the number of 100 kbp windows ranges between 25,000 and 30,000,
whereas for a window size of 1 Mbp, the number of windows ranges between 2500 and
3000 (Table 3), which enables easier visualization of SNP density and heterozygosity along
C-scaffolds (as in Figure 2A,B). Among the eight studied species, giant otter and Asian
small-clawed otter had the smallest scaffold N50 values—0.17 and 0.1 Mbp, respectively
(Table 1, Figure 3)—and were the most fragmented among the ones we considered. These
two draft genome assemblies also had the smallest numbers of SNPs per 1 Mbp and even
per 100 kbp windows (Table 3, Figure 3).
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Figure 1. Heatmaps of heterozygous SNP densities for analyzed species based on chromosome-level assemblies for single
individuals of six species. Heterozygous SNPs were counted in 1 Mbp windows and scaled to SNP/kbp. (A) male cheetah
(Acinonyx jubatus), (B) male clouded leopard (Neofelis nebulosa), (C) male giant otter (Pteronura brasiliensis), (D) male Eurasian
river otter (Lutra lutra), (E) male red panda (Ailurus fulgens), (F) female Asian small-clawed otter (Aonyx cinereus).

Table 3. Counts of heterozygous single nucleotide polymorphisms (SNPs), windows and counts, median, and mean
heterozygosity in windows of 100 kbp and 1 Mbp for draft and chromosome-level assemblies (Chr.) assemblies of the
analyzed genomes. Two species with the lowest window counts are in italic. Bold indicates cases where comparison of

mean heterozygosity in windows of 100 kbp and 1 Mbp showed statistically significant difference for significance, level 0.01.

#* Het. SNPs, . #Windows Median, Het Mean, Het p-Value
Species Millions Wlslfdow SNPs/kbp SNPs/kbp (Draft vs. Chr.)
ize
Draft Chr. Draft Chr. Draft Chr. Draft Chr. Raw Adjusted
Aonyx 100 kbp 9777 22,183 1.100 1.190 1.052 1144  337x1073 236 x 10738
: 2.73 2.73
cinereus 1 Mbp 3 2204 0.001 1.177 0.292 1.146 NA NA
Enhydra 100 kbp 24,146 24,165 0.140 0.140 0.178 0.182 0.98 1
. 0.47 0.46
lutris 1 Mbp 2337 2396 0.174 0.176 0.175 0.180 0.79 1
Pteronura 100 kbp 13,589 22,819 0.410 0.410 0.488 0.497 0.59 1
brasilensis 1.25 1.24
1 Mbp 32 2262 0.699 0.542 0.563 0.497 NA NA
Ailurus 100 kbp 22,083 23,139 0920 0920 0916 0912 0.50 1
fulgens 2.14 2.14
8! 1 Mbp 1573 2298 0.980 0.971 0.943 0.914 0.17 1
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Table 3. Cont.
#* Het. SNPs, . #Windows Median, Het Mean, Het p-Value
Species Millions Wlsr}dow SNPs/kbp SNPs/kbp (Draft vs. Chr.)
1ze
Draft Chr. Draft Chr. Draft Chr. Draft Chr. Raw Adjusted
Acinonyx 100 kbp 22,861 23,609 0.280 0.280 0.314 0.314 0.42 1
iubat 0.75 0.75
Jubatus 1 Mbp 1757 2350 0.332 0.330 0.322 0.314 0.23 1
Neofelis 100 kbp 22,004 23,931 0.380 0.370 0.415 0407  6.62 x 107% 0.0046
nebulosa 1.00 1.00
1 Mbp 1194 2387 0.427 0.415 0.426 0.407 1.2 x 107% 0.0089
Bison 100 kbp 24,286 26,213 1.160 1.100 1.423 1.378 533 x 1077 3.73 x 107%
: 3.68 3.68
bison 1 Mbp 2181 2604 1.328 1.324 1.414 1.379 0.142 0.9943

*—Number of.
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Figure 2. Chromosome-level heatmaps of heterozygosity (density of heterozygous SNP) for two additional species.
Individuals of both sexes were available for two the species, sea otters (Enhydra lutris) and the American bison (Bison bison).
Heterozygous SNPs were counted in 1 Mbp windows and scaled to SNP/kbp. (A) female sea otter (SRR8597300), (B,C) male
sea otters (SRR5768046, SRR5768052), (D) female bison (SRR8588177), (E) male bison (SRR8588180).
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Figure 3. Comparison of the distributions of mean heterozygosity in (A) windows of 100 kbp and
(B) windows of 1 Mbp for the short-read assembled draft genomes and the chromosome-level assem-
blies. The codes in the Figure are: ELUT—sea otter (Enhydra lutris), AJUB—cheetah (Acinonyx jubatus),
NNEB—clouded leopard (Neofelis nebulosa), PBRA—giant otter (Pteronura brasiliensis), AFUL—red
panda (Ailurus fulgens), ACIN—Asian small-clawed otter (Aonyx cinereus), and BBIS—American
bison (Bison bison).

3.3. X Chromosome and the Pseudoautosomal Region

C-scaffolds corresponding to the X chromosome were identified in the chromosome-
level assemblies using the coverage-based approach and libraries generated from male
individuals available for seven of the eight analyzed species. In the case of the Asian
small-clawed otter, of which only one female individual was sequenced, the X chromosome
was identified from whole genome alignment to domestic cat X chromosome. The depth of
coverage counted in 1 Mbp stacking windows for 11 males or females clearly revealed the
location of the single pseudoautosomal region on the end of X chromosome as expected
(Figure 4). Refinement of PAR borders using 10 kbp windows (see Section 2.3 for details)
showed variation in its length among species. The shortest PAR (5.6 Mbp) was observed in
cheetah and the longest (7.2 Mbp) in the American bison (Table 56).

100



Genes 2021, 12, 1336

10 of 17

Bison bison

Enhydra lutris

Acinonyx jubatus

Neofelis nebulosa SRR11286173

Ailurus fulgens

Pteronura brasiliensis SRR11431910

Aonyx cinereus
Lutra lutra

SRR8588177
SRR8588180
SRR8597300

SRR5768052 T

SRR5768046 1.25x - 1.75x

AJUgB1 0.75x - 1.25x

0.25x - 0.75x

0.00x - 0.25x%

AFU no coverage

masked
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0.0 Mbp
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Figure 4. The depth of coverage along the identified X chromosome in eight mammal species (Table 1). The dark blue
color corresponds to a half coverage (0.25x-0.75x genome coverage, and the teal-colored fragments are covered at 1x
(0.75x-1.25x). Arrows show location of pseudoautosomal region (PAR) in male individuals.

101

Among the eight species analyzed, whole genome data from both male and female
individuals were available only for the sea otter and American bison. For these species,
we compared SNP heterozygosity in 100 kbp stacking windows between autosomes and
the PAR using the Mann-Whitney nonparametric test. To obtain lesser-greater priors and
select the type of test for comparison between X chromosome and autosome heterozygosity,
we selected five subsets of windows and generated boxplots for them (Figure 5): windows
from the (1) whole genome (all), (2) autosomes only (noX), (3) X chromosome only (onlyX),
(4) X chromosome without PAR (noPAR), and (5) pseudoautosomal region only (PAR).
For detailed description of comparisons, see Section 2.4. Among tested individuals, we
detected statistically significant differences, with heterozygosity of PAR > autosomes (noX)
> hemizygous in the male region of X chromosome (noPAR). This pattern is visible in
Figure 2D,E for American bison, while for sea otter (Figure 2A-C), it was masked by low
heterozygosity and the chosen thresholds for the heatmap.
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Figure 5. SNP density (SNPs per kbp) in 100 kbp windows inside and outside pseudoautosomal
regions in females and males of two mammal species. (A) American bisons SRR8588177 (female) and
SRR8588180 (male). (B) sea otters SRR8597300 (female), SRR5768046 (male 1), and SRR5768052 (male
2). The abbreviations on the x-axis stand for the following: all—all 100 kbp windows in genome,
noX—all without X chromosome, only X—from X chromosome only, noPAR—from X chromosome
without PAR, PAR—from pseudoautosomal region only. For the sea otter, part of outlier windows
(with more than 2 SNPs per kbp) is not shown.



Genes 2021, 12, 1336

11 0f 17

3.4. STR Marker Localization

We localized 66 STR loci on the chromosomal-level genome assemblies of seven
mustelid species (Tables 2, S2 and S4): the sea otter (E. lutris), giant otter (P. brasiliensis),
Asian small-clawed otter (A. cinereus), North American river otter (Lontra canadensis) and
Eurasian (Lutra lutra) otter, domestic ferret (Mustela putorius furo), and American mink
(Neovison vison) [40-43]. Among these mustelid species, only the N. vison genome assembly
has not yet been scaffolded to chromosome level. Nevertheless, it was included in the
analysis to serve as a control for our in silico PCR filtering procedure, as described in
Section 2.6, because almost one third of all the STR loci in this analysis was originally
developed for this particular species [42,43].

The STR markers in this study came from pre-next generation sequencing publica-
tions [40-43,47]. To start, we tested 20 different American mink STR markers (Supplemen-
tary Table S3). These were denoted according to the source paper either as Mvi [42] or
Muis [43]. Among these, 18 were successfully mapped to the American mink genome and
those also passed our quality criteria, proving the efficiency of our filtration. One locus
(Mwvi1272) was not found in the assembly, and another (Mvis022) did not pass the filtration.
We further compared our results in a cross-species validation of 7 ermine (Mustela erminea)
and seven American mink STR loci, denoted in Table S3 as Mer and Mui, respectively [42],
using the genomes of North American river otter and E. [utris. All seven Mui loci and
six out of seven ermine loci (all except Mer041) were amplified in vitro. Using the same
markers and species, we obtained in silico PCR products for seven mink loci—Muis [43]
with only one (Mvis022) failing the filtering criteria (Table S3). At the same time, three out
of seven M. erminea markers, Mer030, Mer041, and Mer082, did not amplify. One of these,
Mer082, did not work in the genomes of any of the analyzed species, while Mer030 was
amplified only in Asian small clawed otter and giant otter, but, in either case, did not pass
the filtering criteria. However, Mer041 resulted in an in silico PCR product for American
mink, as well as domestic ferret (not tested in Fleming et al. [42]).

In the six species with chromosome-level genome assemblies, approximately half
of the STR loci (between 28 and 31, depending on the species) were mapped (localized),
while a quarter failed the quality check, and a quarter were not found (Table 2, Table S2).
Overall, the markers originally developed for the American marten (Ma-x), wolverine
(Gg-x), and American badger (Tt-x) [41] were the most taxon-specific: the majority of them
failed to pass the filtering criteria or did not amplify (Table S3). In contrast, the American
mink-derived markers [40,42,43]) were the most universal for cross-species usage.

