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Summary

Demography and selection have been under the spotlight for a long time in
evolutionary biology. As human activities lead to increased risk of population fragmentation
and biological invasion, both of which involve drastic demographic changes, the importance
of advanced knowledge about the impacts of genetic drift in the short and long term is
increasing. Populations on islands are ideal models to study adaptive and non-adaptive
evolutionary processes simultaneously. In isolated island populations, the efficacy of purifying
selection is reduced by genetic drift, leading to accumulation of deleterious variants in
homozygous state, hence reduced fitness (mutation load). On the other hand, island
populations often show phenotypic differences when compared to the continental
populations (island syndrome), which are considered to be related to divergent selection
posed by the contrast in environmental factors.

In this thesis, | used the Orkney vole (Microtus arvalis orcadensis) as my model to
investigate the genomic consequences of bottlenecks and long-term isolation. The Orkney
vole was introduced by Neolithic farmers from the European continent, and isolated since
introduction for over 5,000 years, providing a unique opportunity to study the long-term
effects of isolation in nature. In Chapter 1, | reconstructed the detailed demographic history
of Orkney populations and found that Orkney voles have been through a strong bottleneck
related to the introduction. | further investigated the mutation load in Orkney populations
and found high fixation of potential deleterious alleles. In Chapter 2, | looked at the genomic
landscape of Orkney voles and found genome-wide relaxation of purifying selection. |
performed genomic tests for divergent selective sweeps, and detected signatures indicating
the reduction of positive selection in Orkney voles related to their increase of body size.

The research of mutation load and selection in most species has been mainly
constrained to autosomes so far. Inherited along with the autosomes, the sex chromosomes
undergo disparate evolutionary paths not only because of their functions but also differences
in ploidy. In Chapter 3, | first assembled the sex chromosomes of the common vole. With
population genomic data, | found that the autosomes, X and Y chromosomes had different
levels of genetic diversity, accumulation of deleterious alleles, and genetic responses to
severe bottlenecks. Such differences are likely correlated to the ploidy of the chromosomes

and sex-biased mutation rates.






General Introduction

Demography and selection are of great weight on the balance of evolution. They jointly
shape the genomes of the species and neither can be ignored (Glinka, et al. 2003). Isolated
populations are of major concern in conservation biology, ecology and evolutionary biology
(Mayr 1963; Kruess and Tscharntke 1994). Human activities have affected and will continue to
affect ecosystems worldwide. On one hand, fragmented habitats create isolated populations
and leads to increased risks of extinction in many species (Schipper, et al. 2008; Crooks, et al.
2017). On the other hand, human transportation of organisms, whether consciously or not,
may result in biological invasions given suitable conditions (Luque, et al. 2014; Pringle, et al.
2019). Even though both scenarios typically involve a certain degree of population isolation,
their demographic changes are opposed. To further understand the evolutionary history and
future performance of isolated populations, which are influenced by genetic diversity and the
quality of genetic variation (Colautti, et al. 2017), island populations are ideal systems in
nature to study the short and long-term effects of isolation (Mayr 1963; Latter 1973;
Whittaker and Fernandez-Palacios 2007). There are several aspects of the evolution of island
populations along with demographic changes | focused on in this thesis: mutation load, the
shifts of selection on the islands, and population genetics of sex chromosomes. With my study
of Orkney voles, | intend to provide new insights into long-term evolutionary effects of genetic

drift on isolated population.

Mutation load and demographic changes

Out of new mutations under selection, most have a negative effect on individual
fitness (Eyre-Walker and Keightley 2007). Deleterious mutations are thus common in the
genome (Lohmueller 2014). They are usually effectively purged by purifying selection and
maintained at low frequency and heterozygous state in large populations (Kirkpatrick and
Jarne 2000; Bertorelle, et al. 2022). However, in nature, demographic changes such as
bottlenecks and population isolation are common, which lead to genetic drift out-weighing
selection in the genome in certain cases (Mayr 1963; Lynch, et al. 1995; Simons, et al. 2014;
Gravel 2016). Indeed, in small populations, random genetic drift is the major evolutionary

force driving the loss of genetic diversity, and may leave long-lasting signatures even if the



population size increases (Nei, et al. 1975; Simons, et al. 2014). In such conditions, deleterious
variants might persist and reach high frequency. Consequently, they are more likely to be
homozygous, resulting in a loss of fitness which is called “mutation load” (Kimura, et al. 1963;
Lynch, et al. 1995; Gonzédlez-Martinez, et al. 2017; Perrier, et al. 2020; Bertorelle, et al. 2022).
Mildly deleterious mutations are more likely to persist, and strongly deleterious mutations are
more likely to be lost over time by being purged by purifying selection (Kirkpatrick and Jarne
2000; Crnokrak and Barrett 2002; van der Valk, et al. 2021).

Beside population size changes and fragmentation, expanding populations can also
face an increase of homozygous state of deleterious alleles correlated with loss of fitness
(expansion load). Theory has shown that the dynamics of deleterious alleles at the edge of
spatially expanding populations is initially the same as that after a series of bottlenecks
(Excoffier and Ray 2008). Due to drift, the proportion of standing deleterious alleles increases
while their total number remains unchanged (Peischl and Excoffier 2015; Aris-Brosou 2019).
The expansion load can last for thousands of generations, especially in the absence of gene
flow from core populations (Peischl, et al. 2016).

It is important to understand the distribution and dynamics of deleterious mutations
and their relationship to fitness not only for conservation genetics, but also for further
understanding of evolutionary genomics (DeWoody, et al. 2021; Kardos, et al. 2021). However,
empirical studies on the mutation load in isolated populations have mainly focused on a
limited range of species, for example model species (Mallet and Chippindale 2011; Peischl, et
al. 2018; Aris-Brosou 2019) or endangered wild populations (Huisman, et al. 2016; Robinson,
et al. 2018; Grossen, et al. 2020; Stoffel, et al. 2021). It is uncommon to have populations in
nature with a clear founding history and being isolated beyond a few hundred generations
(Huisman, et al. 2016; Stoffel, et al. 2021) to study the long-term effects of mutation load

driven by genetic drift.

Disentangling selection from demography

It remains challenging to detect signals of selection in the presence of demographic
changes, as both demography and selection shape the genome jointly (Glinka, et al. 2003; Li,
et al. 2012). Strong genetic drift can decrease the efficacy of purifying selection and leads to
extensive relaxed selection overall in the genome (Gravel 2016; Kutschera, et al. 2019). Such

background noise in the genome brought by genetic drift poses challenges to selection tests



as the signals from random drift can be similar to those of selection (Hahn 2008; Li, et al. 2012;
Moinet, et al. 2022). Unlike genetic drift that affects the whole genome, selection usually
works at specific genes and leaves local signatures in contrast with the genomic background
(Nosil, et al. 2009; Ellegren, et al. 2012; Ahrens, et al. 2018). Typical signals include local shifts
(“genomic islands”) of decreased genetic diversity, extreme Tajima’s D, or increased Fst
(Poelstra, et al. 2014; Wolf and Ellegren 2016). The genes in or close to the genomic islands
are commonly considered as under selection, and potentially correlate with the process of
adaptation and divergence of the species (Ellegren, et al. 2012; Malinsky, et al. 2015; Marques,
et al. 2018). However, under certain circumstances, the genomic patterns arising from
demographic changes are similar to those of selection, and obscure the typical “genomic
island” feature (Stephan 2016). For example, inbreeding brings long regions with low diversity
similar to the action of selective sweeps (Harris, et al. 2018), and segregating functional alleles
in the population can be found both in the condition of population structure and balancing
selection (Johri, et al. 2022).

In the presence of demographic changes, methods based on extended haplotype
homozygosity (EHH, Sabeti, et al. 2002), such as iHES (Voight, et al. 2006), XP-EHH (Sabeti, et
al. 2007) and REHH (Qanbari, et al. 2010), are suitable for detecting selective sweeps. The EHH
methods are designed for detecting long homozygous regions around beneficial mutations
and use the genomic background for correction, which increases the robustness to population
size changes (Ferrer-Admetlla, et al. 2014; Weigand and Leese 2018). Multiple genetic
measurements are usually used and combined for selection tests to obtain robust results, for
example with Fisher's combined probability test and hidden Markov model (HMM) clustering
(Ayub, et al. 2013; Marques, et al. 2018). The density-based spatial clustering of applications
with noise (DBSCAN) algorithm (Ester, et al. 1996), which is easy in use to combine multiple
genetic measurements, also has good potential for selection tests, yet has not been fully
explored. In short, the DBSCAN algorithm clusters data points with multiple dimensions
(genetic measurements in my study) based on their distance between each other (Schubert,
et al. 2017). DBSCAN can thus detect outlier regions under the simple assumption that
genomic regions affected by strong selection should be rare and statistically distinct from most

of the genome (Johri, et al. 2022).



Mutation load on the sex chromosomes

Assemblies of sex chromosomes are still scarce, limited by technical difficulties caused
by low depth of X or W chromosome, heterogeny and similarity between the two sex
chromosomes (Tomaszkiewicz, et al. 2017). The formation of sex chromosomes starts from
accumulation of sexually antagonistic mutations close to the sex-determining gene, leading to
loss of recombination in the region (Vicoso 2019; Rafati, et al. 2020). This region accumulates
deleterious mutations on the non-recombining chromosome (e.g. Y in XY systems), tends to
degenerate, and gradually differentiates into two sex chromosomes (Vicoso 2019). Highly
heteromorphic sex chromosomes with short homologous regions are common in mammals,
for example in mice (Soh, et al. 2014) and humans (Lahn and Page 1999).

Recent theoretical and empirical studies on the deleterious mutations in the genome
(Peischl and Excoffier 2015; Robinson, et al. 2018; Aris-Brosou 2019; Grossen, et al. 2020;
Bertorelle, et al. 2022) usually focus on diploid systems, or to be specific, the autosomes of
diploid species. As selection functions on the individual level, it is important to further
understand the fitness effects of deleterious mutations on sex chromosomes to have a whole
picture of mutation load related to deleterious mutation both on autosomes and sex
chromosomes.

There are three types of ploidies in diploid species with heteromorphic sex
chromosomes (Laporte and Charlesworth 2002; Immler 2019). Here | use the XY system as an
example and assume a sex ratio of 1 for simplification. First, autosomes and the
pseudoautosomal regions of sex chromosomes are diploid going through recombination each
generation. Second, non-recombining regions of the Y chromosome and mitochondrial DNA
are haploid have an N, equal to 1/4 of the autosomes. Last, the regions on the X chromosome
outside of pseudoautosomal regions are diploid in females and haploid in males. The X
chromosome is diploid in the female and haploid in the male, going through recombination in
2/3 of its history, and with N. equal to 3/4 of the autosomes (Bachtrog 2006). In the haploid
system, every mutation is dominant, and selection against deleterious alleles is stronger than
in the diploid system (Valero, et al. 1992; Szovényi, et al. 2014). Thus, the sex chromosomes
should experience stronger purging of deleterious alleles due to a certain degree of haploidy.
Furthermore, the mutation rate is higher in males in many species (Hurst and Ellegren 1998),

which adds an extra layer of complexity to the population genetics of sex chromosomes. The



genetic diversity and dynamics of deleterious alleles on sex chromosomes and autosomes may

thus not be the same under demographic changes.

Island populations on the balance of drift and selection

Island populations are ideal for studying the effect of both genetic drift and selection
in nature with often simpler environments and the clear geographic barrier of water (Foster
1964; Losos and Ricklefs 2009; Grant and Grant 2014). On one hand, island populations usually
experience bottlenecks and genetic isolation in the absence of gene flow which can lead to
strong genetic drift (Foster 1964; Whittaker and Fernandez-Palacios 2007; Rogers and Slatkin
2017). For example, the effects of genetic drift together with inbreeding led to mutation load
and inbreeding depression in the population of wolves on Isle Royale (Robinson, et al. 2019)
and in Soay sheep (Stoffel, et al. 2021). This is a phenomenon often observed in endangered
species with similar demographic changes (Xue, et al. 2015; Bozzuto, et al. 2019). On the other
hand, the island environment usually differs from the continental origin of the newly arrived
population in abiotic and biotic aspects (Whittaker and Ferndndez-Palacios 2007). Such
environmental change may cause divergent selection on the island populations (Losos and
Ricklefs 2009), which can result in morphological and genetical divergence in a short period
(Foster 1964; Hofman, et al. 2015; Renaud, et al. 2015; Benitez-Lopez, et al. 2021; Chevret, et
al. 2021).

The changes of the island populations in morphology, ecology and behavior compared
to their continental relatives are referred to as “island syndrome” (Foster 1964; Adler and
Levins 1994; Losos and Ricklefs 2009). A shift of in body size, known as “island rule” or Foster's
rule (Foster 1964), is often observed: small species become bigger on islands (Lomolino 1985)
while species with large body size tend to become smaller (Benitez-Lépez, et al. 2021). It is
commonly observed in rodents on islands whose weight can increase to the double of
continental individuals (Angerbjorn 1986; Adler and Levins 1994; Payseur and lJing 2021;
Renom, et al. 2021). Genetic studies of the island syndrome have mainly focused on the genes
under selection on the island which are related to the phenotypic changes of island
populations (Raia, et al. 2010; Choi, et al. 2021; Payseur and Jing 2021). Meanwhile, evidence
has been found that the island syndrome may also be caused by relaxion of selection. Island
populations may be released from certain selective pressures because of the different

environments. For example, lack of predators on the island may lead to change on body size



(Adler and Levins 1994) or coloration (Bliard, et al. 2020). Furthermore, in the face of genetic
drift, the efficacy of selection especially on mildly deleterious mutations can be reduced over
the genome (Gravel 2016; Peischl, et al. 2018). For example, globally relaxed purifying
selection may have affected immune functions of bird populations on islands (Barthe, et al.

2022).

The Orkney vole

In this thesis, | mainly focused on the common vole (Microtus arvalis) on the Orkney
archipelago in the north of Scotland, specifically referred to as the Orkney vole (M. a.
orcadensis, Millais 1904), as a model to study the genomic consequences of long isolation.
Common voles are small herbivorous rodents widely distributed across Europe (Zimmermann
1959; Heckel, et al. 2005; Lischer, et al. 2014). They have very high capability of reproduction
and extensive population size fluctuations in many areas (Lambin, et al. 2006). There are four
major evolutionary lineages in Europe, which are genetically and geographically distinct, but
morphologically cryptic (Heckel, et al. 2005; Lischer, et al. 2014). The origin of the Orkney vole
is the Western lineage covering Belgium, France and northern Spain (Chapter 1; Heckel, et al.
2005; Martinkova, et al. 2013).