By dividing the number of localized markers by the number of chromosomes, we
calculated the approximate density of STR markers to be ~1.5 markers per chromosome.
Approximately one quarter of the chromosomes (4-6 depending on the species) did not con-
tain any markers (Figure 6, S1-S5—light grey color), and among the labeled chromosomes,
the mean density of markers was only ~2 loci per chromosome.
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Figure 6. Localization of in silico amplified STR markers on C-scaffolds in the giant otter (Pteronura brasiliensis) genome
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markers) C-scaffolds. Similar localization maps for other mustelids in this study are shown in Supplementary Figures S1-S5.
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4. Discussion
4.1. Distribution of Heterozygosity

Genome-wide genetic diversity is usually estimated as heterozygosity—the proportion
of sites that contain heterozygous single nucleotide variants across the genome [18]. This
yields a single numerical value but does not reveal how variant sites are distributed across
the genome, which may be critical for identifying hotspots and cold spots of genetic
diversity. A more informative way includes calculation of mean or median heterozygosity
in adjacent or overlapping sliding windows of fixed size. The size of the window is a
matter of choice depending on the contiguity of the assembly and the questions to be
addressed, but a significant part of the genome must be represented in windows to make
heterozygosity estimates reliable, especially in the context of runs of homozygosity [48].
For visualization of variant density, a window of 1 Mbp or similar seems to be optimal
(Figures 1 and 2), providing clear and easy to understand Figures. However, such window
size automatically requires either chromosome-level assemblies or drafts with high N50
to avoid loss of data (Table 3). For the two species with highly fragmented drafts (Asian
small clawed otter and giant otter), it was even impossible to perform statistical tests on
1 Mbp windows due to the extremely small numbers of such windows.

Despite significant differences in average genome-wide heterozygosity levels among
the species, all eight genomes—of six threatened (three VU and three EN) and two not
threatened (one NT and one LC) animals—contained some regions with very low diversity
(blue and dark blue regions on Figures 1 and 2). The most striking difference in heterozy-
gosity was observed between different regions in the genome of the giant otter (Figure 2C).
Having ~2.5 times higher mean heterozygosity than sea otter [25], the giant otter showed
long homozygous stretches (dark blue in Figure 2C) on more than half of its chromosomes.

Assessing and visualizing the distribution of heterozygosity along chromosomes is
not the only advantage brought by genomic methods to conservation genetics. Variance
in the distribution of diversity and divergence along genomes can be compared between
closely related species to detect regions affected by recent and ancient natural selection and
introgression [49,50], and annotation of the specific genomic features would help to find
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specific functional sites where distribution of genomic changes deviates from that expected
from the models based on neutral evolution [51]

4.2. Mapping Sex Chromosomes and PAR

For both coverage-based and diversity-based methods to work correctly in identifying
PARs, chromosome-level assemblies are required, as there is no method to distinguish
a decrease in X chromosome-dependent coverage from fluctuations in coverage or de-
creases in X chromosome-dependent heterozygosity from runs of homozygosity in highly
fragmented draft assemblies.

Most of the X chromosome in mammals is hemizygous in males and has a lower
diversity in females than that along the autosomes, even after the X/A ratio correction [52].
At the same time, its pseudo-autosomal region (PAR) often shows higher levels of het-
erozygosity [53-55]. Both patterns were observed in the current analysis and were clearly
visible on the boxplots (Figure 5) as well as the density maps (Figures 1 and 2). This is
because genetic diversity is expected to be higher in the PARs than in the other regions
for three different reasons [56]. First, the recombination rate is 5 to 20 times higher in the
PAR compared with the genome-wide average [57,58]. If recombination increases the local
mutation rate [59-61], this will lead to a higher diversity in PARs than in chromosomal
regions that do not recombine. Second, recombination can also unlink alleles affected
by selection from nearby sites, lessening the effects of background selection and genetic
hitchhiking on decreasing genetic diversity [62,63]. Third, diversity should be higher
in PARs due to the larger effective population size compared with the nonrecombining
regions of the sex chromosomes, because there are two copies of this region present in both
males and females. Therefore, pseudoautosomal regions could be found both in males
and females. In males, they could be easily mapped comparing the coverage in windows
with the whole genome median coverage (Figure 3). In females (with some exceptions;
e.g., Cotter et al., [56]), it could be detected also by examining patterns of heterozygosity
(Figure 1F, Figure 2A,D). Our findings (Figure 5) suggest that differences between PARs
and hemizygous regions of X chromosome can be observed even in such a homozygous
species as the sea otter.

The mammalian X and Y chromosomes are commonly excluded from many types
of analysis, such as demographic history reconstruction, because of the complexity of
inheritance affecting the localization of genetic diversity [55]. This is easy to do with
high contiguity, chromosome-level assemblies, because sex chromosomes can be readily
detected using a limited number of linked markers, while with more fragmented short-read
draft assemblies, the identification of sex chromosomes requires whole genome alignment
of scaffolds to the C-scaffolds corresponding to the X and Y chromosomes (if assembled) of
related species followed by checking of sequence coverage.

4.3. STR Marker Localization

Whole genome sequencing of hundreds of individuals is still too expensive for conser-
vation biology studies, resulting in the common usage of low-resolution methods, such as
STR panels, or reduced representation approaches, such as restriction site-associated DNA
sequencing (RADseq) [64,65]. The issue with markers such as STR loci, developed in the
pre-NGS era, is that they are often not localized on chromosomes, and the relatively small
number of loci applied in studies (10-50) is used as a proxy for genome-wide heterozygosity
and other assessments. The existing datasets, especially in the historic population studies,
can now be merged and compared with the new estimated based on the STR loci that are
commonly extracted from the whole genome sequencing in the more recent studies.

Localization of markers on chromosomes is crucially important in studies of interspe-
cific hybridization. It is clear that complex structures like these require labeling of each
chromosome, or possibly even each arm of each chromosome, in order to identify and
classify hybrids correctly. Our analysis demonstrates that even using a large set (66) of
mustelid STR markers developed in the five studies of the pre-genomic era with previously
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unknown localization, some of the chromosomes were missed in the analysis (Figure 5,
chromosomes shaded in grey).

Levels of hybridization, gene flow, and population structure can be very complex,
especially where two or more closely related species occur sympatrically. For example,
a case of fertile or partly fertile F1 hybrids resulting in backcrosses with parental and
maternal species and mosaic F2 hybrids was recently reported for European (Meles meles)
and Asian (M. leucurus) badgers [66]. Both species have 22 pairs of chromosomes (2n = 44),
but only 9 microsatellite markers were used in this study. Therefore, 40% of chromo-
somal linkage groups were included in the analysis, and the remaining 60% were not
evaluated. This automatically raises another question: were the individuals reported as
F1 by Kinoshita et al. [66] really from the F1 generation, or, alternatively, were some of
them F2-s or even backcrosses? Unfortunately, at this point, we do not have a definitive
answer to this question due to the lack of data. The absence of chromosomal assemblies
clearly diminished the certainty of hybridization studies, as mentioned above in the case
of badgers and in the investigation of hybrids between sable (Martes zibellina) and pine
marten (M. martes) [67].

5. Conclusions

This study compared highly fragmented draft genome assemblies and recently gener-
ated chromosome-level genome assemblies of the eight mammalian species. The analyses
of whole genome resequencing data require generation of a reference genome assembly
from either the same species or a closely related species. Chromosome-level assemblies can
be generated using a combination various long-read or short-read sequencing technolo-
gies [23,68]. Inexpensive contiguous assemblies can be generated using Hi-C scaffolding of
the existing short-read draft assemblies where N50 of the draft contigs is as low as 0.1% of
the estimated length of the genome. Chromosome-length assemblies provide additional
benefits, including simplifying the design of STR panels and allowing assessment of pre-
viously selected loci. With the help of Hi-C scaffolding, contiguity has been remarkably
improved, and we can conclude that chromosome-level genome assemblies provide a more
informative way to directly visualize genome-wide genetic diversity. The results of these
comparisons illustrate an improvement in representation of genetic diversity, localization,
and visualization of heterozygosity across the genomes. The improved understanding
of the distribution of heterozygosity and localization of SNP and STR markers afforded
by chromosome-level assemblies is particularly applicable for conservation studies of
endangered species.

The International Union for Conservation of Nature of Threatened Species now classi-
fies 37,400 species as threatened with extinction in the 2021 edition of the Red List, which
is approximately 28% of all assessed species, almost three times the number reported only
a decade ago [13,46]. The Earth’s biota may be in the middle of a mass extinction event
caused by the adverse impact of anthropogenic activities [69]. At the same time, due
to the concerted effort of the genomics community, there is an increased accessibility to
chromosome-level assemblies, such as through the Vertebrate Genomes Project consor-
tium, which aims to generate highly contiguous, chromosome-scaffolded assemblies for
all ~70,000 vertebrate species using a combination of long-read and Hi-C approaches [68].
Therefore, a comprehensive evaluation of the remaining adaptive potential in endangered
species may soon become possible. The application of contiguous chromosome-level as-
semblies allowed us to localize and visualize low heterozygosity regions within genomes.
Applied to the conservation genetics research, this can improve our understanding of the
factors contributing to the variation in genome-wide diversity and, hence, potentially help
us to devise better evidence-based strategies for endangered species. It will allow us to
understand how to design effective conservation strategies [2,3] and, hopefully, avoid the
worst-case scenario in conservation biology—species extinction.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ genes12091336/s1. Figures S1-S5. Localization of in silico amplified STR markers on C-
scaffolds for four mustelids species (Aonyx cinereus, Enhydra lutris, Lontra canadensis, Lutra lutra,
Mustela putorius furo); Table S1. Assembly parameters for the genomes; Table S2. SRA IDs of short-
read libraries used for variant calling; Table S3. Results of in silico PCR for 66 analyzed STR loci;
Table S4. C-scaffold IDs from used genome assemblies and their synonyms shown in Figures; Table
S5. Coordinates of localized STR loci (L-category) in six mustelid species; Table S6. Coordinates of
pseudoautosomal region in eight species analyzed.
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General discussion

Aims and importance of this dissertation

Comparative genomics represents a means to understand how biological diversity arises,
and thus also a first step in safeguarding it for the future (Alf6ldi and Lindblad-Toh 2013;
Capilla et al. 2016). This approach enables the identification of different types of genomic
variation, including single nucleotide differences, changes in gene family sizes, and
structural variants potentially impacting several to hundreds of genes.

In my dissertation, I advocate the inclusion of structural variants as a crucial piece of
information in our understanding of the full extent of genomic variation within and between
species, and its effect on adaptive evolution. By cataloguing the whole spectrum of
genomic variation, we can gain insight into the mechanisms that create genomic diversity.
Therefore, when investigating biological diversity and its genomic roots, it is important to
take into account multiple types of variation in order to obtain a more comprehensive
insight into an impact on genome evolution.

The novel findings presented in the four chapters of this thesis, along with the contribution
of the bioinformatics pipeline and genome assembly, represent valuable scientific resources
that can be freely used by the research community to build upon and expand the future
research of these species, interaction of their genomes and environment, and the adaptive
potential their genomic differences may harbour.

109


https://paperpile.com/c/qXAOJX/EfIG+iyOO
https://paperpile.com/c/qXAOJX/EfIG+iyOO

Association of structural variation with trait-related genes

To detect structural variants associated with relevant traits, we need to focus on genic SVs,
as these represent genomic variation that contributes to phenotypic variation and may
subsequently affect adaptive phenotypes. This also has implications for conservation
genomics, a field where the contribution of SVs to genetic diversity has largely gone
uncharacterized. For this reason, I examined structural variation in genomes of several
mustelid species, including the endangered black-footed ferret. SVs can impact RNA
splicing patterns, mRNA translational efficiency, and subsequently protein functions,
leading to the production of protein isoforms with different structural and functional
properties, that create genomic and biological diversity (Xing and Lee 2006; Wang et al.
2015). Additionally, the overall gene repertoire of genomes can change through SVs, by the
loss (deletion) or gain (duplication) of genes.

Inversions in particular have a strong impact on genome evolution by suppressing
recombination and protecting favourable allele combinations in heterozygotes (Dobigny,
Britton-Davidian, and Robinson 2017; Hammer, Schimenti, and Silver 1989). Remarkably,
a 900-kb long inversion polymorphism showing strong linkage disequilibrium was found to
be associated with an increased number of children in the Icelandic population, representing
a notable example of natural selection in the human population (Stefansson et al. 2005).
Studies of the evolution of primate lineages have found that such polymorphic
rearrangements are implicated in population diversification (Stefansson et al. 2005; Alves
et al. 2012) and speciation (Feuk et al. 2005; Porubsky et al. 2020). I suggest that this
aspect of structural variation is one of the likely facilitators of adaptive radiation and the
establishment of the Mustelidae as the most ecologically and taxonomically diverse family
within the mammalian order Carnivora.

In the first chapter, I investigated genomic variation in species of the mustelid subfamily
Guloninae that differ in feeding ecologies, reproductive strategies and morphology with the
goal of associating candidate loci with adaptations to their respective environments. This
was achieved through comparative genomic analyses of genomes of tayra (Eira barbara),
wolverine (Gulo gulo) and sable (Martes zibellina). 1 found SVs overlapping numerous
candidate genes associated with species-specific traits related to diet, body condition and
reproduction. These SVs associated with candidate loci are primarily deletions or
duplications of exons and introns of protein-coding genes, implying the possibility of both
regulatory and functional gene modifications. Unlike other gulonine species, tayras do not
exhibit embryonic diapause and are aseasonal breeders with multiple oestrous cycles per
year (Poglayen-Neuwall et al. 1989; Proulx and Aubry 2017). Notably, I observed
species-specific SVs in pregnancy-related genes in tayra, involved in placental
development, implantation and embryogenesis, while fewer SNPs have been detected in
these Gene Ontology categories.

110


https://paperpile.com/c/qXAOJX/4eUd0+c9tgz
https://paperpile.com/c/qXAOJX/4eUd0+c9tgz
https://paperpile.com/c/qXAOJX/YLCRA+IbwBo
https://paperpile.com/c/qXAOJX/YLCRA+IbwBo
https://paperpile.com/c/qXAOJX/eYUH
https://paperpile.com/c/qXAOJX/eYUH+YMey
https://paperpile.com/c/qXAOJX/eYUH+YMey
https://paperpile.com/c/qXAOJX/gYCw+9wjf
https://paperpile.com/c/qXAOJX/5bMj5+qQT72

In the wolverine and sable, species that must cope with seasonal food scarcity in the
northern Palaearctic (Inman et al. 2012; Lukacs et al. 2020), besides the SVs primarily
associated with cell cycle genes, SVs were identified in genes associated with diet, body
condition and development. I observed deletions in a gene related to thermoregulation in
both species, indicating independent modification of the gene in gulonines inhabiting colder
environments. Likewise, another independent deletion was detected in sable and wolverine
in a gene associated with the regulation of insulin homeostasis. I suggest that this gene
modification may impact “adaptive fasting” in these species, an adaptation to prolonged
periods of nutrient deprivation observed in several carnivorans (Viscarra et al. 2013;
Martinez and Ortiz 2017). Furthermore, in the hypercarnivorous wolverine, I did not
observe candidate loci impacted by structural variation associated with carbohydrate
metabolism and omnivorous diet, while several were detected in the omnivorous tayra,
most likely due to fruits and honey making a considerable portion of this species’ diet
throughout the year (Soley and Alvarado-Diaz 2011; Heldstab et al. 2018).

In the second chapter, I investigated SVs in the genus Mustela, the largest group within the
family Mustelidae. SVs were characterized in genomes of the least weasel (Mustela
nivalis), steppe polecat (Mustela eversmanii), European polecat (Mustela putorius) and
three black-footed ferrets (Mustela nigripes), in relation to the domestic ferret (Mustela
putorius furo) as a reference. The highest number of SVs was detected in M.nivalis (>
7000), and the lowest number in M. putorius (~10% of the M.nivalis count). These findings
suggest a relationship between the number of SVs detected and the relatedness of a given
species to the domestic ferret, and to some extent biases due to the chosen reference. An
increasing number of SVs was detected in more distantly related species in accordance with
the known phylogenies (Law, Slater, and Mehta 2018; Koepfli et al. 2008) showing
evidence for the accumulation of SVs over time. Functions of genes overlapped by SVs in
the mustelid species are primarily associated with the cell cycle, nervous system (mainly
sensory perception), metabolism and immune system.

Moreover, 1 have examined SVs in three black-footed ferret individuals in more detail.
Black-footed ferrets are one of the most endangered mammalian species of North America,
affected by low population size and inbreeding (Wisely et al. 2002; Santymire et al. 2019).
Not surprisingly, a low number of SVs was detected in these individuals. Around 400 SVs
are shared among all three individuals in relation to the domestic ferret genome, with 2.6%
of these SVs overlapping protein-coding regions. Trait-relevant genes affected by SVs
follow similar patterns in black-footed ferrets as previously noted for all four mustelid
species. Overall, most of the structural variants were flagged as heterozygous in all species,
with deletions and inversions being the most frequent SV types. Correspondingly, I
observed a higher number of heterozygous sample-specific SVs in black-footed ferret
individuals compared to homozygous ones. This represents a possible source of variation,
as large parts of their genome consist of runs of homozygosity (ROH). These heterozygous
SVs include high-impact variants that are not shared among the three individuals. There is
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important genomic diversity in the black-footed ferret gene pool that is not detected by
examining the SNP diversity alone.

In these two chapters, I have demonstrated that structural variation impacts trait-related
genes and is potentially involved in the adaptive genomic evolution of mustelids. However,
the patterns of selection and inheritance of these variants are currently unknown. Studying
the dynamics of these evolutionary aspects is complex in wild populations due to the strong
effect of the environment influencing phenotypic variation. Alas, I did not have
transcriptome data to directly infer if the changes in the genome observed affect gene
expression and thus phenotype. While I was able to use predictive software to address this,
future studies of these species should strive to include such types of data, to strengthen the
link between SVs and trait evolution.

The four concluding remarks of this section are:

1. If genetic diversity is only investigated at the nucleotide level (SNPs), a large part of
genomic variation may be missed; including structural variation that can impact
gene function and expression.

2. All species were polymorphic for some SVs. In fact, in some species, the majority
of detected SVs were heterozygous, strongly suggesting that there is standing
variation present as SV in the gene pools of these species.

3. Even in genomes of species with low SNP variation, such as the black-footed ferret,
I detected many polymorphic SVs, including some in genic regions.

4. While most SVs accumulated over time in the studied mustelid lineages are
species-specific, some are shared among even relatively distantly related species.
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Artificial selection and accumulation of structural variants in trait-related
genes

It was previously recognized that structural variation associated with notable phenotypic
differences is subjected to selection during domestication (Paudel et al. 2013). For example,
a duplication of the agouti signalling protein gene results in a white coat colouration in
sheep (Norris and Whan 2008). Furthermore, genes related to metabolic activity and
production traits were shown to be affected by SVs during the selection of other
domesticated species, such as milk composition in cattle (Gao et al. 2017), high fertility in
goats (Zhang et al. 2019), and several traits in pigs (Chen et al. 2012).

The artificial selection represents a valuable method to study adaptive genetic responses
within populations. Here I examined if as a result of selection, there is an accumulation of
SVs associated with trait-linked genes. To investigate this, I analyzed genome sequences of
mouse lines (125 individuals) that were artificially selected for high fertility, increased body
mass and high endurance. These traits were selected for over the course of more than 140
generations and are represented with distinct phenotypes in each of five lines relative to the
unselected control line (only exposed to genetic drift).

During this long-lasting experiment, the reproductive performance has doubled in both
fertility lines, individuals of the high body mass lines (mice with “obese” and muscular
phenotype) have become considerably larger and heavier, and mice selected for endurance
covered on average three times more distance compared to the control line. With the
exception of the mouse line displaying the obese phenotype, each one of the trait-selected
lines has developed an extreme phenotype without obvious detrimental effects on their
general health and longevity.

In relation to the reference mouse genome, I found that structural variants were on average
twice as abundant in the trait-selected lines compared to the control line, which is the least
divergent from the reference. Most SNPs were fixed in all trait-selected mouse lines. This
occurred most likely due to small population sizes, reproductive isolation and genetic drift,
along with the positive selection on trait-related SNPs (Foote et al. 2016). Contrary to this, I
found that the majority of SVs in all mouse lines were polymorphic. For some of these
variants, this may imply heterosis or heterozygote advantage, where heterozygotes for a
given locus have higher fitness than homozygotes. Observed in several domesticated
species, heterozygotes were found at high frequencies in populations, with the same variant
having detrimental effects, often quite severe, when present in a homozygous state (Hedrick
2012; Leffler et al. 2013; Hedrick 2015). The advantage of SV polymorphism is associated
with fecundity in sheep (Gemmell and Slate 2006), litter size in pigs (Sironen et al. 2012),
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muscle milk yields in cattle (Kadri et al. 2014), coat colouration in horses (Bellone et al.
2013) and hair morphology in dogs (Karlsson et al. 2007), respectively.

I found that line-specific SVs that overlap protein-coding genes mostly comprised deletions
and inversions. Duplications were detected in lower numbers, likely due to the reduced
detection power caused by low and variable sequencing coverage within the dataset.
Insertions were found in a low number of individuals, below the detection confidence
threshold, and therefore not included in further analysis. The most gene-rich functional
groups were those associated with sensory perception, predominantly olfaction (detected in
the fertility lines), followed by the cell cycle, metabolism and body condition, reproduction,
immunity, and others.

The composition of detected SVs linked to trait-related genes in all five selected lines is the
following:

Some of the notable findings pertain to the two fertility lines. These mice share the same
evolutionary history, they were bred according to the same criteria, and have achieved
comparable litter sizes, with more than double the number of offspring per litter since the
beginning of the selection. Despite these shared characteristics, these lines achieve
improved fertility via different physiological pathways (Langhammer et al. 2014).

High fertility line 1 - females from this fertility line showed an increased progesterone
level compared to both the control line and the fertility line 2. Progesterone is a critical
steroid hormone that regulates pregnancy maintenance and mammary gland development
(Arck et al. 2007; Taraborrelli 2015). In line with this observation, I found that a gene
involved in the preparation of the endometrium for implantation and pregnancy, and
progesterone signalling (Lei et al. 2012) is affected by a short heterozygous deletion.

High fertility line 2 - in contrast to fertility line 1, females from fertility line 2 exhibit
follicles containing a higher number of oocytes compared to the control and another fertility
line. The formation of multiple oocytes was related to a higher number of offspring per
litter in sheep (McNatty et al. 2017). Similarly, follicles with increased numbers of oocytes
have been observed in dogs (Payan-Carreira and Pires 2008), cats (Bristol-Gould and
Woodruff 2006) and mice (Alm et al. 2010) associated with offspring number. Among the
genes related to oocyte development, the majority of candidate loci harboured single
nucleotide changes.

Several SVs I detected were related to broader aspects of reproduction. A considerably high
number of SVs overlapped genes encoding olfactory receptors and the vomeronasal
chemosensory system in fertility lines 1 and 2, respectively. Olfactory receptors, among
other important functions, have been found to have a role in fertilisation. They are involved
in the detection of chemical cues by spermatozoa when locating the oocyte in the female
reproductive tract (Eisenbach and Giojalas 2006; Flegel et al. 2015). The vomeronasal
organ is found in the nose of most mammals and is involved with olfaction that initiates
innate behavioural responses. Such chemical communication, for example, is critical for
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learning the smell of a mother by offspring to guide suckling interactions in mice and rats
(Logan et al. 2012; Ibarra-Soria, Levitin, and Logan 2014). I found a high number of these
olfaction-related genes duplicated or inverted in individuals in fertility lines, which may
imply their importance in chemical perception and recognition in the case of large litters.
Similarly, olfaction-related responses associated with litter size have been found in
California mice (Wilson, Wagner, and Saltzman 2022).