The history of Neolithic humans and associated organisms (Stanton, et al. 2016;
Chevret, et al. 2021) on Orkney islands has been well studied thanks to many Neolithic
settlements in Orkney (Richards 1996). The demographic and genetic history of the Orkney
vole is tightly associated with human presence. Orkney voles were introduced by Neolithic
farmers over 5,000 years ago likely as a food resource (Romaniuk, et al. 2016). It is one of the
oldest known human introductions of a wild species into an island system (Haynes, et al. 2003;
Martinkova, et al. 2013). Martinkova, et al. (2013) found that the source of introduction was
most likely the coast of Belgium and northern France based on mitochondrial and
microsatellite markers. The Orkney vole is widespread on seven islands of Orkney, and the
census population size was estimated to be one million (Reynolds 1992). The populations
likely experienced early divergence between the islands isolated by the sea (Phillips 2004;
Smith, et al. 2019). The bones of the Orkney vole found in archaeological sites on multiple
islands dated to a short period after the introduction (Martinkova, et al. 2013; Cucchi, et al.
2014; Fraser 2015; Romaniuk, et al. 2016) support this hypothesis. The Eday population is

exceptional compared to the populations with long history, that 15 voles were recently



introduced in 1987. And Eday island was fully covered by fast-expanding voles in three years
(Mike Cockram, personal communication), showing Orkney voles’ strong ability of
reproduction and dispersal even at modern time. The body size of the Orkney vole changed
rapidly in less than a century after its introduction (Cucchi, et al. 2014), and it has currently
roughly twice the weight compared to its continental conspecifics in Belgium and northern
France. Despite the morphological difference, there is no reproductive isolation between the
Orkney vole and the common vole on the European continent (Zimmermann 1959).

The genus Microtus (Cricetidae) comprises high variation of sex chromosomes,
including the typical short Y chromosome (e.g. M. arvalis, Lemskaya, et al. 2010), extremely
long X and Y chromosomes (e.g. M. levis, Lemskaya, et al. 2010), multiple karyotypes in one
species (e.g. M. thomasi, Rovatsos, et al. 2017), and an X0/XY sex determination system (M.
oregoni, Charlesworth and Dempsey 2001), in which the female has only one X chromosome
while the male has both X and Y chromosomes. The karyotype of the common vole (2n=46) is
formed by 22 pairs of autosomes, an intermediate sized X chromosome and a short Y
chromosome. However, the X and Y chromosomes have no synapsis (Ashley, et al. 1990),

which is rare among mammals.

Outline of this thesis

Overall, the Orkney vole is an exceptional system for the study of the genetics and
evolution of bottlenecked and isolated populations in the long term. With its clear history of
introduction and analyses with full genomes, we were able to address important evolutionary
questions, including the dynamics of mutation load in long isolation, the shifts of selection
and its link to the island syndrome, and the effects of demographic changes on the genetic
variation on sex chromosomes.

In Chapter 1, | reconstructed a detailed demographic history of Orkney voles with
genomic resequencing data. Based on this, | then assessed the genomic consequences arising
from their ancient colonization events. The strong genetic bottlenecks and exceptional long
isolation potentially led to mutation load which reduced the fitness of Orkney voles. With 48
resequenced genomes, | was able to test some of the theoretical predictions on the dynamics
of deleterious variation in natural populations after long isolation.

In Chapter 2, | examined the exceptional genomic background of Orkney voles shaped

by genetic drift and tested for relaxed selection throughout the genome. | also tested for



divergent positive selection to understand the evolutionary changes of Orkney voles, including
extreme body size increase compared to the continental conspecifics. To detect hard selective
sweeps in the genome, | applied a machine learning algorithm to identify outlier regions
potentially under selection, and compared the results with other existing methods of for
outlier identification.

In Chapter 3, | provided the first draft assembly of the sex chromosomes of the
common vole. | then compared the genetic diversity and the dynamics of deleterious
mutations between the autosomes and sex chromosomes. Using the genomes of Orkney voles
and the continental voles from the Western lineage, | also investigated the different impacts

of a population bottleneck on the genetic variation on autosomes and sex chromosomes.
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SUMMARY

Increased human activities caused the isolation of populations in many species—often associated with ge-
netic depletion and negative fitness effects. The effects of isolation are predicted by theory, but long-term
data from natural populations are scarce. We show, with full genome sequences, that common voles
(Microtus arvalis) in the Orkney archipelago have remained genetically isolated from conspecifics in conti-
nental Europe since their introduction by humans over 5,000 years ago. Modern Orkney vole populations
are genetically highly differentiated from continental conspecifics as a result of genetic drift processes. Colo-
nization likely started on the biggest Orkney island and vole populations on smaller islands were gradually
split off, without signs of secondary admixture. Despite having large modern population sizes, Orkney voles
are genetically depauperate and successive introductions to smaller islands resulted in further reduction of
genetic diversity. We detected high levels of fixation of predicted deleterious variation compared with con-
tinental populations, particularly on smaller islands, yet the fitness effects realized in nature are unknown.
Simulations showed that predominantly mildly deleterious mutations were fixed in populations, while highly
deleterious mutations were purged early in the history of the Orkney population. Relaxation of selection over-
all due to benign environmental conditions on the islands and the effects of soft selection may have contrib-
uted to the repeated, successful establishment of Orkney voles despite potential fithess loss. Furthermore,
the specific life history of these small mammals, resulting in relatively large population sizes, has probably
been important for their long-term persistence in full isolation.

INTRODUCTION populations, a phenomenon for which the term “mutation
load” was coined. %' Deleterious mutations are usually present
Isolated populations are of major concern in conservation at low frequency in large populations and mostly express their
biology, human and animal health, and evolutionary biology."”  negative fitness effects when inbreeding occurs (inbreeding
As human activities have affected and will continue to affect eco-  load).’* The loss of diversity in small populations can cause
systems worldwide, fragmentation of many species into isolated  recessive deleterious variants to drift to high frequency and be
populations is ongoing and may lead to increased risks of localor  more likely present in homozygous form. This can lead to an
global extinction.>* Human transfer of organisms to previously  increased mutation load (drift load)'® of mildly and moderately
unoccupied areas can result in populations that may either deleterious mutations but also to efficient purging of strongly
vanish or thrive and turn into biological invasions given suitable  deleterious mutations over time by purifying selection.'®'®
conditions.®® Even though both scenarios typically involve iso- Theory has shown that, at the front of spatially expanding pop-
lated populations, their demographic trajectories are diametri-  ulations initially going through a series of bottlenecks, the pro-
cally opposed and are thought to be influenced by the amount  portion of deleterious alleles in a homozygous state may in-
and quality of genetic variation.” crease while the total number of deleterious alleles remains
Isolation of populations leads to loss of genetic diversity over  unchanged.'®?° Such an increase correlates with a decrease
time, and the rate of the loss is inversely related to the effective in fitness of derived populations and has thus been called
population size (N,).? In small populations, the loss of genetic di-  “expansion load.” The expansion load can last for thousands
versity is mostly governed by random genetic drift, which affects  of generations, especially in the absence of gene flow from
neutral and non-neutral genetic variation equally, and might core populations.?’ Empirical studies on the genetic effects of
leave long-lasting signatures even if a population expanded deleterious variation in isolated populations have mainly focused
afterward.®° Deleterious mutations may reduce the fitness of either on model species'®?>?® in experiments®*?® or on
19
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Figure 1. Distribution, genetic diversity and divergence of common voles
(A) Sampling locations and distribution range of the common vole Microtus arvalis modified after IUCN Red List.***® Major evolutionary lineages in Microtus
arvalis are coded as: Eastern lineage, yellow; ltalian lineage, blue; Central lineage, red; Western lineage, dark green; Orkney, light green. Sampling locations of

M. obscurus are marked with gray dots. One genome was sequenced for each |
(B) The average percentage of heterozygous sites and the standard deviation m
(C) Principal component analysis (PCA) of genetic variation based on 57.5 million
insert (x axis: —0.097 to —0.092; y axis: —0.128 to —0.118). Patterns in Orkney po
genetic drift during the history.

(D) PCA of Orkney vole genomes only.

See also Tables S1-S83.

endangered wild populations,?®~*° but knowledge of the effects
in the wild exceeding a period of a few hundred generations®®-*°
remains scarce.

Islands are natural systems to study the short- and long-term
effects of isolation on populations.”*'*? The Orkney archipel-
ago in the north of Scotland has served as an iconic model
for studying the history of Neolithic human settlements and cul-
ture®® and associated organisms.*>**> The Orkney vole (Micro-
tus arvalis orcadensis)® results from one of the oldest-known
human introductions of a wild species to an island system®’*®
and provides a unique system to study the long-term conse-
quences of genetic isolation. Common voles on Orkney are
geographically separated from their conspecifics in continental
Europe (Figure 1) and were once believed to be an independent
species based on morphology. Common voles are small her-
bivorous rodents with a very high capability of reproduction

20
2 Current Biology 33, 1-12, May 22, 2023

ocation except for Eday (n = 2) and one location of Burray (n = 2).

arked as the error bar in each group.

SNPs without missing data (54.9% of all) with a zoom of the Orkney voles in the
pulations correlate with heterozygosity in (B) and indicate the varied strength of

and extensive population size fluctuations in many areas.®® In

Europe, four major evolutionary lineages are found that are
genetically and geographically distinct but morphologically
cryptic (Figure 1A).%%41

Limited mitochondrial and nuclear DNA information has shown
that Orkney voles belong to the Western evolutionary lineage
within the species and were most likely introduced by Neolithic
farmers from coastal Belgium or France more than 5,000 years
ago,®”*® probably as a food item.** Orkney voles are present
and abundant on seven of the islands, with their census popula-
tion size estimated to be over one million.*> Their bones have
been found on multiple Orkney islands in archeological sites
dating back to the Neolithic, which supports early splits between
vole populations®®“4:96:47 at a time when most islands of Orkney
were already isolated by the sea.’®*® However, the last inten-
tional introduction of voles to an unoccupied Orkney island,
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Table 1. Genomic diversity of common voles (Microtus arvalis) and the outgroup M. obscurus

Number of Deleterious Deleterious Deleterious Deleterious
Lineage Group genomes Heterozygosity homozygous heterozygous sites total alleles
M. obscurus = 3 8.3% = = = =
Eastern - 3 11.4% - - - -
Italian = 3 9.1% = = = =
Central - 3 8.7% - - - -
Western north 7 8.7% 1,371 2,661 4,032 5,468
south 3 8.7% 1,598 2,849 4,447 6,045
Spanish 3 6.8% 1,995 2,456 4,451 6,446
overall 13 8.2% 1,585 2,657 4,242 5,827
Orkney Mainland 5 2.5% 2,419 911 3,330 5,750
Rousay 3 1.6% 2,580 597 3,177 5,757
Burray 3 1.5% 2,602 597 3,199 5,801
South Ronaldsay 3 1.0% 2,690 431 3,121 5,813
Sanday 3 0.7% 2,662 334 2,996 5,659
Westray 3 0.8% 2,683 383 3,066 5,749
Eday 2 0.7% 2,705 331 3,036 5,741
overall 22 1.4% 2,598 556 3,155 5,753

Groups in the Western lineage are defined based on geographical origin. Heterozygosity is shown as the average percentage of heterozygous sites.
Deleterious genetic variation in Orkney voles and the Western evolutionary lineage is reported as the average numbers of derived deleterious homo-
zygous and heterozygous sites, deleterious sites, and deleterious alleles, rounded up to the whole number.

Eday, occurred only in 1987 (M. Cockram, personal communica-
tion), which indicates the potential of human interference with the
demographic and genetic history of seemingly isolated island
populations.

Here, we use full genomic data to first reconstruct the history
of Orkney voles throughout the Neolithic until the modern period
relative to their continental conspecifics. On this base, we then
assess the genomic consequences of ancient colonization
events in Orkney potentially leading to strong genetic bottle-
necks, thousands of generations of isolation, and mutation
load. This allows us to empirically test some of the theoretical
predictions regarding changes in the number, frequency, and
heterozygosity of deleterious variation in natural mammal popu-
lations after extremely long isolation.

RESULTS

Genomic diversity and diversification

We sequenced 45 common vole and three additional Microtus
obscurus genomes at a mean read depth of 26x (Tables 1 and
S1). This included 22 individuals from all seven Orkney islands
occupied by M. arvalis, 14 individuals chosen to cover the conti-
nental distribution range of the Western evolutionary lineage in
the species, and three samples from each of the other major
evolutionary lineages (Figure 1A). The genetic diversity of Orkney
voles, reported as the average percentage of heterozygous sites
among all called single-nucleotide polymorphism (SNP, 100.8
million in total) sites of each population, was extremely low
compared with continental populations (Figure 1B; Table 1).
On the European continent, genetic diversity in the Eastern
evolutionary lineage was the highest (11.4%). Within the Western
evolutionary lineage, Spanish populations had the lowest hetero-
zygosity (6.8%), while Western-south and Western-north

populations had equal levels (8.7%) despite the divergence
within the lineage. In Orkney, voles on Mainland Orkney had
the highest heterozygosity (2.5%), which is 1.5-3.4 times more
than in the other islands (Figure 1B). Orkney voles on islands
closer to Mainland Orkney had higher heterozygosity than voles
on the islands—Sanday, Westray, and Eday —farther to the north
(Figures 1A and 1B). Though the Eday vole population started
from only 15 individuals from Westray released in 1987, the pop-
ulation did not show a strong decrease in heterozygosity
compared with Westray.