Both lines selected for increased body mass, exhibit structural variation in genomic regions
containing genes related to metabolism, energy conversion and body condition in
agreement with their differing phenotypes.

Muscular phenotype line - candidate SNPs in mice with muscular phenotype conform
with growth-related major quantitative trait loci found in sheep (Xu et al. 2020). These loci
are also known to influence stature and body size in cattle (Taye et al. 2018) and pigs (Jiao
et al. 2014). In line with this, I found a heterozygous deletion overlapping a gene involved
in limb development (Schrauwen et al. 2019). Species-specific exon loss is recognized as
one of the important evolutionary mechanisms and was shown to have a predominantly
regulatory function in humans (Wang et al. 2015).

“Obese” phenotype line - it was observed that mice selected for the ‘obese’ phenotype
have substantially larger bones than the control (Miiller-Eigner et al. 2022). I detected a
complex variant involving heterozygous deletion and inversion overlapping a gene
associated with modulation of bone formation (Liu and Mao 2004).

Increased endurance line - besides several SVs found spanning metabolism-related genes
in mice selected for high endurance, I detected an inversion in a gene that when
overexpressed, leads to a reduction of the effect of exercise-induced cardiac hypertrophy in
mice (Sagara et al. 2012). Cardiac hypertrophy is seen as an adaptive physiological
response to pressure or volume stress in cardiac tissue (Nakamura and Sadoshima 2018).
This inversion encompasses the third and fourth exons and introns of a gene, putatively
affecting splicing and expression patterns.

These results show that structural variants do indeed contribute to the evolution of the
selected phenotypic traits. Through selective breeding of mouse lines, desired traits were
enhanced within these populations, while maintaining and passing on structural variants
specific to each line. Unfortunately, genetic material from the founders of these lines and
offspring from the following generations is not available. This and the incomplete pedigree
information hamper the detection of signatures of selection. However, the sequencing data
analysed here still allows deriving biological interpretations based on the line-specific
patterns of genetic differentiation.
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The three concluding remarks of this section are:

1. Besides the genetic variation at the SNP level, a substantial portion of variation is
also harbored at the structural level in artificially selected lines and should be
investigated as part of the comprehensive assessment of genomic variation within
and between populations.

2. Structural variation accumulates in artificially selected lines within genic regions,
also encompassing genes related to phenotypic traits specific to each mouse line.

3. The SVs were twice as abundant in the selected lines compared to the control line,
with the majority detected as polymorphic, and fewer in a fixed state. This suggests
that despite the reproductive isolation and genetic drift, there is standing genetic
variation in a form of SV present within the selected mouse lines.

Impact of assembly quality and discovery methods on variation detection

Comparative assessment of variation among genomes of closely related species strongly
relies on the contiguity and completeness of assemblies and rigorous variant-calling
analysis. As part of this dissertation, I generated the first reference genome assembly of
tayra (Eira barbara), using linked-read technology paired with short-read sequencing to
achieve a high level of genome completeness. Furthermore, due to the lack of a
‘best-practice’ SV calling pipeline, I set up and employed an SV detection and annotation
pipeline with an ensemble of three SV calling methods based on evidence from the
assembly (AS), read depth (RD), read pair (RP) and split read (SR) mapping, along with
supporting bioinformatics tools for WGS data preparation. This approach enables SV
detection with higher specificity and sensitivity compared to using a single detection
algorithm (Kosugi et al. 2019; Moreno-Cabrera et al. 2019).

However, even when combining multiple tools, variant detection may to a certain extent be
influenced by underlying biases of each of the SV discovery methods. To minimize this
effect I used tools relying on different detection algorithms. Several other studies have used
a similar approach, combining multiple algorithms to call SVs, followed by merging the
outputs to increase the specificity and sensitivity (Mills et al. 2011; Lin et al. 2015;
Sudmant et al. 2015).

In the IV chapter, an assessment of single nucleotide polymorphism diversity was
conducted to estimate the effect of the contiguity and completeness of available genome
assemblies on variant discovery. We investigated the distribution of genetic diversity along
chromosomes of eight mammals (sea otter, cheetah, clouded leopard, giant otter, red panda,
Asian small-clawed otter, American bison, and Eurasian river otter), including six species
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listed in IUCN categories as vulnerable or endangered, for which both fragmented draft
genome assemblies and recently generated chromosome-level assemblies were available.

Each of these species, except the Eurasian river otter (only chromosome-length genome
analysed), was represented by two genome assemblies: the initial draft assembly and a
chromosome-level assembly generated from that draft using Hi-C-scaffolding
(Lieberman-Aiden et al. 2009). In general, assemblies are built from short and long
adjacent DNA fragments referred to as contigs and scaffolds, respectively. With Hi-C
mapping, the frequency (averaged over a cell population) at which two DNA fragments
physically associate in 3D space can be measured, leading to the linking of the
chromosomal structure directly to the genomic sequence.

We inspected scaffold N50, a metric widely used in the assessment and comparison of the
contiguity among assemblies within the uniform size range. It represents the length of the
shortest scaffold for which longer and equal length scaffolds cover at least 50 % of the
assembly (Maikinen, Salmela, and Ylinen 2012). With the application of Hi-C scaffolding,
the N50 of the assemblies increased considerably. The most dramatic improvement was
observed for the Asian small-clawed otter (x1309) and giant otter (x784), while the
smallest was observed for the sea otter (x3.8).

Heterozygosity is usually low in threatened and endangered species due to smaller
population size and a more prominent effect of genetic drift (Spielman, Brook, and
Frankham 2004; McMahon, Teeling, and Hoglund 2014; Jost et al. 2018). We observed the
diminished heterozygosity in the genomes of some species, with the most extended regions
of low heterozygosity/SNP density across the chromosomes of cheetah and sea otter.

The distributions of the heterozygous SNPs calculated in non-overlapping windows of 100
kbp and 1 Mbp between the draft and the chromosome-level assemblies were similar for all
species. However, representing the distribution of the heterozygous SNPs of draft
assemblies as density plots was challenging due to the high number of short scaffolds that
are generally smaller than the window size of 1 Mb. The chromosome-level assemblies
showed notable improvement in localization and visualization of genetic diversity. Among
the eight studied species, giant otter and Asian small-clawed otter had the lowest scaffold
N50 values - 0.17 and 0.1 Mbp, respectively, and were the most fragmented among the ones
we considered. These two draft genome assemblies also had the lowest numbers of SNPs
per 1 Mbp and even per 100 kbp windows.

We demonstrated that the more contiguous assemblies can be generated using Hi-C
scaffolding of the existing short-read draft assemblies, where N50 of the draft contigs is as
low as 0.1% of the estimated length of the genome. With the contiguity markedly improved
in chromosome-length assemblies, a more complete overview of heterozygosity distribution
across the genomes is enabled.

Similarly, a thorough assessment of structural variation distribution along genomes is
dependent on the sequencing technology and assembly approach. The SV discovery from
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short-read WGS data is determined by indirect inferences (e.g. read-depth and discordant
read-pair mapping) (Chaisson et al. 2019). Analyses from the Human Genome Structural
Variation Consortium (HGSVC) of three families captured ~11,000 SVs per genome from
short-read WGS and ~25,000 SVs per genome from long-read WGS assembly. The 9.7% of
the GRCh38 reference is defined by segmental duplication (SD) and simple repeat (SR),
and 91.4% of deletions were specifically discovered by long-read WGS localized to these
regions. Across the remaining 90.3% of the reference sequence, a high (93.8%)
concordance was observed between technologies for deletions in these datasets. In contrast,
long-read WGS performed better in the detection of insertions across all genomic contexts
(Zhao et al. 2021). Additionally, 32 fully phased genome assemblies from diverse human
populations were recently assembled using long-read technology. Following
characterization of the structural variation, it was found that 68% of SVs detected were not
discovered in short-read sequencing data (Ebert et al. 2021).

It is necessary to be aware of potential technological biases and shortcomings as well as
genome assembly incompleteness during an SV project design. Which metrics are
important to consider for the structural variation discovery?

Scaffold N50 is one of the metrics that should be taken into account in the initial screening
of the datasets prior to SV analysis if the assembled genomes of highly similar size are
available. In Chapter I, the scaffold N50 values of assemblies of three investigated species
varied from 0.2 Mb for wolverine to 42 Mb for tayra genome assembly. Moreover, the total
number of scaffolds ranged from 47,417 in wolverine to 14,579 in tayra assembly, implying
a high fragmentation level of the wolverine genome, partly affecting the SV detectability
(~87x fewer SVs detected compared to sable, and ~33x fewer SVs compared to tayra).

BUSCO (Benchmarking Universally Single-Copy Orthologs) metric is based on
evolutionarily-informed expectations of the gene content of near-universal single-copy
orthologs. The BUSCO metric is used to compare the status (complete, duplicated,
fragmented, missing) of the gene content of a genome assembly, providing an insight into
the level of assembly completeness. In our dataset, the BUSCO values for fragmented and
missing orthologs ranged from 104 and 582 for tayra to 374 and 1143 for wolverine,
respectively, providing evidence for a difference in assembly completeness.

Read length - comprehensive detection of SVs requires highly contiguous genome
assemblies covering the repetitive fraction of genomes. This is particularly problematic
when the read length is notably shorter than the repetitive element, in which case it is
difficult to anchor the reads to unique genomic regions. The limited length of
next-generation sequencing reads (< 300 bp) impedes the detection of SVs, especially
insertions. The majority (~83%) of insertions are being missed by common short-read
variant calling algorithms (Chaisson et al. 2019). These technical limitations can be
amended with long-read sequencing reads (10-50 kbp) able to span over longer genomic
segments (Sedlazeck et al. 2018; Chaisson et al. 2019).
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Reference genome - conventionally, read alignment is performed using a single reference
genome that usually comprises the genome sequence of one individual and it does not
capture the genomic diversity of a population. This results in a reference bias that can have
effects on downstream population genomic analysis where heterozygous sites can be falsely
considered homozygous for the reference allele (Gilinther and Nettelblad 2019). To
diminish the reference genome bias, we aligned the preprocessed reads from closely-related
species to an equidistant reference genome, which is a common approach for non-model
species (Weissensteiner et al. 2020; Prasad, Lorenzen, and Westbury 2022). Preferably, a
contiguous reference assembly with a low number of gaps (<1000/ 100kbp) should be used
(Peona et al. 2021).

Library and insert size - from our experience in Chapter I, sequencing a library with a
large number of reads (> 1 billion, 150 PE) with one uniform insert size (e.g. 500 bp)
provided more reliable SV detection, compared to multiple libraries with fewer reads per
library and with different insert sizes (Ekblom et al. 2018). The latter leads to lower
confidence in supporting evidence, e.g. fewer paired and split reads to accurately localize
breakpoints of candidate SVs, and subsequently results in lower detection as observed in
the case of the wolverine genome. To achieve uniformity among the samples, we compared
paired-end reads of the same length and trimmed them where needed to retain the
consistent read length (150 PE).

Multiple SV detection algorithms - as previously noted, a frequently used strategy to
make SV detection more accurate is to run multiple algorithms simultaneously and use a
subset of candidate SVs predicted by at least two or more algorithms (Gokcumen et al.
2013; Zichner et al. 2013; Weissensteiner et al. 2020). Although a number of existing SV
detection algorithms can detect many types of SVs from the WGS data, no single
computational algorithm can detect all types and all sizes of SVs with high sensitivity and
high specificity (Lin et al. 2015). Until the cost and throughput of long-read sequencing can
feasibly support large-scale comparative genomic studies, a triaged application of multiple
methods for SV detection from WGS data should be considered to gain a ~3% increase in
sensitivity over individual methods while decreasing FDR from 7% to 3% (current standard
5%) (Chaisson et al. 2019).

Multiple samples - besides the application of multiple callers, another approach to increase
both the specificity and sensitivity of SV detection is to integrate multiple samples. SV
detection in population-scale datasets allows the more reliable discovery of SVs and hence
increases the power for linking functional variation to phenotype (Lin et al. 2015). We
chose this approach in Chapter III where 150 samples originating from six mice lines were
analyzed.

Genome coverage - this is a critical metric to consider prior to SV detection when using
the read depth algorithm (Medvedev et al. 2010; Sims et al. 2014). In cases where samples
vary greatly in their depth of coverage, downsampling to the lowest coverage within the
sample set should be performed. However, the suggested coverage for the SV detection
from short-read data is 15 - 30x (Sedlazeck et al. 2018), with lower detection power
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observed below this threshold (Zhao et al. 2021). We took a cautious approach in Chapter
III, where the coverage among samples varied from 5 - 30x, by splitting samples into low
and high coverage sets and focusing our analysis on the latter as the principal source of
candidate SVs.

Future outlook

As the impact of structural variants on the adaptive evolution of mammalian genomes
becomes ever more apparent, I am confident that the research of structural genomic
variation will steadily gain ever more relevance across the scientific domains, from
biomedical fields to conservation biology. Already a number of studies demonstrate the
dramatic impact SVs have in the development of certain human diseases and disorders,
such as Duchenne muscular dystrophy (Barseghyan et al. 2017), Crohn’s disease
(McCarroll et al. 2008), and increased CNV in different types of cancer (Shlien and Malkin
2009; Shao et al. 2019). However, the role of structural variants in the adaptive evolution of
humans (Radke and Lee 2015; Giner-Delgado et al. 2019) and other mammalian species
(Maggiolini et al. 2020; Porubsky et al. 2020) is somewhat lagging behind.

Still, with the rising number of high-quality genomes and a variety of open-source detection
tools being available, I expect the investigation of SVs in a wide range of nonmodel species
to follow. Systematic integration of SV analysis into population studies will certainly help
answer questions about the complex interaction of selection, drift and gene flow with SV
distribution on intra- and interspecies levels. Additionally, the development of novel
sequencing methods such as Strand-Seq (Sanders et al. 2017), enabled efficient haplotype
phasing of entire chromosomes and reliable detection of different SV types, especially
important for the study of the copy-neutral SVs (inversions and translocations). The cost
and availability of new technologies will be crucial for their universal application across
research facilities. Moreover, establishing the ‘best-practice’ computational tools for SV
analysis, generalized for different sequencing data inputs, similar to ones available for SNP
variant calling (e.g. GATK developed by Broad Institute), will be beneficial for
reproducibility and uniformity of SV analyses across the studies.

For many wildlife species, linking genetic variation to phenotype, demonstrating that
phenotype impacts fitness and showing allele frequency changes as a result of the selection
will be next to impossible. However, it is indeed possible to assess the functional aspect of
variation, using e.g. transcriptomics and proteomics approaches (Alvarez et al. 2015; Xie et
al. 2020). Moreover, the predictions could be potentially tested using CRISPR tools to
examine the expected effect on phenotype, as in a recent study of variation in coat
colouration in mouse lines that linked fitness measurements in the wild to genes involved in
fitness-related phenotypes and changes in their allele frequencies (Barret et al. 2019).
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Besides improvements in technical aspects of structural variant characterization, I anticipate
a substantial focus to be drawn on structural variants affecting non-coding and regulatory
regions of the genomes, to better understand their roles in the evolution of adaptive and
maladaptive phenotypes. Recently, it was found that the SVs also impact long-range
chromatin structure, by disrupting or re-establishing chromatin contacts. The 3D chromatin
structure is characterized by topologically associated domains (TADs) and chromatin loops
that create physical interactions between genes and distant regulatory elements. Notably,
large SVs, such as deletions, duplications and inversions, causing TAD disruption and/or
fusion, are associated with rare developmental disorders (e.g. human limb malformations)
and cancers (Franke et al. 2016; Huynh and Hormozdiari 2019; Sadowski et al. 2019).

Furthermore, there is a notable potential for applying SV assessment to assist with
decision-making in plant and animal breeding programs, especially for the purpose of
species survival (Mable 2019; Wold et al. 2021). Thus, it is fundamental to develop tools
applicable across different studies and organisms and establish best practices in order to
ensure that comparable insights can be obtained from joint analysis of genome sequences.
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Figure S1. Genome alignment between domestic ferret and tayra assemblies.
Synteny analysis of domestic ferret Hi-C genome assembly (upper X-axis) and tayra assembly (right
Y-axis) with overall match indicating 95% identity (with > 50% similarity).
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Table S1. Tayra genome assembly metrics.

Combined assembly metrics obtained from Supernova assembler and Quality Assessment Tool for

Genome Assemblies (QUAST).

Supernova assembly metrics (v2.1.1)

Sequencing strategy

[Nlumina NovaSeq + 10x Genomics

Assembly method

Supernova assembler v2.1.1

Sequencing reads

1.3 billion reads, 150 PE

Mean read length 139.5 bases
Raw coverage 75.63x
Effective coverage 55.34x
Proper read pairs 88.78 %
Median insert size 344 bases
GC content 41.76 %
Molecule length 50.75 kb
Contig N50 289.96 kb
Scaffold N50 42.07 Mb
Number of scaffolds 14579
Number of scaffolds (> 5 kb) 3773
Longest scaffold 123.17 Mb
Phaseblock N50 5.77 Mb

Assembly size

2.447 Gb (scaffolds > 5 kb)

QUAST assembly metrics (v5.0.2)

Scaffolds > 10 kb 1621
Scaffolds > 25 kb 469
Scaffolds > 50 kb 254
Scaffold L.50 17
N’s per 100 kbp 1145.00
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Figure S2. Genome completeness metrics.

A) Summary of QUAST assembly completeness analysis (number of contigs is represented on the X-
axis) and (B) comparison of the BUSCO gene completeness assessment for four mustelid species.
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Table S2. Major types of transposable elements found in the genomes of four mustelid species.

Type Tayra Sable Wolverine Domestic ferret
(Eira barbara) (Martes zibellina) (Gulo gulo) (M. putorius furo)
SINE 1.91 % (47 Mb) 1.5 % (36 Mb) 1.56 % (37 Mb) 1.36 % (32 Mb)
LINE 23.17 % (570 Mb) 19 % (465 Mb) 15.73 % (381 Mb) 17.13 % (417 Mb)
LTR 4.05 % (99 Mb) 3.5 % (84 Mb) 3.28 % (79 Mb) 4.4 % (106 Mb)
DNA 1.63 % (40 Mb) 2.03 % (49 Mb) 2.05 % (49 Mb) 3.13 % (75 Mb)
Total 32.96 % (814 Mb) 28.15 % (681 Mb) 25.19 % (610 Mb) 28.86 % (695 Mb)
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Figure S3. Repeat landscape of the tayra genome assembly.

Coloring scheme refers to different proportions of different repeat classes and x-axis indicates percent
divergence within different repeat classes.
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Figure S4. Historical demography of three gulonine species.

Bootstrapped inference of effective population size change over time for (A) tayra, (B) wolverine, and
(C) sable. Historical demography for all three species was inferred under different generation times
(E.barbara = 7.4y, G.gulo = 6y, M.zibellina = 5.7y). Time scale on the x-axis is calculated assuming a
mutation rate of 1.0x10°®.
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Figure S5. Coverage plots for (A) the tayra, (B) the sable, and (C) the wolverine.

Coverage was calculated in non-overlapping sliding windows of 1 Mbp and divided by whole genome
median coverage.
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Table S3. Statistics for counts of heterozygous SNPs.
SNPs are counted in 1 Mbp non-overlapping sliding windows for tayra, sable and wolverine scaled to

SNPs per kbp. Bold marks the median values.

Species All scaffolds, Without X pseudochromosome,
heterozygous SNPs/kbp heterozygous SNPs/kbp
Min Max Median Mean Min Max Median Mean
Eira barbara 0 5.99 1.89 1.81 0 5.99 1.93 1.90
Martes zibellina 0 4.45 1.44 1.51 0 4.45 1.47 1.56
Gulo gulo 0 1.24 0.28 0.27 0 1.24 0.29 0.28
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Figure S6. Genome-wide heterozygosity for tayra (Eira barbara), sable (Martes zibellina) and
wolverine (Gulo gulo).

SNPs are counted in 1Mbp non-overlapping sliding windows and scaled to heterozygous SNPs per
kbp. Corresponding pseudochromosome assemblies based on the domestic ferret assembly were used
as reference. ‘all’ includes windows from all scaffolds of at least 1 Mbp, ‘noX’ - without windows
from the X pseudochromosome C-scaffold (ps_chrX), ‘onlyX’ - only windows from ps_chrX .
Exclusion of ps_chrX slightly affected the borders of boxes and whiskers (all vs noX). Orange lines on
boxplots correspond to median values, box edges - to 25th and 75th percentiles (Q1 and Q3), lower
whisker - to max(0, Q1 - 1.5*IQR), upper whisker - to Q3 + 1.5*IQR, respectively. Interquartile range
equals Q3 -Q1. Circles are outliers, i.e values outside [max(0, Q1 - 1.5*IQR), Q3 + 1.5*IQR ].
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Figure S7. Gene family expansions and contractions for eight carnivoran species.
The species tree was built with FigTree v1.4.4 (https://github.com/rambaut/figtree). On each branch,

the number of gene family expansions (+, green) and contractions (-, red) are represented. Counts are
based on an error-corrected model of gene family evolution (analysed with CAFE).
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Figure S8. Structural variants detected in gulonine species.
A) Counts of different types of species-specific structural variants detected in tayra (E_barbara),

wolverine (G_gulo), and sable (M_zibellina), B) Length distribution of species-specific structural
variants overlapping genic regions detected in tayra (E_barbara), wolverine (G_gulo), and sable
(M_zibellina).
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SUPPLEMENTAL INFORMATION
Genome assembly and processing of sequencing data

Due to uncertainty regarding the optimum number of reads for genome assembly, we
generated three de novo genome assemblies with default parameters, each with a different read input:
900 million, 1.3 billion and 1.7 billion paired reads, respectively. Based on Supernova assembly
metrics (contig, scaffold, and phase block N50 sizes), we chose the assembly generated using 1.3
billion paired reads for further analysis (SI Table S1).

Prior to mapping, linked-read barcodes were trimmed from tayra sequencing reads with
proc10xG (filter_Reads.py, https://github.com/ucdavis-bioinformatics/proc10xSC). For the other two
species, we used the reads used for generating the respective genome assemblies of Scandinavian
wolverine (Gulo gulo, GenBank ID: GCA_900006375.2, PRJEB10674), and sable (Martes zibellina,
GCA_012583365.1, PRINA495455).