A principal component analysis (PCA) of all genomes without
missing data showed Orkney voles as highly divergent from
the continental populations (Figure 1C). Most of the variance
was explained by differences between M. arvalis and
M. obscurus, but Orkney voles formed a cluster separate from
all other individuals spanning the distribution range of the spe-
cies between Spain and Russia. On PC1, PC2, and PC3, Orkney
voles were closest to individuals from the northern part of the
Western evolutionary lineage (Table S2). In the detailed view,
populations are ordered almost perfectly linear to levels of het-
erozygosity (Figure 1B) probably due to the effects of genetic
drift. Orkney Mainland was closest to the continental popula-
tions, which gives support to this largest island as the original
founding site of Orkney voles. The pattern in the PCA showed
Rousay and Burray as genetically closest to Mainland Orkney,
consistent with the geography. South Ronaldsay was beyond
Burray, and populations from the most distant northern islands,
Sanday and Westray, were farther out (Figure 1A; Table S3). As
expected, the Eday population was close to Westray voles that
were the source of the introduction. Focusing only on Orkney
voles confirmed the genetic distinctness of populations on sepa-
rate islands and little variation within populations. The three
northern islands separated from the rest on PC1, and the
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See also Figures S1 and S2.

southern islands separated from each other on PC2 (Figure 1D;
Table S4).

Phylogeny and admixture
Phylogenetic analyses of both nuclear and mitochondrial ge-
nomes showed Orkney voles as distinct, with the closest affinity
to individuals from the northern area of the Western evolutionary
lineage (Figure 2). Mainland individuals were either at basal posi-
tions or grouped with voles from other islands on the mitochon-
drial tree, potentially due to preserved ancestral diversity in this
biggest Orkney population.®®

Nuclear genomes strongly supported the notion that Orkney
voles have remained isolated from continental populations for
a very long period, as no evidence of post-introduction admix-
ture between Orkney populations and the continent was found
(Figures 2B, S1A, and S2). Signals of genomic admixture were
mostly detected between basal branches on the continent,
which is consistent with the sharing of ancestral variation and
limited gene flow due to incomplete reproductive isolation be-
tween evolutionary lineages.*>°°>? An individual from north-
eastern France (FM05) showed strong admixture (Figure S1A)
between the Western-north and the Central lineage and was
thus notincluded in further, more specific analyses. f-branch sta-
tistics suggested also limited ancestral gene flow between con-
tinental lineages and Orkney voles (Figures 2B and S2). The
signal of admixture between the Western-south branch and
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ancestral Orkney is likely a consequence of shared ancestral
variation that was passed over to the Orkney population at the
time of founding (for details, see Malinsky et al.>®). The results
of ADMIXTURE analyses support that Orkney vole genomes
are distinct from current continental populations, with only very
minor sharing of ancestries (Figure S1).

Within the monophyletic cluster of Orkney samples, individ-
uals from each island clustered separately except for Orkney
Mainland (Figures 2 and S1B), suggesting isolation and diver-
gence between the islands. Populations from the northern Ork-
ney islands (Sanday, Westray, and Eday) were diverged from
the rest in the phylogeny and in ADMIXTURE analyses (Fig-
ure S1B). f-branch statistics suggested multiple admixture
events between the Orkney islands, mainly at the early stage of
divergence (Figures 2B and S2). Treemix or ADMIXTURE de-
tected no signals of admixture between islands, except for the
South Ronaldsay and Burray populations (Figure S1B), where
recent gene flow between these nearby islands cannot be
excluded.

Demographic history of Orkney voles

We used the Orkney Mainland population to represent Orkney
voles in demographic analyses because of its preserved diver-
sity and absence of potential admixture after introduction
(Figures 2B and S2). Analyses with SMC++>* showed a strong
drop in the effective population size of Orkney Mainland voles
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Figure 3. Demographic history of Orkney
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ca. 5,300 years ago (bootstrap median 4,875, 5" percentile
3,014, 95T percentile 5,410), with a minimum N, of 2,781 (Fig-
ure 3B; bootstrap median 3,153, 5™ percentile 2,275, 95™
percentile 3,771). The time of this bottleneck closely fits the
dates from radiocarbon analyses on vole bones (oldest 5,100
years old) and the previously estimated time (about 5,000 years)
of the introduction to Orkney.*® The split between Orkney Main-
land and the continental population was estimated to be ~8,400
years ago (Figure 3A; Table S4). This is much older than the
bottleneck on Orkney Mainland and probably a consequence
of the Western-north individuals not being the descendants of
the precise source populations for the founding of Orkney (see
discussion).®® After a relatively slow initial population size in-
crease in Orkney, the vole population grew particularly fast in
the last millennium and remained, with some fluctuation, at an
N of roughly 100,000. Surprisingly, this is the same order of
magnitude that the population size in the Western-north group
reached after a less severe bottleneck about 2,000-3,000 years
ago.

The comparison between Orkney islands showed that the de-
mographic history of Orkney Mainland voles differed from popu-
lations on the smaller islands, but there were similar trends
among the latter (Figure 3B). With the Mainland population as
the potential source, the splits of most island populations (San-
day, Westray, Rousay, and South Ronaldsay) were estimated
at between 2,000 and 3,000 years ago (Table S4). The population
on Burray split only about 450 years ago, at a time when all Ork-
ney populations, including the Mainland, experienced a phase
with the lowest effective population sizes in their history (Fig-
ure 3B). Populations on the smaller islands showed partially
signs of very strong growth only in the last 200 years (e.g., on
Burray from ~250 to 10,000). We attempted also to get insights
into the history of the recently introduced voles on Eday through
analyses with SMC++. The estimated population size changes
are relatively similar to those on Westray, the source for the intro-
duction. The split time of about 3 years ago (Table S4) is clearly
an underestimate, but this is not surprising because of the limits
of SMC++ to estimate very recent demographic changes. Events
occurring less than ~160 generations since introduction are too
recent to be estimated reliably.>® Orkney voles had runs of
homozygosity (ROH) longer than 1 Mb, covering a total of
2.1%-5.4% of the genome (mean = 3.6%), which is 8-20 times
longer compared with the continental voles (mean = 0.25%;
range 0%-0.35%). However, the ROH regions in Orkney voles

Generations

10t analyses were combined into one graph for com-

parison. The Eday population is not shown because
of its very recent introduction from Westray in 1987.
See also Table S4.

were short (mean 1.4 Mb, longest 3.4 Mb; mean continental
voles 1.6 Mb, longest 4.1 Mb), indicating that the ROHs resulted
from the deeper demographic history rather than inbreeding due
to recent common ancestors.

Accumulation of deleterious mutations

Assessing the potential functional relevance of genetic variation
showed that Orkney voles accumulated high amounts of homo-
zygous, putatively deleterious mutations in their specific history
compared with continental populations (Figures 4A, 4B, and
S3A; Table 1). We identified in total 11,562 SNPs and 22,006 in-
dels with defined derived states in Orkney that were classified as
highly deleterious (mainly loss-of-function mutations, e.g.,
frameshift mutations; see STAR Methods), with 9.7 million
neutral SNPs and 1.8 million neutral indels as comparison. On
Orkney Mainland, over 40% of the deleterious variants were
fixed in the population. On smaller islands, 63.6%-89.9% of
the deleterious variants were fixed (Figures 4A and S3A). The
majority of the fixed variants were shared between Mainland
Orkney and the other islands, probably inherited from the ances-
tral population of Orkney (Figure S4). Gene enrichment analysis
suggested that the affected genes were distributed widely in
many fundamental pathways without specific enrichment, and
we did not detect under-represented gene ontology terms (re-
sults not shown).

We used individual-based simulations to investigate whether
this large proportion of fixations is a plausible outcome of the
estimated demographic history. Using a distribution of fitness ef-
fects (gamma distributed) with mean s = —0.01 (Ns = 50; N being
the effective population size during the bottleneck), we found
very good agreement between observed and simulated site fre-
quency spectra (SFS) for both neutral and deleterious alleles
(Figure 4A). The mean strength of selection and the shape
parameter of the distribution of fitness effects (DFE, alpha = 1)
were chosen such that a broad range of selection coefficients
are contained in the DFE. Using refined DFEs (Figure S5) that
incorporate a negative relationship between the strength of se-
lection and the dominance coefficient yielded very similar
SFS,°% in particular whether the DFE was wide enough to include
a substantial proportion of nearly neutral mutations (Ns < 1 dur-
ing the bottleneck, Figure S5). Re-tracing the fixation events in
the simulations showed that they mostly occurred during the
ancestral bottleneck more than 5,000 years ago (Figure S5C).
Furthermore, virtually all mutations that became fixed fell below
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Figure 4. Accumulation of deleterious genetic variation in Orkney voles

(A) Unfolded site frequency spectra of derived high-impact (dark red) and neutral sites (green) for real data, including nucleotide polymorphism sites (SNP) and
indels, or for simulated data. A very high proportion of deleterious mutations were fixed in Orkney vole populations.

(B) Number of high-impact deleterious alleles per individual for Orkney and continental voles from the Western evolutionary lineage. Deleterious alleles were more

often found in homozygous state in Orkney voles.

(C) R'xy of highly deleterious, missense, and synonymous SNPs of Orkney populations. The error bars stand for + 2 standard errors.

See also Figures S3-S5.

the threshold for nearly neutral mutations during the bottleneck
(Figure S5). This shows that only mildly deleterious mutations
could fix, whereas more strongly deleterious mutations were
successfully purged from the population in the simulations.
Including a proportion of lethal and sub-lethal mutations (3% of
mutations with s = —0.75 or s = —1) did not affect our simulation
results (Figure S3), in line with the observation that genomic pat-
terns of deleterious diversity are composed almost exclusively of
small effect mutations across all simulations.

We investigated the accumulation of deleterious alleles in
empirical data with the Rxy method.®”** The ratio R'xy of highly
deleterious mutations in Orkney populations was close but
significantly lower than 1 when calculated against the West-
ern-north group (Figure 4C). This showed that a number of
highly deleterious alleles were removed from Orkney popula-
tions due to purging,®® especially in the northern islands (San-
day, Westray, and Eday). However, R’yxy values of missense
SNPs exceeding 1 suggest that the removal of weakly delete-
rious alleles was less efficient in Orkney populations (Figure 4C).
We further tested for evidence of pseudo-overdominance
(POD) in Orkney voles that could potentially reduce the expres-
sion of fitness effects. POD is a form of balancing selection in
regions of low recombination that leads to the masking of
recessive deleterious variants by maintaining complementary
haplotypes at high frequencies.’®®® However, we did not find
signatures of POD, such as an excess of deleterious mutations
in low recombination rate regions nor an excess of intermediate
frequency variants in the SFS of deleterious variants
(Figures 4A and S4). Also, the SFS from our simulations
showed no evidence of potential POD affecting Orkney voles
(Figure 4A and S5).

The genomic patterns of homozygosity of Orkney populations
were consistent with the theoretical predictions for range expan-
sions. The number of sites with derived deleterious alleles in a
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homozygous state observed per genome was strongly corre-
lated with the number of sites with derived neutral alleles in ho-
mozygous states (R? = 0.992, p < 2.2e—16). The same pattern
was found for the number of heterozygous sites (R? = 0.992,
p < 2.2e—16). This correlation is mainly due to genetic drift
because the alleles with lower initial frequency are more likely
to be lost during the bottleneck.®’ Despite much lower heterozy-
gosity overall, the total number of deleterious alleles per individ-
ual in Orkney voles was comparable to their conspecifics on the
continent (t test; Orkney versus Western lineage p = 0.96; Fig-
ure 4B). Very similar patterns were observed when classifying
the mutations according to different functional consequences
(frameshift mutations, premature stop codons, start codon lost
and missense mutations; Figure S3B).

DISCUSSION

Our analyses show that the Orkney vole is likely one of the oldest
cases of human introduced wild species on islands with com-
plete genetic isolation for more than 5,000 years (Figures 2 and
3A). The early separation between Orkney islands makes these
voles an ancient “experiment” with repeated trials on the evolu-
tion of isolated populations. The outcome of this exceptionally
long-lasting experiment supports population genetics theory
on the consequences of bottlenecks and founder events®9:62:63
beyond most time frames investigated in natural systems so
far.5*®°> Remarkably, the demographic trajectories of the popula-
tions are largely decoupled from the depauperate genomic
background of Orkney voles. Orkney voles have high modern
N, as indicated by demographic reconstruction (Figure 3;
Table S4) and they have experienced ecological success,*’
despite the ubiquitous genomic signs associated with potential
negative fitness consequences that still persist after thousands
of generations in isolation.
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Multiple replicates of long-lasting isolation induced by
humans

Genetic isolation of Orkney voles for over 10,000 generations af-
ter human introduction is exceptional among the studied sys-
tems of vertebrates. The most similar example is the island fox
(Urocyon littoralis), which started colonizing the California Chan-
nel Islands about 9,000 years ago (9,000 generations for fox),
and for which the later close association with humans contrib-
uted to their spread and recent gene flow among populations.®
Other completely isolated vertebrate populations with relatively
clear history have been separated from conspecific populations
for hundreds of generations (e.g., Italian brown bears®®) and,
rarely, a few thousand generations (e.g., Soay sheep?®). Except
for domestic animals like sheep,29 there was either no human
transfer involved in establishing these completely isolated popu-
lations or it remains unknown. Overall, human introductions of
vertebrates apart from domestic animals are very numerous
but they concern mostly comparatively very recent cases that
led to biological invasions.®7:68

The strongest bottleneck in the history of Orkney voles ca.
5,300 years ago probably represents the establishment of found-
ing populations® with increasing human occupation at a time
when most Orkney islands were already separated by the North
Atlantic Ocean.*®*° This time point is consistent with the oldest
vole remains on Mainland dated 4,800 years old, while the
earliest archeological evidence of voles on Orkney dated to
5,600 years ago stems from the island Papa Westray in the north
of Westray.*® The estimated split between Orkney Mainland and
the continental population ~8,400 years ago coincides with the
earliest evidence for Mesolithic humans in Orkney,®® but this
time estimate may have been pushed earlier by population struc-
ture within the Western lineage (e.g., shown in Heckel et al.*%). A
genetic replacement event in the Western-north region®
occurred probably due to land-use changes on the continent
within the last two millenia®® —much after the separation of Ork-
ney populations. The signal of introgression from the Western-
south group to the ancestor of the Orkney voles (Figures 2B
and S2) is thus likely caused by shared ancestral variation in
the Western lineage that is still partially preserved in Orkney
populations.