The sequencing data used to generate wolverine reference genome consist of Illumina PE
short reads (library insert size range: ~200 - 500 bp), and mate-pair libraries: 3,000 - 4,500 bp. The
muscle sample was obtained from a carcass of a female wolverine, originating from Jamtland County,
Western Sweden, which represents the middle point of Scandinavian wolverine distribution (Ekblom
et al., 2018). The sable reference genome was generated from Illumina PE short-read libraries (230 bp,
500 bp) and mate-pair libraries with different insert sizes (2 kb, 5 kb, 10 kb, and 15 kb), prepared from
the sample of the individual from the Greater Khingan mountains, Heilongjiang province, Northeast
China (Liu et al., 2020). This region represents the SE border of sable distribution range (Zhang et al.,
2017).

Adapter clipping and quality trimming (Q30, min. length 80 bp) were performed on all
samples with TrimGalore v0.6.4 (Krueger et al., 2021). For the structural variation analysis, reads
were mapped to the reference ferret genome (Mustela putorius furo) genome (MusPutFurl.0_HiC;
(Dudchenko et al., 2017, 2018; Peng et al., 2014) in local mode with Bowtie2 v2.3.5.1 (Langmead &
Salzberg, 2012). The proportion of reads mapping to the ferret genome for all three samples was above
96%. Duplicated reads were removed with Picard Toolkit v2.23 (MarkDuplicates, Broad Institute
2019). Insert size distributions for each sample library were generated with Svtyper v0.7.1 (Chiang et
al., 2015).

Alignment to pseudochromosome assemblies and sex verification

Trimmed reads were aligned to the pseudochromosome assemblies of corresponding species
using BWA version 0.7.17 (Li & Durbin, 2009). Read duplicates were marked using the markdup
utility from Samtools version 1.10 (Li, 2011). To verify the sex of the tayra, sable and wolverine
genomes, two approaches were applied: marker-based and coverage-based. For the marker approach,
we used the Y-chromosome-specific SRY gene (sex determining region Y). The amino acid sequence
of the Martes melampus SRY (GenBank ID: BAJ05096.1; (Yamada & Masuda, 2010) was
downloaded from the NCBI protein database and aligned to the pseudochromosome assemblies using
Exonerate v 2.2.4 (Slater & Birney, 2005) in protein2genome mode to identify orthologous sequences.
For the second approach, a per-base genome coverage was estimated using Bedtools v2.29 (Quinlan &
Hall, 2010). Mean and median values for both non-overlapping sliding windows of 1Mbp and whole
genomes were calculated and visualized using scripts from the MACE package
(https://github.com/mahajrod/MACE).
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Phylogenomic data preparation, analysis and dating

We performed sequence alignment of 6020 coding genomic regions of single-copy orthologs
shared across eight carnivoran taxa. Our taxon set included domestic cat (Felis catus), domestic dog
(Canis familiaris), northern elephant seal (Mirounga angustirostris), and walrus (Odobenus
rosmarus), in addition to our four mustelid species. Each genomic region was first filtered for highly
divergent segments of sequences using the option trimNonHomologousFragments in MACSE v2
(Ranwez et al., 2011). This was followed by coding-region-aware sequence alignment using the
alignSequences option. Sequences that were highly divergent and suspected of suffering from
problematic alignment or sequencing were also identified using TreeShrink (Mai & Mirarab, 2018),
based on a phylogenetic gene tree estimated using IQ-TREE v2 (Minh et al., 2020). This was followed
by a second round of alignment excluding the flagged sequences. We also minimized alignment error
by excluding codons with >50% of missing data, and with heterozygosity in the translated amino-acid
sequences above >50%.

Possible sources of biased phylogenetic inferences due to mis-specification of the substitution
model were minimized by assessing model adequacy for each sequence alignment. We performed
assessment of model adequacy using methods based on simulations (Duchéne et al., 2018a) and
divergence matrices (Naser-Khdour et al., 2019) as implemented in PhyloMAd (Duchéne et al.,
2018b) and IQ-TREE v2. Sequence alignments were retained if they passed all tests of substitution
model adequacy and retained at least four taxa and 100 nucleotides. Gene trees were estimated from
the acceptable gene regions by first selecting the best substitution model from the GTR+F+I'+I+R
family (Kalyaanamoorthy et al.,, 2017) and calculating approximate likelihood-ratio test (aLRT)
branch supports (Anisimova & Gascuel, 2006), as implemented in IQ-TREE v2. Sequence alignment,
cleaning and model adequacy assessment led to a phylogenomic data set with 2457 gene regions
comprising over 3.2 million nucleotide sites.

Species tree estimates were performed using two methods. First, we concatenated sequence
alignments and performed an analysis assuming that differences between gene trees are caused
exclusively by stochastic error arising from having a finite sample of sites. Analysis of the
concatenated data set was performed by taking the best model selected per gene region, and a model
where branch lengths can vary among gene trees but maintain their relative lengths among branches
(Duchéne et al.,, 2020). Second, we performed species tree inference under the multi-species
coalescent using ASTRAL-IIT (Zhang et al., 2018), assuming that gene tree discordance arises from
ancestral population-level processes. Gene trees were used as input for this analysis, collapsing into
polytomies all aLRT branch supports below 50 prior to analysis to minimize the impact of stochastic
error in gene trees. The estimate of the species tree was accompanied by local posterior probabilities as
metrics of branch support.

Concordance factors were calculated using IQ-TREE v2 to explore the decisiveness of the
phylogenomic signals found across gene trees (gCF) and alignment sites (sCF) (Minh et al., 2020). In
addition to concordance factors, the values of the two discordance factors for each branch provide
information about the relative contribution of stochastic error or more complex evolutionary processes
to the signal, such as introgression. Highly uneven discordance factors are an indication of
introgression, while discordance factors that are very similar to their concordance factors are indicative
of substantial phylogenetic error or incomplete lineage sorting (Huson et al., 2005). We estimated
gCFs using the gene trees and sCFs using the concatenated alignment, and repeated the analysis in the
case that multiple phylogenetic resolutions were identified using IQ-TREE and ASTRAL-III.

The reconstructed species tree from ASTRAL-III was used as input for a Bayesian molecular
dating analysis. We used highly efficient Bayesian dating using approximate likelihood computation
(Thorne et al., 1998) as implemented in MCMCtree in PAML v4.8 (Yang, 2007). To reduce violation
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of the most common tree priors for molecular dating (Angelis & Dos Reis, 2015) and the impact of
gene tree discordance on substitution rate estimates (Mendes & Hahn, 2016), we only included
genomic regions with gene trees concordant with the species tree, in addition to other forms of
filtering. Acceptable loci were partitioned by codon position, each modelled under a GTR+ T’
substitution model. We used an uncorrelated gamma prior on rates across lineages and a birth-death
prior for divergence times. The posterior distribution was sampled using Markov chain Monte Carlo
(MCMC) every 1x10° steps over 1x10’ steps, after a burn-in phase of 1x10° steps. We verified
convergence to the stationary distribution by comparing the results from two independent runs, and
confirming that the effective sample sizes for all parameters were above 1000 using the R package
coda (Plummer et al., 2006).

Absolute times of divergence were estimated using a time-calibration strategy focusing on the
deepest nodes of the tree (Duchéne et al., 2014). Four fossil calibrations were included, all based on
nodes with consistently strong phylogenetic support in previous studies and using routinely-used
fossils with robust taxonomic placement (e.g. Law et al., 2018). The split between Caniformes and
Feliformes was calibrated using a conservative range for the age of the oldest known fossil of family
Viverravidae (65 — 50 Mya; Benton et al., 2015; Fox et al., 2010; Wang & Tedford, 2008). The split
between Canidae and other Caniformes was calibrated using a fossil of the genus Amphicticeps (32.8 —
30.4 Mya; Wang et al., 2005). The split between Pinnipedia and Musteloidea was calibrated using
fossils of the stem musteloid of the genus Mustelictis (32.8 — 23.3 Mya; Rybczynski et al., 2009; Wang
et al., 2005). To maximize the quality of our estimates of molecular rates and dates, we also calibrated
the timing of the split between the pinnipeds Odobenus rosmarus and Mirounga angustirostris, using a
fossil of the genus Proneotherium (20.4 — 13.8 Mya; Deméré et al., 2003). All fossil calibrations were
set to follow a uniform distribution with soft maximum bounds.

Nucleotide diversity

For the sable, analysis of the heterozygosity distribution along chromosomes revealed that the
ends of many pseudochromosomes had nearly double the heterozygosity than the median (> 2.5 SNPs
per kbp vs median of 1.44 SNPs per kbp; Figure 2B, dark red color), while at least eight of the
pseudochromosomes had very long stretches of low diversity (Figure 2B, blue color) that might be
considered as runs of homozygosity (ROHs). Such distributed ROHs are often interpreted to be a
consequence of recent inbreeding (Ceballos et al., 2018). This sable was sampled in the Greater
Khingan mountains (Heilongjiang Province, China), very close to the edge of the species’ range (Liu
et al., 2020). The usual decline in abundance at the periphery, coupled with partial isolation from the
main part of the species’ range, might have resulted in recent inbreeding, which could explain the
observed ROHs. Such a positive relationship between intraspecific SV counts and census (population)
size has also been demonstrated for other species (Weissensteiner et al., 2020).

The pseudochromosome X (ps_chrX) of sable, had a uniform full (relative) coverage (0.75x -
1.25x relative to median whole genome coverage, SI Figure S5B), similar to the wolverine individual
(SI Figure S5C). In contrast, we observed a clearly visible pseudoautosomal region (PAR) in the male
tayra individual (SI Figure S5A), which had full (relative) coverage, whereas the rest of ps_chrX had
half coverage. We detected the pseudoautosomal region (PAR) in the pseudochromosome assembly of
tayra using the coverage based method described in Totikov et al., 2021. The deetected PAR region
encompassed the interval 90000-6660000 of ps_chrX (HiC_scaffold_10_RaGOO). Genetic variants of
tayra in ps_chrX outside of PAR were called in haploid mode. Additional verification using the SRY
protein gene sequence as a Y-specific marker confirmed this result. The orthologous full-length CDS
of SRY was detected only in the tayra assembly, while only partial hits with low similarity were
observed in the two other assemblies. This provides evidence that the sable individual is female, not
male, not XXY (Klinefelter syndrome in humans; Wikstrém & Dunkel, 2011), nor XX with
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translocation of the SRY locus to the X chromosome (de la Chapelle syndrome in humans; De la
Chapelle et al., 1972).

Gene copies completeness assessment

The orthologs are listed as complete, whether single-copy or duplicated, if the BUSCO
matches have scored within the expected range of scores and length alignments to the BUSCO profile.
If the BUSCO matches of orthologs have scored within the range of scores but not within the range of
length alignments to the BUSCO profile, then they are noted as fragmented and not considered to be
duplicated. Presence of premature stop codon in the nucleotide sequence would qualify the ortholog as
fragmented. Fragmented results go in a second round of sequence searches and gene predictions with
parameters trained on those BUSCOs that were found to be complete, but this can still fail to recover
the whole gene if present in the assembly (Simdo et al., 2015). Due to this uncertainty, the focus of our
study was the analysis of candidate genes sourced from the BUSCO single-copy and multi-copy gene
sets qualified as complete.