The demographic history of Orkney voles was tightly linked to
human activities. Early archeological records from multiple
islands“*® show that voles have spread fast across the Orkney ar-
chipelago given suitable ecological conditions and likely with the
help of Neolithic humans. The signals of gene flow between
islands (Figures 2B and S2) probably relate mostly to this rela-
tively early phase of colonization. Our divergence times esti-
mates for extant Orkney populations will thus not necessarily
reflect the first waves of vole introduction, but rather the order
in which island populations were split off. Human transport of
voles around the Orkney system may have continued for cen-
turies after the initial colonization and our divergence time esti-
mates are likely to also reflect such gene flow.”®

The absence of voles from Papa Westray in modern times
demonstrates that some of the initial island populations have
vanished. Human actions have affected other Orkney islands
like Shapinsay’" and Eday (M. Cockram, personal communica-
tion) where voles went extinct in the early 20" century.*® It is un-
clear what the causes of these extinctions were and whether
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mostly ecological change or also genetically caused fitness
decline (“mutational meltdown”)’? was involved. The phase of
low N on all Orkney islands around 500 to 200 years ago is
compatible with negative effects of agricultural practices that
reduced vole habitats by using burned kelp and hay as fertil-
izer.”® The Orkney vole system provides a unique opportunity
to distinguish between the scenarios of repeated ancient intro-
ductions versus continued gene flow. In the future, the concrete
timing of events can be provided by combining more genomic in-
formation from modern vole populations with time series ana-
lyses of ancient DNA based on the rich vole bone material recov-
ered during archeological excavations.*64

Extreme accumulation of deleterious mutations

The bottleneck related to the founding event of Orkney voles has
left the shared genomic legacy of a large proportion of fixed
derived sites that include many potentially highly deleterious al-
leles. Homozygosity of loss-of-function mutations (Figure 4) has
reached an extremely high level in Orkney voles compared with
populations of other mammals that have gone through much
shorter periods of isolation.?”-?%*” Qur individual-based simula-
tions suggest that the fixation of many deleterious mutations in
Orkney voles likely happened shortly after the bottleneck started
(Figure S5C). Fixation at the founding stage of Orkney popula-
tions can also explain the sharing of most fixed deleterious mu-
tations among successively colonized islands (Figure S4). It is
noteworthy that these genomic patterns resulting from relatively
few consecutive founding events are largely consistent with the
patterns predicted by theoretical models of population contrac-
tion”* and of extensive range expansions in continuous or
discrete space,’®?" and also with empirical patterns in human
populations.®? This similarity may stem from the fact that evolu-
tionary forces at the front of expanding populations can have ef-
fects that are very similar to that of a single bottleneck.”® The
amount of drift during a spatial expansion comprising serial
founder events is determined by the harmonic mean of popula-
tion sizes at the expansion front.”® Thus, a single bottleneck
and a spatial expansion with the same harmonic mean of popu-
lation size and the same duration will yield very similar genomic
signatures as the spatial expansion. Relatively large population
sizes per island may have contributed to maintaining the high fre-
quency of derived deleterious alleles over the extended period in
isolation.””

The relatively large effective population size of Orkney voles
even during the initial bottleneck may also explain why we found
no strong signal of reduction in the number of deleterious alleles
in contrast to e.g., Mountain gorilla,®” Bengal tiger,”® or reintro-
duced Alpine ibex,?’ large mammals typically with population
sizes of dozens to hundreds. Genetic purging in the narrow
sense as a consequence of inbreeding is expected to decrease
the number of deleterious alleles”® and a few dozens of genera-
tions can lead to detectable signatures in genomes.*’ This pro-
cess may be subtle in the Orkney vole system given even large
effective population sizes per island compared with the
mentioned big mammals (Figure 3). Indeed, the amount of ge-
netic drift and inbreeding is determined by the harmonic mean
of population sizes over time,®® and the harmonic mean gives
most weight to the lowest population sizes. Populations of voles
with high growth rates can rapidly regain large sizes after
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introduction given suitable environments, and thus experience
far less drift and fixation through bottlenecks than those of large
mammals with much smaller growth rates. Furthermore, distant
bottlenecks have a smaller impact on current genomic diversity,
inbreeding and mutation load as compared with more recent
ones (see Table 1 in Robinson et al.®"). For these demographic
reasons, we would not expect strong signals of purging in Ork-
ney vole populations in contrast to the big mammal species
that experienced prolonged and recent bottlenecks at much
lower population sizes.

However, even the Eday population, which started from only 15
individuals in 1987 and whose ancestors have gone through mul-
tiple bottlenecks in the last 5,000 years, did not show a noticeable
reduction of the total number of deleterious alleles (Figure 4;
Table 1). Systematically collected data on its expansion are not
available but the 27 km? island was already largely occupied by
voles 4 years after introduction (M. Cockram, personal communi-
cation). This suggests that the current mutation load effectively
leads to only minor reduction in the absolute fitness of Orkney
voles and that selection has at least in part been soft in the Orkney
archipelago. Deleterious variation with the strongest effects
on survival or reproduction may have been purged already
thousands of generations ago at the initial stages of Orkney colo-
nization'® as shown in our simulations (Figure S5). However,
extinction of a few island populations mentioned above circum-
stantially suggests that hard selection from environmental or
intrinsic genetic pressure may have had a large effect on certain
populations.

Several potential explanations exist for the demographic suc-
cess of Orkney voles despite the relatively large amount of
inferred deleterious mutations. Reduced inter-specific competi-
tion could contribute to predominantly soft selection on Orkney,
such that fitness is mostly affected by intra-specific competi-
tion.®? Furthermore, selection could have been relaxed overall
due to generally benign environmental conditions on Orkney
(e.g., stable climatic conditions, lower predation pressure, lower
pathogen burden) compared with continental Europe,*®° re-
sulting in a DFE that is shifted toward more neutral variants. Se-
lective sweeps of beneficial mutations that compensate effects
of deleterious mutations might also play a role, but these are
very difficult to identify after long bottlenecks.”*"®

The realized fitness effects of the deleterious alleles in the pre-
sent-day Orkney populations remain unknown. There is no infor-
mation on current demographic trajectories for any of the Orkney
islands, and published data on survival rates or other fitness rele-
vant parameters in natural populations are absent. Our own field
data suggest a lower reproductive rate in Orkney populations
(mean number of embryos: 4.4; N = 80 litters) than in the Western
lineage (mean: 5.5°%, but Orkney voles have probably a higher
early survival rate and longer life expectancy based on data
from captivity.®>#° Given the large recent effective population
size, it is possible that some of the Orkney populations carry a
high inbreeding load.®” In order to improve our knowledge about
the realized or masked effects of deleterious variation, it would
be interesting to expose and quantify it at the individual level,
for example, through crossing experiments with voles with high
or low genetic load. Experimental comparisons between Orkney
and continental voles could clarify the extent of differences in ab-
solute and relative fitness between these populations. Field
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experiments in different environments might elucidate particu-
larly components of hard and soft selection affecting populations
and individuals differently (e.g., Barrett et al.?®). Similar experi-
mental approaches with Orkney voles could also shed light on
how demographic events, such as prolonged periods at reduced
population sizes in isolated populations, can set the stage for the
occurrence of heterosis and POD after secondary contact.®®

The success of an ancient off-site introduction

The Orkney vole system can be regarded as an ancient off-site
introduction and may thus enable a comparative glimpse into
the potential future of isolated vertebrate populations of concern.
In conservation biology, the need is rising to better understand
the relationship between fitness and genome-wide genetic vari-
ation.®”%° Genetic diversity is the hallmark of evolutionary poten-
tial of the populations, and reduced diversity and increased ho-
mozygosity of deleterious mutations for extended periods of
time are expected to lead to increased risk of extinction of iso-
lated populations.’® However, many Orkney vole populations
have prevailed for thousands of generations. One of the benefi-
cial factors may be that the initial effective sizes were not
extremely small compared with other systems mentioned above
and may have left sufficient functionally relevant diversity to cope
with the environment.

An important reason for the persistence of Orkney voles may
consist in the life history of the common vole. Unlike the big
mammals that have been mostly studied,?®?"*"°" the common
vole is a typical r-strategist with short life expectancy and high
reproductivity, and extensive fluctuations as part of its normal
demography of populations.®>®® Recent work suggested that
species with shorter life spans tend to bear more deleterious mu-
tations,"” possibly driven by insufficient selection on the genes
involved in the late stage of life, or due to genetic drift from
repeated bottlenecks.®* Moreover, organisms with high repro-
ductive rates are less likely affected by severe fitness loss due
to inbreeding depression than slowly reproducing species
because of more potential for variation among offspring.” Yet,
more theoretical and empirical studies are necessary to disen-
tangle the evolutionary connection between life history traits
and mutation load. Thus, it would be important to consider for
off-site introductions, e.g., of species of conservation concern,
not only general life history traits but also information about his-
torical levels of deleterious variation in genomes.®®°” Although
being of no conservation concern itself, the Orkney vole offers
the opportunity to examine in more detail the relative importance
of adaptive versus chance events for the persistence of isolated
populations in the future.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tissue samples were obtained from individuals captured with snap traps and stored in absolute ethanol or as material stored at -20
°C. The samples were collected either for earlier studies Martinkova et al.,*® Beysard and Heckel,** Heckel et al.,*° Fink et al.,''® Baca
etal.,"'% orin 2019.

METHOD DETAILS

Sampling and Sequencing

DNA was extracted using the phenol-chloroform method. DNA quality and concentration were checked with 1% agarose gels, Qubit
fluorometer (Life Technologies) and NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific). Sequencing libraries were pro-
duced with lllumina TruSeq DNA PCR-Free Library Prep Kit and sequenced on lllumina Hiseq 2000 or Novaseq 6000 by the NGS
platform of the University of Bern (2 x 150 cycles).

Variant calling and filtering

In total, the genomes of 45 common voles covering most of the species’ distribution range and three additional Microtus obscurus
were sequenced (Figure 1A; Tables 1 and S1; see supplemental information for the methods). Raw reads were mapped to the refer-
ence genome of M. arvalis assembled at chromosome scale (BioProject ID: PRINA737461, A. Gouy, G.H., X.W., et al., unpublished
data) using Stampy 1.0.32°% with default parameters except “—substitutionrate” set to 0.05. After mapping, duplicated reads were
marked and removed using MarkDuplicates tool from GATK 4.1.6.0.°° Variants were called individually with GATK
HaplotypeCaller''” using the GVCF pipeline.

After calling, SNPs and indels were filtered separately. For each individual, variants with read depth lower than 5 or higher than 150,
or genotype quality (GQ) lower than 20 were marked as missing sites. For each SNP, the overall filter parameters were: QD<10.0,
SOR>3.0, FS>60.0, MQ<40.0, MQRankSum<-12.5 and ReadPosRankSum<-8.0. The overall filter parameters for indels were:
QD<10.0, FS>60.0, and ReadPosRankSum<-8.0. Indel data was only used in the analysis of mutation load. Given the broad distri-
bution of samples from different evolutionary lineages with multiple levels of divergence in the common vole,*>*" setting a filter of
allele frequency would cause a bias towards less heterozygosity (for example up to 39% less when set to 0.05) in samples of
M. obscurus, from the Italian lineage and some from the Western lineage, so variants with low allele frequency were preserved.
With overall high sequencing depth and quality, the accuracy of called singletons was expected to be high. Keeping singletons
was also essential for SFS analysis. Indel data was only used in the analysis of mutation load. Only variants from 22 chromo-
some-scale scaffolds corresponding to the autosomes were used for analyses.

Mitochondrial genome analyses

Raw reads were mapped to the complete mitochondrial genome of M. arvalis (GenBank: MG948434.1) using BWA 0.7.17'%° with
default parameters. Duplicated reads were marked and removed with GATK MarkDuplicates. Joint SNP calling was done with
BCFtools'®" mpileup (version 1.9) and only sites with QUAL higher than 50 were kept. For each individual, the full mitochondrial
sequence was converted from VCF with reference (GenBank: MG948434.1) using BCFtools consensus function, and sites with
read depth lower than 3 or GQ lower than 99 were marked as missing sites. Phylogenetic reconstructions based on full mitochondrial
sequences were achieved using MrBayes 3.2.7'%% with the GTR+|+G substitution model which was chosen with JModelTest 2.7."%°
Two runs were completed with 4 chains, 2,000,000 iterations and 25% burn-in to make sure the final standard deviation of split fre-
quencies was lower than 0.01. The mitochondrial sequences of M. obscurus were used as outgroup for phylogenetic reconstruction.

Recombination map and mutation rate
To estimate the mutation rate, SNP phasing and a recombination map were needed. Two steps were taken to obtain phased genome
sequences. First, for each individual, SNPs were phased into small blocks based on reads covering two SNPs or more using
WhatsHap 1.0."% Then the pre-phased data of individuals from Orkney and the Western lineage were pooled together and phased
with SHAPEIT4 4.1.2"% taking into account read-based blocks with an error rate of 0.0001. The specific default parameter set de-
signed for sequencing data (-sequencing) was used. Though WhatsHap was originally designed for long-read sequencing, using
short-read data with high depth can still effectively reduce the runtime and increase the accuracy for grouped phasing with
SHAPEIT4."%°

Phased SNP data was converted to fasta files using the BCFtools consensus function and missing sites were masked as “N”.
Considering that population structure could bias the estimation of linkage disequilibrium (LD),"'®""® only five individuals from the
northern coastal area of the Western lineage were used for the estimation. The R package LDJump,'%° designed for small sample
size, was used to produce the recombination map. Default parameters were used except for the segment length set to 2kb. The pop-
ulation recombination parameter p was then converted to cM using the autosomal average recombination rate 0.63 cM/Mb for rat.'2°

The genome wide mutation rate was estimated using the TMRCA (time to the most recent common ancestor) regression method
from Palamara et al.’®" which is based on the genetic differences of identical-by-descent (IBD) segments from an inbred population.
In short, the average mismatch rate of IBD segments longer than a certain length linearly regresses to the posterior mean age of these
segments. Five individuals from Mainland Orkney were used for mutation rate estimation. IBD segments were detected using phased
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SNP data and the estimated recombination map with hap-IBD'” and default parameters. The mismatch rate of each segment was
calculated by directly counting mismatch sites. IBD segments longer than 0.5 cM and only MRCA timepoints with more than 100
segments were used for regression.

Nuclear genomic diversity and divergence

The numbers of SNPs and heterozygous sites were counted using BCFtools 1.9. PCA was done using PLINK 1.9'°® on either SNPs of
all individuals or only Orkney vole individuals without any missing data. We used IQ-TREE 2.1.4'%° and Treemix 1.13""° to obtain a
nuclear phylogeny and estimate the number and extent of historical migration events. To avoid excessive run times of the Maximum
Likelihood reconstruction of the phylogeny, we subsampled our dataset to 5 million random SNPs without any missing data. The
three M. obscurus individuals were used as outgroup. Implemented substitution model test, 1,000 ultrafast bootstraps and 1,000
SH-like approximate likelihood ratio tests were performed with IQ-TREE. Independent runs of Treemix were performed with 0 to 8
migration events added to the tree with 10 iterations for each number of migration events. The optimal number of migration events
was estimated with the R package “optM” using the “Evanno” method (https://cran.r-project.org/web/packages/OptM/). For the
Western evolutionary lineage, three geographical groups of genomes were defined according to Treemix results.

To further examine our dataset for genetic admixture between Orkney and continental voles and between different Orkney islands,
f-branch statistics were calculated with Dsuite’'" based on the phylogeny obtained with IQ-TREE. This method is based on the
f,-ratio and can assign admixture events to specific branches given a phylogenetic tree.®® Additionally, we performed population
clustering with ADMIXTURE for either all M. arvalis individuals in the dataset or only for Orkney individuals to help interpret the admix-
ture and gene flow events.

Demographic history

To investigate the demographic history and the sequence of colonization and divergence of voles on different Orkney islands, we
used SMC++°* to estimate the change of population sizes and divergence times. Population size changes were first estimated for
each population from 100 to 500,000 generations ago, with 40 iterations using pchip spline, 30 spline knots, and regularization pen-
alty at 8. We used the mutation rate estimate of 8.7 x 10" per generation (SI) and a generation time of 0.5 years.*' The divergence time
was then estimated between Orkney Mainland voles and the Western-north group which is closest to the ancestral populations. We
obtained further estimates for the split between Orkney Mainland and the other islands where Orkney voles occur, except for Eday
island. Given the known introduction and release of 15 voles from Westray in Eday in 1987 by M. Cockram (personal communication),
we attempted to estimate the split time between Eday and Westray.

Mutation load

In order to estimate the frequency of deleterious mutations in Orkney voles and Western lineage populations, SnpEff5.0''? was used
to annotate the functional effects of the variants. Gene annotation of M. arvalis (BioProject ID: PRINA737461, A. Gouy, G.H., X.W., et
al., unpublished data) was used to locate SNPs and indels in genes. Variants marked with the impact category “high” by SnpEff were
considered deleterious mutations. This impact category includes mutations heavily affecting the function of the protein, for example
mutations which eliminate start or stop codons, or frameshifting insertions and deletions. The number of variants with different func-
tional consequences was counted per individual. Putatively neutral variants were defined as variants assumed to have no effect on
any gene (category “modifier” defined by SnpEff) and at least 10 Kb away from any gene. The genomes of the three M. obscurus
individuals were used to define derived states of the genotypes. Only those sites were kept where the allele frequencies in
M. obscurus were zero, and for each site the alternative genotype was considered as the derived allele. Note that the derived states
were inferred from a single outgroup species and thus may not be as reliable as when based on multiple species. To avoid the un-
certainty of ancestral state, non-biallelic variants were filtered. Variants that were heterozygous in more than 50% of the individuals or
had missing data were also filtered. The unfolded allele site frequency spectrum (SFS) of deleterious mutations and neutral mutations
was then calculated for each group of the Western evolutionary lineage and the Orkney islands. Statistical enrichment and underrep-
resentation analyses of Gene Ontology terms were performed on g:Profiler web server''® using genes with deleterious variants fixed
in Orkney populations and the gene list of mouse as reference.

QUANTIFICATION AND STATISTICAL ANALYSIS

Demographic history

For each SMC++ analysis, we produced 50 bootstrap replicates for each population with the script from Zheng et a and per-
formed a SMC++ run for each replicate with the same parameters as above. Due to the limitation of computational time, the size
of each bootstrap replicate was reduced to 5 chromosomes of 100 Mb formed by 5 Mb blocks randomly chosen from the original
genomes. For the reported population sizes and split times, we then estimated the median, 5" percentile and 95" percentile for
each in R.

|122

Mutation load
To estimate the change of selection efficacy in Orkney voles compared to their continental conspecifics, we calculated the standard-
ized rate of private deleterious allele R’xy°® of Orkney populations relative to the Western-north group. For each Orkney population,

33
Current Biology 33, 1-12.e1-e4, May 22, 2023 €3




Please cite this article in press as: Wang et al., Demographic history and genomic consequences of 10,000 generations of isolation in a wild mammal,
Current Biology (2023), https://doi.org/10.1016/j.cub.2023.04.042

¢ CelPress Current Biology

OPEN ACCESS

Rxy of highly deleterious, missense (SnpEff impact category “moderate” in coding regions), and synonymous (SnpEff impact cate-
gory “low” in coding regions) SNPs were calculated and divided by Rxy of neutral SNPs to acquire the standardized R’xy to eliminate
the effect of unequal distance to the outgroup. The standard error was estimated by jackknifing of 100 blocks of equal number
of SNPs.

Individual based simulations

We conducted forward-time, individual-based simulations using SLiM v3.2.""* We modeled the Mainland population as a single
panmictic population with a demographic history that mimics the one inferred using SMC++. We simplified the demographic history
in a 3-epoch model with instantaneous changes in population size. We first simulated an ancestral population of 150,000 diploid in-
dividuals for a burn-in period of 450,000 generations. After 12,000 generations the population size changed to 5,000 individuals for
8,000 generations. Then the population increased to the current effective population size of 75,000 individuals for another 4,000 gen-
erations (see Figure S5C for an illustration of the demographic model). We then sampled 10 individuals from the population to esti-
mate the expected SFS corresponding to the number of genomes from Orkney Mainland. First, we simulated 100,000 sites with a
recombination rate of 10 between consecutive sites and the estimated mutation rate (see supplemental information) mentioned
above. We simulated both neutral and deleterious SNPs. The distribution of fitness effects for deleterious mutations was modelled
as a Gamma distribution with mean -0.01 and shape parameter 0.1. The dominance coefficient of deleterious mutations was set to
h = 0.25. To speed up computation times all parameters were rescaled by a factor of 50 (see chapter 5.5 in the SLiM manual). We
chose the parameters of the DFE to span the range of plausible values for selection coefficients of deleterious mutations estimated
in natural populations.'?*~'?> Second, to test the robustness of our results and to further investigate the role of the shape of the DFE,
we performed an additional set of simulations with a refined DFE combining different dominance coefficients, a lower recombination
rate of 10" between consecutive sites, and smaller scaling factors to allow for broader DFEs including more large-effect mutations
including sub-lethal and lethal mutations (Figure S5). We further examined the simulation results for evidence of pseudo-overdom-
inance (POD) that could potentially reduce the expression of fitness effects, including low recombination rate regions with an excess
of deleterious mutations or an excess of intermediate frequency deleterious variants in the SFS.
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Figure S1. ADMIXTURE analyses of M. arvalis individuals; related to Figure 2B

A. Admixture plot with K=4 and K=5 showing the separation of southern and northern Orkney
populations from continental voles. No sign of gene flow from the continent to Orkney was found
while some continental individuals showed evidence for admixture, for example FMO05. B. ADMIXTURE
plots of Orkney individuals (K=4 and K=5) which separated voles on most islands from each other
analogous to Figure 1. The populations of Mainland and Burray had close ancestry, as well as the Eday
and Westray populations (Eday voles were introduced from Westray; see text). C. CV errors of
ADMIXTURE of all M. arvalis individuals of K from 1 to 6. The lowest CV error was 0.377 when K=4. CV
errors of ADMIXTURE of Orkney individuals of K from 1 to 7. The lowest CV error was 0.101 when K=2

which reflected the separation of south and north Orkney island populations as in A.
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Figure S2. Excess allele sharing indicated by f-branch statistics; related to Figure 2B

The admixed individual FMO5 (see Results) was not included in this analysis. In the matrix, the
extended tree is on the y axis, with dashed lines representing internal branches, and the P3 population
is on the x axis. Grey blocks refer to the pairs that cannot be tested. Spanish samples were merged
into the Western south (WS) population. The significant fb values (p<0.01) between Orkney
populations and Central lineage likely represent shared ancestry with Western north (WN), rather
than real admixture. Similarly, the fb values between Westray, Sanday and Eday to South Ronaldsay
(SRonaldsay) indicate probably admixture between ancestral South Ronaldsay and the common

ancestor of these three northern islands.
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Figure S3. Extended data on the deleterious mutations; related to Figure 4

A. Unfolded site frequency spectra of derived high-impact (dark red) and neutral sites (green)
including nucleotide polymorphism sites and indels for Orkney vole populations and groups of
genomes in the Western evolutionary lineage that are not shown in Figure 4. B. The average number
of alleles with different functional consequences per individual for Orkney populations and
continental voles from the Western north group.
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Figure S4. two-dimensional site allele frequency spectra (2D-SFS) of deleterious sites of Orkney vole

populations; related to Figure 4A

The number shown in the bottom-left is the percentage of sites without any deleterious alleles in the

pair of populations.
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Figure S5. Extended simulations with varied Distributions of Fitness Effects; related to Figure 4A

Site Frequency Spectra (SFS) obtained from individual based simulations of the demographic history
of Orkney voles. Distributions of Fitness Effects (DFE) were generated as mixtures of three different
gamma distributions with mean s = -0.01 (fully recessive, h = 0), mean s = -0.001 (partially recessive, h
= 0.25), and mean s = -0.0001 (co-dominant, h = 0.5). The proportions of these three classes of
mutations were 0.2, 0.3, and 0.5, respectively. We varied the shape parameter of the gamma
distributions to consider narrower and wider DFEs. A. the SFS for a sample of size 10, averaged over
100 replicates, for three DFEs as well as neutral simulations. We included additionally a case with
strong selection (only shown for the DFE with shape = 0.5), where the mean effect of fully recessive
mutations was s = -0.05 instead of s = -0.01, and 3% of mutations were recessive lethal or sub-lethal
(s =-1ors=-0.75). B. examples of the DFEs. The x-axis shows the log10 of the absolute value of the
selection coefficient of deleterious mutations. The semi-transparent gray dots represent a sample of
1000 mutations from each of the DFEs and the blue dots show fixed mutations found in a single
simulation replicate. The density estimate on top of the panels displays the DFE irrespective of the
dominance coefficients. The vertical dashed line shows the critical s value such that Ns = 1 during the
bottleneck. Each simulation consisted of 10 kb and the recombination rate was set to 10® between
consecutive sites. To speed up the run time of these simulations (except for the strong selection
scenario), we rescaled all parameters by a factor of 10 (see SLiM manual chapter 5.5). C. Model of the
demographic history used in individual-based simulations of the vole population on Orkney Mainland.
The simplified 3-epoch model mimicking the inferred demographic history is shown with the solid line
while the dashed lines represent the start and end points of the bottleneck with instantaneous
changes in population size. The ancestral population was 150,000 diploid individuals. The population
size changed after 12,000 generations (0.5 years) to 5,000 individuals for 8,000 generations. Then the
population increased to the current effective population size of 75,000 individuals for another 4,000
generations. The red lines show the timepoints of fixation of deleterious alleles in the population.
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Individual Lineage Subgroup Latitude Longitude Depth %SNP- %indel- Heterozyg
missing missing ous sites
BSt095 Western Western north 51.2232 3.07275 22.7 2.80% 2.64% 8556802
BVe061 Western Western north 51.07315 2.66803  40.8 1.39% 1.55% 8643462
FDa504 Western Western north 49.76666 0.51666  23.8 2.13% 2.29% 8849443
FFr549 Western Western north 50.08333 1.56666  23.3 2.40% 2.38% 8471666
FMc03 Western Western north 49.25437 3.93216  19.0 3.47% 3.16% 9173598
FPi555 Western Western north 50.86666 1.81666  22.6 2.35% 2.56% 8422519
FSt24 Western Western north 46.38548 422641 297 1.76% 2.15% 8586945
FA01 Western Western south 43.30067 1.17211 28.9 1.97% 2.46% 7829303
FCho05 Western Western south 46.11654 -0.35008 184 4.65% 3.66% 8262807
FTh497 Western Western south 49.26508 -0.41399 329 1.55% 1.85% 9853799
EMq03 Western Spain 41.05869 -4.16692  26.0 2.30% 2.83% 6775268
ESa08 Western Spain 40.95909 -5.66137  21.3 3.39% 3.40% 6880383
ESAv05 Western Spain 40.59966 -4.70519 203 3.23% 3.58% 6597593
FMO05 Western *admixed 48.17736 6.02823 225 2.36% 2.52% 10119600
0BS0234 Orkney Burray 58.85002 -2.91659 234 2.57% 2.92% 1855239
OBWSs01 Orkney Burray 58.84349 -2.92363  33.3 1.98% 2.59% 1255967
OBWSs02 Orkney Burray 58.84349 -2.92363 227 2.74% 3.32% 1348561
OEOs14 Orkney Eday 59.17797 -2.75946  26.0 2.48% 3.23% 679365
OEOs15 Orkney Eday 59.17797 -2.75946  27.2 2.33% 3.02% 669188
OMBr149 Orkney Mainland 59.08242 -3.29908 224 3.26% 3.21% 2599235
OMHo0277 Orkney Mainland 58.93692 -3.06632 258 2.22% 2.61% 2607042
OMSe194 Orkney Mainland 59.05154 -3.11165  48.0 2.33% 2.72% 2684887
OMSO0221 Orkney Mainland 58.95 -2.95 25.0 2.64% 2.93% 2214464
OoMSQ273 Orkney Mainland 58.9796 -3.27287 225 1.48% 1.79% 2360249
ORGs21 Orkney Rousay 59.13011 -2.98977 343 1.90% 2.52% 1213829
ORNe205 Orkney Rousay 59.13333 -3.04999 279 2.07% 2.59% 1626903
ORWa268 Orkney Rousay 59.1782 -3.0628 305 1.89% 2.38% 1818755
0Sali257 Orkney Sanday 59.2502 -2.58204  30.3 2.37% 2.55% 789992
0OSaNe01 Orkney Sanday 59.27294 -2.48481 284 2.29% 2.78% 650409
0SaWh256 Orkney Sanday 59.30079 -2.55056  16.0 9.23% 5.75% 685883
0SGr134 Orkney South 58.81695 -2.91688 304 2.09% 2.48% 1099542
Ronaldsay
0sJco1 Orkney South 58.75641 -2.93866  30.3 2.08% 2.73% 1058722
Ronaldsay
OSWi166 Orkney South 58.76666 -2.93333 316 2.00% 2.41% 984461
Ronaldsay
OWLs033 Orkney Westray 59.2956 -2.91336  18.8 5.04% 4.24% 856422
OWNe051 Orkney Westray 59.24703 -2.873534 142 13.73% 7.46% 698533
OWPg01 Orkney Westray 59.32317 -2.9977 285 2.20% 2.92% 810811
CHBo17 Italian / 46.80605 9.39923  22.1 4.86% 4.36% 9684498
CHVa02 Italian / 46.05165 8.99273 294 1.97% 2.43% 7702578
1Sc01 Italian / 46.62605 10.75749 254 2.00% 2.31% 9700295
CZD02 Eastern / 48.87907 16.44188  27.8 2.14% 3.09% 12595886
PSro6 Eastern / 53.54811 22.75329 23.0 2.12% 2.26% 10435148
RuKo01 Eastern / 56.33333 4141666  35.2 1.44% 1.69% 11294029
DAb06 Central / 51.78452 7.63334 195 3.18% 2.71% 7583091
DWa04 Central / 54.03135 11.70194 244 2.25% 2.39% 7750945
He42 Central / 49.34092 10.81468 37.4 1.12% 1.15% 10931971
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RuCho01 M. / 61.33066 43.52866 16.8 6.11% 5.43% 5379010
obscurus