Nonsynonymous and synonymous substitution rates (denoted as Ka and Ks, respectively) and
Ka/Ks ratios were estimated using the software KaKs_Calculator v2.0 (Zhang et al., 2006). Maximum
likelihood method of model selection and model averaging was based on a set of 14 candidate
substitution models defined by Posada, 2003. Model selection was done with MODELTEST, coupled
with PAUP* (in-built in KaKs_Calculator) to find the best-fit model of nucleotide substitution for
pairwise sequence alignments, following the Akaike information criterion (AIC) to measure fitness
between models and data. After the best-fit model selection, parameters are averaged across the
candidate models to include as many features as needed to reflect the "true" model, which is seldom
the one of the candidate models in practice (Posada & Buckley, 2004). Fisher’s exact test is applied to
determine if there was a significant association between the Ka and Ks substitution rates.

Structural variants

Prior to SV calling, tayra reads were downsampled to ~38x using seqtk v1.3
(https://github.com/lh3/seqtk) to match the total coverage of wolverine and sable libraries so as to
avoid bias in variant calling. Three SV callers, Manta v1.6.0 (Chen et al., 2016), Whamg v1.7.0
(Kronenberg et al., 2015) and Lumpy v0.2.13 (Layer et al., 2014) were selected based on their
sensitivity and precision (Cameron et al., 2019), and used to identify putative SV events in the three
Guloninae genomes. Manta combines paired-read (PR) and split-read (SR) evidence during SV
discovery, along with SV breakend assembly (AS) to base-pair resolution. Whamg implements PR and
SR support and Lumpy, a probabilistic CNV discovery tool, uses a combined approach of PR, SR and
read-depth (RD) for SV detection. Intersecting results of multiple SV callers utilizing different
methods for SV detection has previously been shown to improve accuracy of variant call sets (Kosugi
et al., 2019; Pirooznia et al., 2015) although this approach is highly sensitive to the chosen set of
callers (Cameron et al., 2019).

High coverage joint Manta variant calls (depth greater than 3x the median chromosome depth
near one or both SV breakends) mainly caused by reads mapping in low complexity regions were
filtered out as well as reads with MAPQ<30 for SV breakpoint support. We retained variant calls for
which all samples passed all sample-level filters (FILTER=PASS), filtered out calls with genotype
quality below 30 (GQ<30), and kept calls with paired-read (PR) and split-read (SR) support of PR>=3
and SR>=3. Unlocalized and unplaced scaffolds were removed and only scaffolds assigned to
chromosomes were included in further analysis.
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Whamg SV calls of size <50bp and >2Mb were filtered out to improve call accuracy, as well
as calls with fewer than 10 supporting reads (total support, INFO field “A”). Calls with GQ<30 were
filtered out. To reduce the number of false positive calls, we filtered out events flagged as “BND” with
high cross-chromosomal mappings (CW>0.2), as Whamg is aware of but does not specifically call
translocations. We further removed calls of all SV types with max(CW)<0.2 as these calls are
associated with poorly mapped regions. We filtered out calls for which total evidence (paired and/or
split reads) supporting the variant (FORMAT/SU field) was below 10 (SU<10).

Both Whamg and Lumpy SV call sets were genotyped with Svtyper v0.7.1 (Chiang et al.,
2015) prior to filtering for genotype quality. Survivor v1.0.7 (Jeffares et al., 2017) was used to merge
and compare SV call sets obtained from the three SV caller methods within and among samples. For
each species and library insert size, we first merged SV events of the same type, called by at least two
SV callers, with start/end positions detected within +/-1000 bp. We then intersected SV calls among
the three species to obtain SVs private for each species (species-specific) and shared among all three
species. To filter out SV calls overlapping gaps in the reference genome assemblies, we removed all
SV calls overlapping stretches of “Ns” longer than 30 bases.

To annotate the final SV set, we first mapped annotations in gff3 format with Liftoff v1.5.1
(Shumate & Salzberg, 2020) between the domestic ferret draft genome assembly (MusPutFurl.0,
GCF_000215625.1) and the chromosome-length domestic ferret assembly (DNA Zoo), which were
used as a reference. We then reordered parent and children features with gff3sort (Zhu et al., 2017).
Ensembl Variant Effect Predictor v101.0 (McLaren et al., 2016) was used to annotate variants
affecting protein-coding genes with the maximum SV size set to 200 Mb. Annotated SV sets were
further filtered for species-specific variants and SV type. Functional and biological roles of genes
affected by SVs were explored using literature sources and online databases, including OrthoDB v10
(Kriventseva et al., 2019), Uniprot (The UniProt Consortium, 2017), and NCBI Entrez Gene (Maglott
et al., 2011). Gene ontology analysis was performed with Shiny GO (Ge et al., 2020) with an FDR <
0.05 for each SV (excluding inversions) overlapping multiple protein-coding genes.
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Supplementary Methods

1. Establishment of the Dummerstorf mouse lines

During the years 1969 and 1970, four outbred strains (NMRI orig., Han:NMRI, CFW, CF1) and four
inbred strains (CBA/Bln, AB/Bln, C57BL/Bln, XVII/Bln) were systematically crossed to establish
the line FZTDU (Forschungszentrum fiir Tierproduktion Dummerstorf) [5,6]. Full-sib mating was
avoided by random mating. This line has been kept unselected for almost 200 generations. The line
was originally maintained with 200 breeding pairs per generation until animals were moved from a
conventional semi-barrier housing into a specific pathogen-free (SPF) environment on generation
~160. This transition could only be accomplished through a limited number of embryo transfers and
as a result, the number of breeding pairs dropped to 55. Thereafter, the number of breeding pairs has
been kept at 125 (the current number of breeding pairs) avoiding consanguinity by random mating.
All the Dummerstorf selection lines were derived from FZTDU starting at different time-points.

In general, all trait-selected lines were developed through among-family selection [108], whereby
litters were ranked according to each trait of interest (Table 2) and then parents were chosen at
random from the highest ranked litters. The proportion of litters selected varied generation to
generation (Additional file 2: Figure S2). The trait-selected lines were maintained with 60-100
breeding pairs. However, when animals had to be relocated to the new SPF animal housing building
in 2011 after 120-165 generations, the number of breeding pairs drastically dropped to ~20 for DUK,
DUC, DU6P and DUALB, and as low as 7 for DU6 (Table 1).

The process of selection to establish the fertility lines DUK and DUC began shortly after the
establishment of FZTDU. In 1971, each fertility line was started with 60 breeding pairs. These
animals were drawn from FZTDU by phenotypic maternal selection for number of offspring and
litter weight at birth in the first litter (for more details see [22]). However, for an interim period of
10 generations families were ranked only by litter weight. Selection for fertility continues to this day
spanning more than 190 generations. The lowest number of breeding pairs was 19 (DUK) and 24
(DUC) at generation ~164 when animals were transferred to a new facility by embryo transfer.
Nowadays, the number of breeding pairs is 60 for both lines. Before relocation, the number of
breeding pairs per generation and the selection intensity ranged between 60% and 100% and between
25% and 45%, respectively. A few generations after relocation, family information and individual
information was combined in a pedigree-based BLUP (Best Linear Unbiased Prediction) [109]
estimation of breeding values and selection was conducted accordingly.

The body mass line DU6 was started in 1975 by phenotypic selection of FZTDU by ranking litters

according to total weight of two randomly sampled males from each litter at 42 days of age.
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Whenever possible these males were not chosen as sires. DU6 was founded by mating 80 pairs at
around 9 weeks of age. The number of breeding pairs until generation ~154 was kept at 60-100 pairs.
On generation ~154, animals were transferred to the new facility and the number of breeding pairs
decreased to only 7 because of embryo transfer yield. Thereafter the number of breeding pairs was
increased to 60 and phenotyping was massively extended by taking body weights at day 42 from all
progeny, including females. The selection strategy was later changed on generation 161 to selection
based on estimated breeding values. The breeding values for body mass at day 42 were calculated
using with BLUP [109]. As of generation 173 the proportion of female to male breeders has been
kept at 2:1 (120 females and 60 males approx.) to mitigate the decreased pregnancy rate observed in
DU6 females. This line continues to be selected (selection intensity of 45-90%).

Also in 1975, the DUG6P line was established by selection for weight and protein content of the
carcass of a single male from each litter at 42 days of age Occasionally protein mass could not be
determined (e.g. because of technical issues or limited lab capacities), in which case litters were
ranked by the combined weight of two males, as described for line DU6. The number of breeding
pairs at the start of this line was 80 and was kept at 60-80 breeding pairs per generation. Then, on
generation ~154, animals were relocated with 19 breeding pairs as founders, which were then
increased to 60 pairs. Selection in DUG6P stopped at generation 152 and the line is currently
preserved without selection pressure by allowing random mating.

Finally, the high endurance line DUhLB was started in 1982 based on selection for high treadmill
performance. It is thus the youngest of the Dummerstorf selection lines, as well as the shortest
selected one (selection stopped at generation 141). Male running performance was evaluated based
on distance (meters) covered on a treadmill before exhaustion (submaximal test). Trials were
conducted after mating at 11 weeks of age. Subjects had no previous access to any kind of equipment
that would influence their performance (untrained). Offspring of the highest scoring subjects were
chosen for breeding. The line was founded with 100 breeding pairs and a selection intensity of 40%
for the first 25 generations. Thereafter, the line was maintained with 60-80 breeding pairs at a
selection intensity of 45-100%. On generation ~120, 44 breeding pairs were used as founders after
transferring to the new facility. Together with DU6P, DUhLB is currently preserved without

selection.
2. Structural Variant Calling

Mapped and deduplicated short PE reads were used in detection of structural variants. As depth of

coverage of reads mapped to the reference mouse genome sequence varied between 5 and 20x, we
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have split samples for each line into a high (10 samples) and low coverage (15 samples) set, and
conducted structural variation analysis separately on these sets.

Three SV callers, Manta v.1.6.0 [110], Whamg v.1.7.0 [111] and Lumpy v.0.2.13 [112] were
selected based on their sensitivity and precision [113]. Manta integrates paired-read (PR), split-read
(SR) evidence and SV breakend assembly (AS) during SV discovery. Whamg implements PR and
SR support while Lumpy relies on a probabilistic copy number variation discovery combing PR, SR
and read-depth (RD). Intersecting results of multiple SV callers applying different SV detection

approaches has previously been shown to improve accuracy of variant call sets [113,114].

Manta SV calls in genomic regions with depth greater than 3x the median chromosome depth near
one or both SV breakends mainly caused by reads mapping in low complexity regions, as well as
reads with MAPQ<30 were filtered out. Furthermore, variant calls for which samples did not pass
Manta caller quality filters, and have genotype quality below 20 (GQ<20) have been filtered out.
Calls with paired-read (PR) and split-read (SR) support of PR>=3 and SR>=3 were retained.

Whamg SV calls of size <50bp and >2Mb were filtered out, along with calls with fewer than 5
supporting reads and GQ<20. Calls associated with poorly mapped regions and BND-type calls with
high cross-chromosomal mapping scores (CW>0.2) were removed, as Whamg does not specifically
call translocations. Lumpy calls for which evidence supporting the variant were below 5 (SU<5) and
calls with GQ<20 were filtered out. Both Whamg and Lumpy SV call sets were genotyped with
Svtyper v0.7.1 [101].

Unlocalized and unplaced scaffolds have been removed from all SV sets and only scaffolds assigned
to chromosomes have been included in further analysis. Survivor v.1.0.7 [102] was used to merge
SV call sets within and among samples. For each mice line sample, we first merged SV events of the
same type, called by at least two SV callers, with start/ end positions detected within +/-1000 bp,
identified in at least 60% of samples in a low coverage set (10 samples out of 15) and 100% of

samples in a high coverage set (all 10 samples) for each mice line.

The union of SVs detected in two separate sample sets for each line were further used. We then
intersected SV calls among all mice lines to obtain SVs private for each mice line (line-specific) and
shared among lines (Additional file 2: Figure S11). To further reduce the FDR, SV calls overlapping
gaps and high coverage regions (> 80x) in the reference genome assembly were filtered out. High
coverage regions were determined for each mouse line based on the intersection among samples of

1-kb windows containing reads mapping with depth of coverage > 80x. Variants specified as “BND”
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(translocations) were removed and deletions, and duplications and inversions were further

investigated (Additional file 2: Figure S12-S15).

We annotated the final SV set with the Ensembl VEP v. 101.0 [103] focusing on variants
overlapping protein-coding genes (maximum SV size = 200 Mb). Functional classification of genes
was based on literature and database search (OrthoDB v10 [104]; Uniprot [107]; NCBI Entrez gene
[105]), and Gene Ontology enrichment analysis (Shiny GO, FDR < 0.05 [106]).
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Supplementary figures

litter_size body_mass (g)

line

~— DUK
puc
DUB
DUsP
. DUhLB
7000+ ~~ FZTDU
DUKB

protein_mass (g) running_distance (m)

bttt

8.0+
7.5+
7.04
6.5
6.0 4
5.5
5.0+
4.5+

6000

bt

Duks
@c
5000 4

4000 4

4.0 3000 -
35
204
25+

2.04

2000

1000

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 8 100 120 140 160 180 200
generation

Figure S1. Response to selection throughout the selection experiment. Data points indicate the
trait-value at each generation for the trait-selected lines and their controls. The first measure taken
after relocation to a new mouse house is indicated by a red diamond shape surrounding the data
point. Trend lines and confidence intervals are based on local regression (locally estimated
scatterplot smoothing). For the case of the protein-mass line DU6P, measurements were not collected
after relocation. Though FZTDU can be considered the control line, as it has been evolving neutrally
over the span of the breeding experiment, other lines have been used as controls in the past and are
indicated in the figure as “Duks” (specific control line for the body (DU6) and protein (DU6P) mass
lines) and “DUKB” (specific control line for the treadmill performance line DUhLB). None of these

line-specific control lines exist anymore and for the case of “Duks”, data is incomplete.
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Figure S2. Proportion of litters supplying parents for the next generation. Proportions varied
according to the selection intensities required by the breeding program over the last ~50 years.
Indicated by a diamond shape are the data points corresponding to the first generation after
relocation to a new mouse house. For the case of the protein-mass line DU6GP, there was no data after

relocation.
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Figure S3. Distribution of INDEL lengths. (A) INDEL length distribution comprising ~90% of
INDELSs. (B) Total number of insertions and mutations (392,051 deletions and 374,604 insertions).

Only INDELSs outside microsatellites were considered.
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Figure S4. Classification of INDELs by type, fixation and presence in control line. INDEL sites

were classified as fixed or not-fixed if their allele frequencies were 1 or <1, respectively. At each

line, the fraction of INDELs shared (in FZTDU, blue) and not shared (not in FZTDU, red) with

FZTDU is also shown. INDELSs overlapping microsatellite regions were removed from the analysis.

172



Allele Frequency Classification
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Figure S5. SNP allele frequency state classification. Sites in which SNPs were observed across the
whole set of samples are classified for each mouse line as fixed-alternative (alternative allele

homozygous in all subjects, fixed_ALT), fixed-reference (reference allele homozygous in all

subjects, fixed_REF) and polymorphic (not fixed).
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Figure S6. Alternative allele frequency distribution. Counts of SNPs along the allele frequency
spectrum for each mouse line.
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Figure S7. Nucleotide diversity (m) distribution in the Dummerstorf mouse lines. Nucleotide
diversity (m) was calculated in sliding window mode (size=50Kb, step=25Kb, >10 SNPs). Scores
were transformed to z-scores in order to represent the data in terms of standard deviations from the
genomic mean. The distributions illustrate the low levels of genetic diversity within lines, with the
most scores accumulate at the lower end of the distribution (left), thus highly diverse regions are rare

events.
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Figure S8. Example of one chromosome representative of the level of genetic diversity observed
in the Dummerstorf mouse lines. The stretches of low diversity are longer and more abundant than
in FZTDU. Regions of extreme genetic diversity are shown in blue (top 5% most diverse windows)

and red (top 1% most diverse windows).
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Figure S9. Allele frequency heatmap of non-synonymous mutations in RDD genes. Allele
frequencies of non-synonymous SNPs in genes overlapping regions of distinct genetic differentiation
for DUK (A), DUC (B) and the joint fertility population FERT (C). The gradient scale represents the
allele frequency from low (blue) to high (red).
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Figure S13. Example of a fixed deletion. SV is shown in 5 out of 10 samples of the high coverage
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Supplementary tables

Table S1. Alternative names of Dummerstorf mouse lines and reference list of scientific articles
based on these mouse lines. Status: November 2021

Line Alternative Name and Reference

DUK DU-K [37], FL1 [20,22-24,38-41]

DUC DU-C [37], FL2 [20,22,38,40]

DU6 BW [25,26], Titan [21]

DUGP PA [25]

DUhLB DU-hTP [10,27-32]

FZTDU Fazt: DU [6,8,25,26,32,37], DUK [34-36], Ctrl [22,23]

Table S2. Number of SNP and INDEL sites discovered in each line

Line SNPs % in FZTDU INDELs (Insertions + Deletions) % in FZTDU
DUK 2,305,349 92.76 338,380 (166,838 + 171,542) 90.41
DUC 2,615,584 92.76 376,453 (185,791 + 190,662) 91.20
DU6 2,744,788 93.18 396,022 (195,415 + 200,607) 90.97
DU6P 2,899,902 91.04 417,027 (206,164 + 210,863) 89.52
DUKLB 3,196,655 92.26 455,789 (225,415 + 230,374) 90.65
FZTDU 4,453,865 - 638,500 (315,851 + 322,649) --

Table S3. Number of private variants with predicted high/moderate effects according to SnpEff.

SNPs INDELs Genes
DUK 996 92 517
DUC 640 101 465
DU6 752 127 546
DUG6P 783 109 534
DUKLB 1970 176 1027

Private variants for FZTDU not included as this line was unselected.
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Table S4. Counts per length up to the 90% most frequent INDEL:s sorted in decreasing order of

frequency
CUMSUM_

LENGTH COUNT PRCT CLASS PRCT
-1 174467 22.76 deletion 22.76
1 173290 22.6 insertion 45.36
-2 62514 8.15 deletion 53.51
2 59929 7.82 insertion 61.33
-3 32609 4.25 deletion 65.58

3 30779 4.01 insertion 69.6
-4 29781 3.88 deletion 73.48

4 29271 3.82 insertion 77.3
-5 12315 1.61 deletion 78.91

5 12167 1.59 insertion 80.5
6 10170 1.33 insertion 81.82
-6 9875 1.29 deletion 83.11
-7 8919 1.16 deletion 84.27
-8 8512 1.11 deletion 85.38
7 8360 1.09 insertion 86.47
8 7651 1 insertion 87.47
-9 6098 0.8 deletion 88.27
-10 5838 0.76 deletion 89.03
9 5403 0.7 insertion 89.73
10 5147 0.67 insertion 90.41
-12 4400 0.57 deletion 90.98
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Table S5. Significantly enriched terms based on RDD gene lists

Line Term/Pathway Genes FDR
DUK mmu04072: Phospholipase D signaling pathway Rafl 0.0082875
Adcy6
Grm8
Tscl
Ralgds
DUC GO0:0009755: hormone-mediated signaling Pias? 0.030545
pathway Pgr
Rxfpl
Yapl
DUC GO0:0048814: regulation of dendrite Pias? 0.074441
morphogenesis Trpc6
Skor2
DUC GO0:0030518: intracellular steroid hormone Pias2 0.074441
receptor signaling pathway Pgr
Yapl
DULKLB mmu00340: Histidine metabolism Aldh3al 0.099122
Aldh3a2
DUKLB mmu00410: beta-Alanine metabolism Aldh3alAldh3a2  0.099122

Significantly enriched GO terms and pathways at FDR < 0.1

Table S6. Proportion of line-specific fixed and pelymorphic structural variants in genic regions

Fixed Polymorphic

Number Length (mean) Number Length (mean)

DUK 5 13.58 (2.7) kbp 15 204.62 (13.64)
Mb

DUC 2 2.19 kbp (1.1 kbp) 34 186.92 (5.5) Mb
DU6 4 7.75 (1.94) kbp 14 302 (21.57) kb
DUG6P 7 29.11 (4.65) kbp 17 129.96 (7.6) Mb
DULLB 6 11.16 (1.9) kbp 14 3.72 (0.265) Mb
FZTDU 1 1.14 kbp 8 14.09 (1.8) Mb
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Table S7. Types and lengths of line-specific fixed structural variants in genic regions

DEL DEL length DUP DUP length INV INV length
DUK 5 13.6 Kb -- -- -- --
DUC 1 1.3 Kb -- -- 1 0.923 Kb
DUG6 4 7.7 Kb - -- -- --
DUGP 3 8.5Kb 1 11 Kb 3 9.6 Kb
DUKLB 4 3.3 Kb -- -- 2 7.9 Kb
FZTDU 1 1.1 Kb - -- -- --

Table S8. Number of genes affected by line-specific fixed and polymorphic structural variants

Fixed Polymorphic

DEL DUP INV DEL DUP INV
DUK 5 -- -- 4 28 1694
DUC 1 -- 1 9 38 1363
DU6 4 -- -- 6 -- 7
DUG6P 3 1 3 11 -- 1130
DUKLB 4 -- 2 11 3 7
FZTDU 1 -- -- 3 -- 266

Table S9. Number of genes in functional groups affected by line-specific structural variants

DUK DUC DUG6 DU6P DUKLB FZTDU
Reproduction 8 13 1 1 3 1
Metabolism/Energy conversion  -- 27 3 16 8 --
Immune system -- 3 1 4 1 13
Nervous system 5 13 1 3 4 1
Cardiovascular system 2 1 1 1 2 15
Endocrine system 2 2 2 1 2 --
Sensory perception 297 36 2 -- 3 --
Other (cell cycle, transcription) 2 88 3 15 1 2
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Table S10. Summary of structural variants detected in low and high coverage variant calling sets for

each mice line.

Low-coverage set

High-coverage set

DEL DUP INV Total DEL DUP INV Total
DUK 1965 11 81 2057 3548 31 515 4094
DUC 1693 6 36 1735 4897 51 1241 6189
DU6 63 3 5 71 5014 28 554 5596
DUG6P 2735 10 104 2849 2716 21 2063 4800
DUKLB 1992 6 87 2085 3755 21 1481 5257
FZTDU 2408 6 107 2521 2454 12 540 3006
Table S11. Number of SNP sites per window analyzed with Fsr
Contrast Number of Mean SD Min Max

windows sites/window  sites/window sites/window sites/window

DUK_ FZTDU 70621 125.03 115.02 10 1274
DUC_ FZTDU 71172 124.42 114.54 10 1274
DU6_FZTDU 71036 124.16 115.1 10 1274
DU6P_FZTDU 71633 125.71 115.51 10 1274
DUILB_ FZTDU 71222 125.38 115.45 10 1274
FZTDU_FZTDU 72702 125.99 115.88 10 1274
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“There is no knowledge that is not power.”

Mortal Kombat 111
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