RuSu03 M. / 55.5 60.55999 21.9 3.27% 3.89% 7870579
obscurus

TuEro1 M. / 40.30937 41.94739 18.2 6.75% 5.27% 10886235
obscurus

Table S1. Individual data for Microtus vole genomes analyzed in this study, related to Figure 1A
Group information, sampling site, sequencing depth, the percentages of missing sites of SNPs (%SNP-

missing) and indels (%indel-missing) and the number of heterozygous SNP sites (#Het) are given for
each individual.
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Individual Lineage Subgroup PC1 PC2 PC3 PC4 PC5

BSt095 Western Western north -0.00336063  0.109603 -0.00303446  0.0468423 -0.18777
BVe061 Western Western north -0.00324143  0.110266  -0.00297539  0.0467155 -0.188467
FDa504 Western Western north 6.36E-05 0.119078 -0.00316085  0.0450569 -0.189521
FFr549 Western Western north -0.00185932  0.114894  -0.00337375  0.0524377 -0.195195
FMc03 Western Western north 0.00618018  0.128589  -0.00439819  0.0732666 -0.17779
FPi555 Western Western north -0.00250651  0.113285 -0.00328137  0.0507322 -0.193972
FSt24 Western Western north -0.00279577  0.105227 -0.00243398  0.0387778 -0.160881
FAO01 Western Western south 0.00972864  0.129245  0.00779879 -0.21807  -0.0314594
FCho05 Western Western south 0.00774023 0.12573  0.00656136 -0.189312  -0.0507309
FTh497 Western Western south 0.00435178  0.123384  0.00282178  -0.0998147 -0.108374
EMq03 Western Spain 0.0214537  0.163874 0.015462 -0.46858  0.0495989
ESa08 Western Spain 0.0214917  0.163512 0.0152934 -0.46652  0.0496905
ESAv05 Western Spain 0.0213519  0.163342 0.0154187 -0.467534  0.0495426
FMO05 Western *admixed 0.020451 0.15148  -0.00605415 0.109621 -0.137883
0OBS0234 Orkney Burray -0.0941354  -0.122073 0.000465358 0.00564962  0.0136569
OBWs01 Orkney Burray -0.0940807 -0.121948 0.000451477 0.00557276 0.013744
OBWSs02 Orkney Burray -0.0940345 -0.121892  0.00043578 0.00563678  0.0136653
OEOs14 Orkney Eday -0.0966906 -0.127437 0.0004861 0.0057878  0.0155439
OEOs15 Orkney Eday -0.0967129 -0.127495 0.000480173  0.0058356  0.0154982
OMBr149 Orkney Mainland -0.0923516  -0.118377 0.000457288 0.00513878 0.012899
OMHo277 Orkney Mainland -0.0924707 -0.118579 0.000479395 0.00525201 0.0128278
OMSe194 Orkney Mainland -0.0926512  -0.119124  0.000435271 0.00551318  0.0132438
OMSO0221 Orkney Mainland -0.0924392  -0.118555 0.000462864 0.00508199  0.0128579
OoMSQ273 Orkney Mainland -0.0923912  -0.118483 0.000445557 0.00543793  0.0129853
ORGs21 Orkney Rousay -0.0929521  -0.119667 0.000472001  0.00553429 0.013354
ORNe205 Orkney Rousay -0.0927273  -0.119239 0.000465245 0.00550219  0.0132363
ORWa268 Orkney Rousay -0.0929333  -0.119607 0.000460548 0.00542785 0.013246
OSaLi257 Orkney Sanday -0.0944869 -0.122876 0.000472978 0.00559587  0.0140949
OSaNe01 Orkney Sanday -0.0944749 -0.122792 0.000499214  0.00545119 0.014118
0SaWh256 Orkney Sanday -0.0944579 -0.122758 0.000491238 0.00546692  0.0140875
0SGr134 Orkney South Ronaldsay -0.0965998 -0.127273 0.000470277  0.00591264 0.0155011
0SJCo1 Orkney South Ronaldsay -0.0966327 -0.127307 0.000478878 0.00584066  0.0154462
OSWi166 Orkney South Ronaldsay -0.096572 -0.127192 0.000470966 0.00585167  0.0154598
OWLs033 Orkney Westray 0.0495132  0.178327 -0.0134125 0.169452 0.00163409
OWNe051 Orkney Westray 0.51914  -0.239088 -0.387861  -0.0362379  -0.0113412
OWPg01 Orkney Westray 0.110683  0.130391 -0.0686751 0.157916  0.00628911
CHBo17 Italian / 0.0401214  0.173819  -0.00279671 0.134385 0.311544
CHVa02 Italian / 0.0410811 0.16531 0.00162428 0.105061 0.56778
1Sc01 Italian / 0.0420177  0.165021 0.0012826 0.104576 0.529707
CZD02 Eastern / 0.0460093  0.181036  -0.00958728 0.168201 -0.0131323
PSro6 Eastern / 0.519759 -0.238385 -0.375777  -0.0351368  -0.0107132
RuKo01 Eastern / -0.0955013 -0.124986 0.000478164 0.00583341 0.0147834
DAb06 Central / 0.0409011  0.186653  -0.00938127 0.177285 -0.0701322
DWa04 Central / 0.0415438  0.188188  -0.00943071 0.181078  -0.0664695
He42 Central / 0.0414022 0.18649  -0.00889122 0.174006  -0.0612767
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RuCho01 M. obscurus / 0.48507 -0.201652 0.83795 0.0227496  -0.0205761

-0.125033  0.000477938 0.00587576 0.0148683
-0.124926  0.000475571 0.00584776 0.0147811

RuSu03 M. obscurus / -0.0955206

TuEro1 M. obscurus / -0.0954747

Table S2. Grouping information for Microtus genomes and values of PC1 to PC5 from PCA using all
individuals; related to Figure 1C
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Individual Island PC1 PC2 PC3 PC4 PC5

0BS0234 Burray 0.201523 -0.17043 -0.170216  0.00858302 -0.335765
OBWSs01 Burray 0.220612 -0.175631 -0.254436 -0.013317 -0.40665
OBWSs02 Burray 0.218619 -0.175969 -0.248818 -0.00674784 -0.394307
OEOs14 Eday -0.302199 0.0239649 -0.10107 0.238947 -0.00013107
OEOs15 Eday -0.302009 0.0223684 -0.101594 0.236685 -0.00229697
OMBr149 Mainland 0.177204 -0.00333955 -0.147216 -0.0410357 0.393832
OMHo277 Mainland 0.175421 -0.0331951 -0.167016 -0.0251309 0.226731
OMSe194 Mainland 0.17803 -0.0124248 -0.157712 -0.031345 0.358753
OMS0221 Mainland 0.178725 -0.0425566 -0.173797 -0.0198431 0.0856802
omMsQ273 Mainland 0.178869 -0.0134086 -0.154171 -0.0412999 0.424471
ORGs21 Rousay 0.133658 0.500469 0.159909 9.84E-05 -0.121682
ORNe205 Rousay 0.137619 0.493026 0.149986 -0.00668511 -0.10424
ORWa268 Rousay 0.131155 0.454407 0.148906 -0.0069068 -0.113274
OSalLi257 Sanday -0.242413 -0.0580044  0.0675154 -0.470708 -0.0257492
OSaNe01 Sanday -0.244413 -0.0584164  0.0677365 -0.470792 -0.0266314
0SaWh256 Sanday -0.24302 -0.0577259  0.0657356 -0.466384 -0.02494
0OSGr134 South Ronaldsay 0.107702 -0.257734 0.382405 0.132375 -0.0132262
0sJCo1 South Ronaldsay  0.0880207 -0.247781 0.463516 0.14541 0.039019
OSWi166 South Ronaldsay  0.0893187 -0.25556 0.469587 0.143862 0.0385544
OWLs033 Westray -0.294943 0.0235996  -0.0994296 0.23433 0.00108739
OWNe051 Westray -0.297686 0.021723 -0.100262 0.230885 0.00111762
OWPg01 Westray -0.296796 0.0225521 -0.100941 0.229764 -0.000102658

Table S3. Grouping information for Microtus genomes and the values of PC1 to PC5 from PCA with
Orkney individuals only; related to Figure 1D

Split time in years Recent N,
Estimate Median Ps Pos Estimation Median Ps Pos
Mainland Orkney 8447 10665 8089 16326 74209 49297 3105 87771
Rousay 2185 2239 2143 2360 1023 695 476 1244
Burray 451 393 326 536 8741 856 332 146142
South Ronaldsay 2094 2054 510 2231 1466 1146 489 2394
Sanday 2772 2822 2591 2862 4690 2611 332 6040
Westray 2655 2656 2399 2661 2495 1825 370 18089
Eday 3 2 1 14 1325 761 232 2254

Table S4. Estimates of population history of Orkney populations; related to Figure 3B
Time of split of Orkney vole populations from ancestral population and average N. 100 years ago (200
generations) estimated by SMC++. The median, 5% percentile (Ps) and 95" percentile (Pys) are reported
for bootstrapping repeats. For the split time, Mainland Orkney was analyzed relative to the ancestral
Western north group on the continent. Eday was analyzed compared to the ancestral population on
Westray. Other islands were analyzed relative to Orkney Mainland.
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Chapter 2

Islands of adaptation in an ocean of genetic drift: genome-wide
relaxation of selection in an insular rodent

Xuejing Wang?, Gerald Heckel?
lnstitute of Ecology and Evolution, University of Bern, Baltzerstrasse 6, 3012 Bern, Switzerland; 2Swiss

Institute of Bioinformatics, Quartier Sorge - Batiment Amphipole, 1015 Lausanne, Switzerland

*Gerald Heckel

Email: gerald.heckel@unibe.ch

Abstract

Island populations experience often different ecological and demographic conditions
than their counterparts on the continent, resulting in divergent evolutionary forces affecting
their genomes. Random genetic drift and selection may both leave their imprints although the
relative strength depends strongly on the specific conditions. Here we address their roles in
contributing to the island syndrome in a rodent with unusually clear history of isolated
populations. Common voles (Microtus arvalis) were introduced by humans on the Orkney
archipelago north of Scotland more than 5000 years ago and rapidly evolved to exceptional
big size. Our analyses show that the genomes of Orkney voles were dominated by genetic drift,
with strikingly low diversity, extremely variable Tajima’s D and very high divergence from
continental conspecifics. Increased dN/dS ratios over a wide range of genes in Orkney voles
indicated genome-wide relaxation of purifying selection. We found evidence of hard sweeps
on key genes of the lipid metabolism pathway only in continental voles. The marked increase
of body size in Orkney - a typical phenomenon of the island syndrome - may thus be associated
to the relaxation of positive selection on genes related to lipid metabolism. However, a hard
sweep on immune genes of Orkney voles may reflect the divergent ecological conditions and
the history of human introduction. The isolated Orkney voles show that adaptive changes may
still impact the evolutionary trajectories of isolated populations despite the pervasive
consequences of genetic drift at the genome level.

Keywords: genomic landscape; genetic drift; relaxed selection; island syndrome
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Introduction

Islands are often considered to be ideal systems to observe adaptation in nature
(Foster 1964; Losos and Ricklefs 2009; Grant and Grant 2014). A population newly arrived on
an island faces a novel environment with at least some abiotic and biotic differences
compared to its origin (Whittaker and Fernandez-Palacios 2007). The shift of environment can
lead to a drastic shift in the selective regime (Losos and Ricklefs 2009), which can sculpt island
populations drastically different from their continental relatives both in morphology and
genetics (Foster 1964; Hofman, et al. 2015; Lamichhaney, et al. 2015; Renaud, et al. 2015;
Benitez-Lépez, et al. 2021; Chevret, et al. 2021).

Compared to their continental relatives, island populations often experience a variety
of changes of morphological, ecological and behavioral traits, which are referred to as “island
syndrome” (Foster 1964; Adler and Levins 1994; Losos and Ricklefs 2009). One of the classical
patterns of change is that species with small body size tend to become bigger on islands, while
species with large body size tend to become smaller (“island rule” or Foster's rule; Foster 1964;
Benitez-Lépez, et al. 2021). The strength of evolutionary patterns following the island rule
differs between taxa, but increase of body mass up to 100% has been observed repeatedly in
island populations (Lomolino 1985; Angerbjorn 1986; Adler and Levins 1994; Payseur and Jing
2021; Renom, et al. 2021). The shift of body size can be fast, for example within two hundred
years for the house mouse on Gough Island (Rowe-Rowe and Crafford 1992). Studies of the
genetics underlying the island syndrome have mainly focused on detecting signatures of
directional selection on the genes related to shifted phenotypes (Raia, et al. 2010; Choi, et al.
2021; Payseur and Jing 2021). However, the traits of island populations can also be changed
by relaxation of purifying or positive selection, in two ways. First, the strength of selection can
be reduced compared to the ancestral situation due to external changes; for example lower
predation pressure, may lead to change of body size (Adler and Levins 1994) or coloration
(Bliard, et al. 2020). Second, the efficacy of selection, mainly on mildly deleterious variation
can be strongly reduced under genetic drift (Gravel 2016; Peischl, et al. 2018); for example
with effects on immune functions of island birds (Barthe, et al. 2022).

The demographic history of island systems poses particular challenges to
characterizing the contribution of selection to evolutionary change (Glinka, et al. 2003; Li, et

al. 2012). Island populations usually experience bottlenecks at the founding stage and at least
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partial genetic isolation, which may result in strong genetic drift and long-lasting genome-
wide consequences (Ellegren, Smeds, Burri, Olason, Backstrom, Kawakami, Kiinstner, Makinen,
Nadachowska-Brzyska, Qvarnstrom, et al. 2012; Consortium 2015; Friis, et al. 2018). The
genomic background patterns caused by genetic drift make it particularly challenging to
identify the genomic signatures of genes under selection like locally decreased genetic
diversity and extreme Tajima’s D, or increased Fsr (Hahn 2008; Li, et al. 2012; Moinet, et al.
2022). Genomic patterns resulting from strong genetic drift may conceal the typical “genomic
island” features of selection (Stephan 2016). For example, a long region with low diversity
resulting from genetic drift could be interpreted as caused by a selective sweep (Harris, et al.
2018) or segregating nonsynonymous alleles as a consequence of balancing selection (Johri,
et al. 2022).

Linkage disequilibrium (LD) based methods measuring extended haplotype
homozygosity (EHH, Sabeti, et al. 2002) are suitable for detecting recent positive selection in
the face of genetic drift from population bottlenecks, as LD changes more quickly than site
frequency patterns (Ferrer-Admetlla, et al. 2014; Weigand and Leese 2018). Methods like iHES
(Voight, et al. 2006), XP-EHH (Sabeti, et al. 2007) and REHH (Qanbari, et al. 2010) look for long
regions of homozygosity caused by selective sweep and use the statistics of full genomes as
the background for significance test. EHH-based methods. Nowadays multiple genetic
measurements in sliding windows are usually combined, for example with Fisher's combined
probability test or hidden Markov model (HMM) clustering (Ayub, et al. 2013; Marques, et al.
2018), to obtain robust results. By combined test for multiple signatures in different categories,
for example LD based XP-EHH and derived allele frequency, which are nearly uncorrelated in
the way being affected by variations of recombination rate and genetic drift in neutral
genomic regions, the accuracy of detection of positive selection can be boosted (Grossman,
et al. 2010).

In this study, we investigate the genomic interplay between selection and genetic drift
leading to the island syndrome in a system with exceptionally long and clear history of
isolation. Common voles (Microtus arvalis) were introduced to the Orkney archipelago in the
north of Scotland by Neolithic farmers over 5,000 years ago likely as a food resource (Haynes,
et al. 2003; Martinkovd, et al. 2013; Romaniuk, et al. 2016). Common voles are very
widespread in continental Europe with multiple distinct evolutionary lineages (Heckel, et al.

2005; Beysard and Heckel 2014) but Orkney vole ancestry can be traced back only to
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populations in Belgium or northern France (Wang et al. in press; Martinkova, et al. 2013). The
species is absent from the rest of the British Isles but abundant on seven Orkney islands.
Archaeological material showed that the body size of voles increased rapidly in the first
centuries after introduction (Cucchi, et al. 2014) leading to the current Orkney vole (M. a.
orcadensis) phenotype with twice the body mass of its continental relatives (Millais 1904).
The Orkney vole experienced a severe bottleneck through the introduction with a 20 to 30-
fold decrease in the effective population size (Ne), but the N. remained relatively large at
several thousand even during the bottleneck (Wang, et al. Accepted). However, genetic drift
in complete isolation for approximately 10 000 generations has left strong impacts in the
genome of Orkney voles, including low genetic diversity and the accumulation of homozygous
deleterious alleles (Martinkova, et al. 2013; Wang, et al. in submission).

Our analyses utilize the exceptionally clear history of the Orkney vole for assessing the
long-term effects of genetic drift and selection on completely isolated natural vertebrate
populations relative to populations that remained unaffected by isolation. Importantly,
common vole populations on the continent underwent demographic fluctuations similar in
timing and magnitude to Orkney voles (N. ~50,000- 80,000 in the last 2,000 generations; Wang
et al. in press). We thus have the potential to identify effects of the long-term history of
isolation and of the interactions with the specific environment for these mammal genomes.
We hypothesized that generally benign environmental conditions for common voles on the
Orkney islands and stronger bottlenecks in the colonization history (Wang et al. in press) may
have resulted in a relaxation of selection compared to continental populations (Gravel 2016;
Kutschera, et al. 2020). Relaxation of purifying selection could lead to overall elevated levels
of non-synonymous variation in Orkney populations (Kryazhimskiy and Plotkin 2008). However,
differences in the environment for thousands of generations at relatively large population
sizes may also enable divergent selection and thus an adaptive cause for the rapid and drastic
body size change, and other evolutionary changes of Orkney voles. Our comparative analyses
of Orkney and continental populations reveal the differential interactions between neutral

and selective forces that resulted in the evolution of the island syndrome of Orkney voles.

49



Results

Extreme genomic background of Orkney voles

We obtained full genome data from the resequencing of 14 Orkney voles and from 11
voles from Belgium and northern France as the region of origin for the ancient human
introduction to Orkney (Figure 1a; Wang et al. in press). We refer to the latter samples in the
following as continental voles. We further used three M. obscurus as outgroup in this study
(Wang et al. in press). The average mapping depth was 26.0. After filtering, 23.7 million SNPs
were kept, including 411,340 SNPs located in coding regions.

We characterized genomic differences between Orkney and continental voles in
39,784 genomic windows of 50 Kb. Genetic diversity of Orkney voles was almost one order of
magnitude lower than for continental voles (median m: Orkney = 2.5x10* vs. continent =
2.2x1073; Z-test, p < 2.2x10°1®, Figure 2) with nearly complete diversity loss (< 1x104) in 37%
windows of the genome. In continental voles, only 0.7% of the windows had 1 < 1x10™%.
Tajima’s D of Orkney voles was overall slightly negative but with a very wide range throughout
the genome (median -0.50, SE = 3.00, Figure 2) suggestive of signatures of population
contraction (Tajima’s D > 0) or expansion (Tajima’s D < 0) depending on the genomic region. In
contrast, Tajima’s D of continental voles was slightly positive overall with a much narrower
range of individual estimates (median 0.32, SE = 1.02; K-S test, p < 2.2x10%¢; Figure 2). Genetic
differentiation between Orkney and continental voles reached a very high level with median
Fst = 0.47 (Figure 2). The distribution of differentiation was very homogeneous along the
whole genome with only 1% of all genomic windows showing Fsr estimates smaller than 0.05,

and 43% higher than 0.5 (Figure 2, Figure S1).

Overall increased dN/dS in Orkney

Among the SNPs in coding regions, 2.0% had loss-of-function (LOF) alleles, 47.4% had
nonsynonymous alleles and 50.9% had synonymous alleles. 0.4% SNPs were multiallelic and
had alleles in more than one functional category. Compared to continental voles, dN/dS ratios
were increased for a larger number of genes in Orkney voles (Figure 1). The dN/dS ratios of
roughly half of all genes (18,112 out of 36,074) were higher than 0 in at least one group. For
these genes, we further analyzed those 8,213 genes which have a mouse homolog and dN/dS >

0. The average dN/dS ratio of Orkney (0.199, SE = 0.195) was 21% higher than in continental
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voles (0.165, SE = 0.161; K-S test, p < 2.2x10°%¢; Figure 1b,). The dN/dS ratio was increased for
4,427 genes in Orkney voles by 0.121 (SE = 0.145) on average and decreased for 3,719 genes

by 0.069 (SE = 0.089) on average compared to continental voles (Figure 1c).

Divergent positive selection shaping the genome

We used the density-based spatial clustering of applications with noise (DBSCAN)
algorithm (Ester, et al. 1996; Hahsler, et al. 2019) to identify outlier regions potentially affected
by positive selection against the genomic background. The DBSCAN algorithm clusters data
points in multidimensional space based on their distance between each other, and data points
with long distances from the majority are outliers (Schubert, et al. 2017). For each 50 Kb
window, we included 6 parameters for clustering: ATt (Tcontinent — Torkney), ATajima’s D (Tajima’s
Dcontinent — Tajima’s Dorkney), AAF (deviation of major allele frequency, AFcontinent =AForkney), FsT,
recombination rate and median XP-EHH. DBSCAN identified three clusters of genomic
windows and 925 outlier windows (Fig 3). The major cluster containing 95.7% of all windows
represented most regions of the genome and was considered as the genomic background not
strongly affected by positive selection. Two further clusters of 11 and 9 genomic windows and
the 925 outlier windows were then considered in the next step as potentially positively
selected regions.

The outliers defined by DBSCAN include any region with extreme parameters, for
example with highest recombination rates, so we used a hard filter of 1°t percentile on XP-EHH
to determine regions that potentially went through hard selective sweeps (see Methods).
There were 52 regions ranging from 50 Kb to 200 Kb in length within the highest 15 percentile
of median XP-EHH and thus considered as positively selected regions only in Orkney voles.
Within the lowest 1%t percentile of median XP-EHH suggesting positive selection only in
continental voles, there were 115 regions ranging from 50 Kb to 700 Kb (Figure 3). Additional
HMM clustering primarily identified 1332 outliers which included 321 (35%) of the DBSCAN
outlier windows. A total of 43 primary HMM outlier windows were within the highest 1st
percentile of median XP-EHH, overlapping with 19 windows from the DBSCAN result (26%).
There were 214 HMM outlier windows within the lowest 1st percentile of median XP-EHH and
a high overlap with the DBSCAN result (134 windows, 75%).

In total, 164 genes orthologous to mouse were contained in the regions identified as

under hard sweep with DBSCAN in continental voles (example in Figure 4a), 113 of which were
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in the regions also detected by HMM clustering. The average dN/dS ratio of the genes
detected with DBSCAN in continental voles was 0.068. Only one gene (2900026A02Rik) with
unknown function had dN/dS higher than 1. The genes showed significant enrichment mainly
in two types of Gene Ontology Biological Process terms (31 terms in total, Table S2): histone
monoubiquitination and lipid metabolic process (Table 1). The genes belonging to the term
histone H2A-K119 monoubiquitination include Bmil and several Pcgf genes and are regulated
by insulin-like growth factors in mammals (Nacerddine, et al. 2012). A series of cytochrome
P450 genes in the second most significant term, epoxygenase P450, which were also all
detected by HMM, play an important role in lipid metabolisim and affect body size in
mammals by regulating and oxidizing steroid hormones (e.g., sex hormones, glucocorticoids),
fatty acids, and xenobiotics (Medhora, et al. 2007; Knockaert, et al. 2011).

In Orkney voles, there were 46 genes orthologous to mouse identified with DBSCAN
as under hard sweeps, and 17 of them belong to the GO term immune response (GO:0006955)
(example in Figure 4b). Among 40 significant GO terms, 33 were related to immune response
(Table 2, Table S3), including response to protozoans, MHC class Il protein and T cell activation.
The average dN/dS ratio of the detected genes in Orkney voles was 0.051, and none was
higher than 1. With HMM clustering, 29 genes were identified. Nineteen of these overlapped
with DBSCAN results. Sixteen of which belong to GO term immune response, suggesting a

strong signature of positive selection on these immune genes captured by both methods.
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Discussion

In this study, we showed with an island system that both genetic drift and shift of
selection shaped the genome drastically. Demographic history of prolonged bottleneck and
long isolation could lead to unusual genomic landscape and relaxation of purifying selection
in the population. We also showed the potential role of relaxed selection on the evolution of
island syndrome that the increase of body size of Orkney voles was likely due to reduced

positive selection on small body size related to reduced competition on the islands.

Genome wide relaxation of purifying selection

The overall increased dN/dS ratios in Orkney voles compared to continental voles
suggests a lower effectiveness of selection in the population that experienced long term
isolation (Figure 1). The increase of dN/dS in over half of the inferred genes compared to
continental voles was likely the consequence of relaxed purifying selection (Gravel 2016;
Settepani, et al. 2016; Kutschera, et al. 2020), consistent with the fixation rate of loss-of-
function mutations in Orkney (Wang et al. in press). Both lower selective pressure from the
environment (e.g. less competition on food resources, see discussion below about body size)
and reduced efficacy of selection due to strong genetic drift (Gravel 2016) are expected to
play a role in the relaxation of selection. It is possible that positive selection on particular
genes contributed to the global increase of dN/dS ratios, but we do not consider it as the
major driver because of the high number of affected genes. The dN/dS ratio exceeding one is
an indication of positive selection (Nielsen and Yang 2003), and positive selection can leave
widespread traces over the genome (Carneiro, et al. 2012; Enard, et al. 2014). However, the
distribution of dN/dS ratios was centered close to zero in both populations (Figure 1b),
showing the dominance of purifying selection across the genome (Kimura 1977; Kryazhimskiy
and Plotkin 2008). Furthermore, only 3% of the genes with increased dN/dS ratios in Orkney
voles had dN/dS reaching 1, none of which were detected in our test of hard sweep, indicating

limited genes affected by positive selection.

Extreme demography led to extreme genomic landscape

Our results showed that the rising level of genetic drift may flood the genomic

landscape globally and cover the genomic islands of selection, which may bring problems to
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the study of adaptation of island populations. The reduction of genetic diversity could be
preserved in the population through an ancient bottleneck (Nei, et al. 1975), and the decrease
affected the genome globally (Fig 3). Regions of exceptionally high differentiation have been
used to identify parts of the genome under divergent selection (Beaumont 2005; Ellegren,
Smeds, Burri, Olason, Backstrom, Kawakami, Kiinstner, Makinen, Nadachowska-Brzyska and
Qvarnstrom 2012). In our study, mean Fsr was already very high, and the Fsr values of
candidate regions for hard sweeps were lower than the genomic background on average (Z-
test, p = 0.0001, Fig 3, Fig S1). This can be explained by the reduction of genetic diversity of
Orkney populations, likely together with private mutations emerged during the isolation
(Holsinger and Weir 2009; Meirmans and Hedrick 2011). The landscape of Tajima’s D strongly
varied in the Orkney population (SD = 3.00) compared to continental voles (Figure 2, Figure
S1), and directly using Tajima’s D as a measurement of selection is impossible in this case. Our
results showed that a prolonged bottleneck and long isolation can leave global marks of
contraction (leads to positive Tajima’s D) and expansion (leads to negative Tajima’s D) in the
genome (Tajima 1989) even after thousands of generations’ recovery to large population.
The candidate regions for hard sweeps in continental voles had typical patterns of
positive selection, including decreased m, negative Tajima’s D and shifted allele frequencies
(Nielsen, et al. 2005). The high overlap between hard sweep regions in continental voles
detected by HMM and DBSCAN methods also showed the robustness of DBSCAN method.
However, in Orkney voles, the genetic parameters of candidate regions of hard sweep
overlapped with the background, especially Morkney, Tajima’s D and Fsr, and did not show typical
patterns of “genomic islands” (Fig 4b, Fig S1). Two factors may play a role to the fact that fewer
hard sweep regions detected for Orkney voles: a true difference in selection compared to
continental conspecifics (see the discussion below), and reduced statistical power for

detection caused by genetic drift (Grossman, et al. 2010; Ferrer-Admetlla, et al. 2014).

Island syndrome potentially caused by relaxed selection

Relaxation from selection against large body size may have contributed to the island
syndrome phenotype of Orkney voles. Our test found signatures of hard sweeps related to
body size only in continental voles, contrary to studies of giant island mice in which selection
acted directly on growth-related genes in island populations (Payseur and Jing 2021; Renom,

etal. 2021). Genes related to lipid metabolism in multiple windows were detected to be under
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positive selection and may play a role in keeping the continental voles at a small size. In details,
these genes include cytochrome P450 genes (CYP) which are regulated by growth factors
(Michaelis, et al. 2003), and are related to vessel growth (Michaelis, et al. 2003; Medhora, et
al. 2007) and obesity (Takahashi, et al. 1999; Knockaert, et al. 2011). Further genes may be
related to early sexual maturity and stop of body growth, including growth differentiation
factor 1 (GDF1), which is essential for neural development (Lee 1990) and connected with
obesity in mice (Onishi, et al. 2016); sterol carrier protein 2 (SCP2) and adrenodoxin (ADX),
both involved in steroid hormone, especially sex hormone synthesis (Mendis-Handagama, et
al. 1992; Huang, et al. 2022). Genes related to histone H2A-K119 monoubiquitination () were
also detected under selection. Genetic changes that decrease the insulin-like growth factor
signaling were found to increase lifespan in mammals (Brown-Borg 2015). However, histone
H2A as part of the chromatin is evolutionarily conserved (Molaro, et al. 2018) and plays a
fundamental role in transcriptional repression during organism development (Tamburri, et al.
2020). Thus, we could not draw a conclusion whether and how the hard sweep signatures on
the genes involved in histone monoubiquitination were related to the biological changes of
Orkney voles.

It is likely that Orkney voles were released from the selective pressure of small size.
The size of molars of Orkney voles increased rapidly after introduction for over 20% (Cucchi,
et al. 2014), indicating fast evolution of the island syndrome of the Orkney vole. The molar
size of ancient voles (800 — 22,000 years ago), except in Spain, was 5% bigger than for modern
samples (Cucchi, et al. 2014). The body sizes decreased both on the continent and in Orkney
in the past centuries (Cucchi, et al. 2014), indicating the selection of body size was related to
competition and population density. In a broad range of animal species, body size is negatively
correlated with population density, both at population levels e.g. freshwater invertebrates
(Schmid, et al. 2000) and Damaraland mole-rat (Finn, et al. 2018), and species levels e.g. birds
(Juanes 1986) and herbivorous mammals (Damuth 1981). Snow voles (Chionomys nivalis) in
the Alps are under selection for small body size and early maturity, which reduces food
requirements and increases survival through winter (Bonnet, et al. 2017). It was likely that the
Orkney voles experienced less competition during the phase of fast expansion after the
introduction until reaching the carrying capacity. The decrease of body size of Orkney voles in
the past centuries may thus be explained by increased competition after reaching the carrying

capacity (Rowe-Rowe and Crafford 1992; Schmid, et al. 2000).
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Human influenced evolution of immunity

The Orkney population experienced strong sweeps on genes related to antigen
processing and defense to protozoans which pointed to the selective pressure of pathogens.
It seems possible that these signals relate to the introduction history of Orkney voles that
involved transport and storage of the voles by the Neolithic farmers (Romaniuk, et al. 2016),
as infectious diseases are in general easy to transmit among the hosts in high density
(Hochberg 1991; Laakkonen, et al. 1999; Altizer, et al. 2006). Data on differences in the
pathogen communities between Orkney and European continent are very limited, but
pathogen diversity (amoebas in rodents and Cryptosporidium in cattles, Fulton and Joyner
1948; Morrison, et al. 2008) or infection rate (John Cunningham virus in humans,
Paratuberculosis in cattles, Poskanzer, et al. 1980; Beasley, et al. 2011) was found to be lower
in Orkney. It is not likely that the selective pressure of pathogens was stronger on Orkney
islands, which are an isolated archipelago with low biodiversity (Essl, et al. 2013), than on the
European continent (Keesing, et al. 2010). On the other hand, the window with the highest
median XP-EHH in Chr15 (Fig 4b) contained a series of MHC class Il genes (e.g. H2-Aa and H2-
Eb) which are known to be under balancing selection, though not found in the common vole,
in many other species (Hedrick 1998; Aguilar, et al. 2004; Tollenaere, et al. 2008; Barthe, et al.
2022). The genetic diversity of this window (m=0.0076) is 2.5-fold higher than the average in
the continental group, which is also an indication of balancing selection (Charlesworth 2006).
Therefore, we cannot completely exclude the possibility that reduced efficacy of balancing
selection on MHC Il genes, either due to drift or the environment in Orkney, contributed to
local reduction of genetic diversity and enhanced the signature of hard sweep (Sabeti, et al.

2007).

Conclusion

Orkney voles showed genome-wide relaxation of purifying selection and an unusual
genomic landscape. These patterns reflected strong and long-lasting impact of genetic drift
on the genome of populations experienced prolonged population bottleneck and long
isolation dominating the whole landscape of the genome. We found evidence that the size

increase of the Orkney vole might be caused by relaxed positive selection of small body size,
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indicating the potential role of relaxed selection for island syndrome. Thus, to investigate the
evolutionary processes involved in the island syndrome, it is necessary to consider not only

selection directly affecting the island population, but also selection ceased on the island.

Material and Methods

Calling and annotation of the genetic variants

In this study, we included 14 samples of M. arvalis from the Orkney islands (2 from
eachisland) and 11 from Belgium and northern France (referred to as continental voles). Three
M. obscurus samples were used as outgroup. All samples used in this study were collected for
previous studies (Wang et al. in press; Braaker and Heckel 2009; Martinkova, et al. 2013;
Lischer, et al. 2014). DNA extraction was performed with the phenol-chloroform method. DNA
quality and concentration were checked with 1% agarose gels, Qubit fluorometer (Life
Technologies) and NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific). Sequencing
libraries were produced with lllumina TruSeq DNA PCR-Free Library Prep Kit. The sequencing
was done with lllumina Hiseq 2000 or Novaseq 6000 by the NGS platform of the University of
Bern. Raw reads of all individuals (Figure 1a, Table S1) were mapped to the reference genome
of M. arvalis (BioProject ID: PRINA737461, Gouy et al. submitted) using Stampy 1.0.32.
Duplicated reads were marked and filtered using GATK 4.0.10 (Poplin, et al. 2017). SNP calling
was performed with GATK Haplotypecaller following the GVCF pipeline (Poplin, et al. 2017).
Individual genotypes with read depth lower than 5 or higher than 100 were marked as missing
sites. For each SNP, the overall filter parameters were: QD<15.0, SOR>3.0, FS>60.0, MQ<40.0,
MQRankSum<-12.5, ReadPosRankSum<-8.0, heterozygosity=100% and mean-depth over all
individuals>50. SNP filtering was performed with GATK VariantFiltration and VCFtools 0.1.16
(Danecek, et al. 2011). Only SNPs without any missing data were kept for further analyses. The
functional effect of the SNPs was annotated with SnpEff 5.0 using the gene annotation from
Gouy et al. (submitted). We only used the 13,543 genes which have a orthologue in mouse for

further analyses.

Calculation of dN/dS

The dN/dS ratio was calculated for each annotated gene based on its longest transcript.

The exon sequences were produced for each individual by replacing the corresponding sites
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of the reference sequence with SNP information of each individual using GATK
FastaAlternateReferenceMaker. Heterozygous sites were replaced with IUPAC codes. For each
gene, pairwise dN/dS ratios were calculated between M. obscurus and the other samples, and
then averaged for Orkney or continental voles. The dN/dS calculation was performed with

KaKs_Calculator 2.0 (Wang, et al. 2010) using the “NG” method (Nei and Gojobori 1986).

Detection of hard sweeps

Several genetic parameters were estimated along the genome in non-overlapping 50
Kb windows. With VCFtools, we calculated it and Tajima’s D in 50 Kb windows for both Orkney
and continental voles, and Fsr between the groups. The major allele frequency (AF) was
calculated per SNP and averaged for each window with BEDTools 2.28 (Quinlan and Hall 2010).
The cross-population extended haplotype homozygosity test (XP-EHH, Simonson, et al. 2010)
was performed for each SNP using R package “rehh” (Gautier and Vitalis 2012) with default
parameters. XP-EHH tests specifically for hard sweep by comparing the haplotype
homozygosity between two populations. An XP-EHH value strongly deviating from zero
indicates a hard selective sweep in one group but not in the other (Simonson, et al. 2010). No
ancestral state was defined for the SNPs, so the dataset was regarded as non-polarized. The
median XP-EHH value for the SNPs in each 50 kb window was used to represent the state of
the window.

A density-based clustering algorithm DBSCAN (Schubert, et al. 2017) was used to
determine outlier regions potentially under positive selection. DBSCAN was used based on
the assumption that genomic regions affected by strong positive selection should be rare and
statistically distinct from most of the genome (Johri, et al. 2022), which was generally affected
by genetic drift (Wolf and Ellegren 2017). Parameters used for clustering were: ATt (Mcontinent —
Tlorkney), ATajima’s D (Tajima’s Dcontinent — Tajima’s Dorkney), AAF (AFcontinent —AForkney), Fsr,
recombination rate and median XP-EHH value. The clustering was performed with R package
“dbscan” (Hahsler, et al. 2019). The radius of the epsilon neighborhood (eps) was set to the
“knee” value (the value when a curve changes suddenly, calculated following Satopaa, et al.
2011) of the distribution of the kNN distances of all the data points (k=6). The number of
minimum points required for a cluster was set to 7 (number of dimensions plus 1) as
recommended by the package. A Hidden Markov model (HMM) clustering method (Hofer, et

al. 2012) was used to identify outlier regions independently as comparison. Fisher’s combined
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probability test was applied to five out of six parameters except recombination rate with R
package “poolr” to obtain one combined p value for each window. The quantile of Fsr was
transformed to a one-tailed p value, and the quantile of the remaining four parameters were
transformed to two-tailed p values. Each p value was then corrected for multiple testing with
the Benjamini & Hochberg correction implemented in R function “p.adjust”. The corrected p
values were converted to g values (1-p) and Z-transformed, and used as the input to assign
the windows to three states using the Viterbi algorithm with R package “HiddenMarkov”
following Marques, et al. (2016). The regions containing the windows with combined p value
< 0.01 were considered as outliers.

To focus on the potential regions that experienced hard selective sweeps, a hard filter
of median XP-EHH value was applied to the outliers detected by DBSCAN and HMM clustering.
Outlier regions with the median XP-EHH value within the highest 1st percentile among all
regions were considered potential positively selected regions only in Orkney voles. Outlier
regions with the median XP-EHH value within the lowest 1st percentile were regarded as
potential positively selected regions only in continental voles. For both categories of regions,
functional enrichment analyses of Gene Ontology terms were performed on g:Profiler web
server (Raudvere, et al. 2019) with a p-value threshold at 0.01 for the genes falling at least 50%

in the regions.
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Figure 1. a. Sample locations of common voles M. arvalis in Western Europe and Scotland.
Continental samples marked with green and Orkney samples with brown. The distribution
range of M. arvalis was marked with light green. Notr that the species is absent from the
British Isles except for Orkney. b. For each gene, the dn/ds ratio of continental voles was
plotted against the ratio of Orkney voles. There were more genes with higher ratio in Orkney
than in the continent. The dashed line marks equal dn/ds in both groups. The density of the
points is marked with colors. c. Distribution of dn/ds ratios of Orkney voles vs continental voles.
d. For the genes with |Adn/ds| > 0 between Orkney and continental voles, values were overall
biased towards higher dn/ds ratio in Orkney voles.
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Figure 2. Genome-wide diversity and differentiation for common voles M. arvalis from the
Orkney archipelago (brown) versus continental individuals (green). Density distributions
(upper panel) and Manhattan plots (lower panel) for i, Tajima’s D and Fsr in 50 Kb windows
along the genome. Different chromosomes are marked with lighter and darker colors.
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Figure 3. The distributions of genomic parameters used for tests of positive selection with
Dbscan. Each dot refers to one 50 Kb window. a. The absolute median XP-EHH value of the
outlier windows, which measures relative haplotype homozygosity, was negatively correlated
(R?=0.16) with recombination rate. The dashed lines show the threshold of highest and lowest
1% of XP-EHH. b. Regions positively selected only in continental voles had lower An and
ATajima’s D, while regions positively selected only in Orkney showed large variation. c. The
major allele frequency difference of the regions under hard selective sweep showed overall
no obvious deviation from the genomic background (K-S test, p = 0.32, Z-test p = 0.19) and
mean Fst values lower than the average value over the genome (Z-test p = 0.0001).

Table 1. The 10 most significantly enriched GO Biological Process terms of genes that
experienced hard sweeps in continental voles with the lowest pqq (p value of enrichment
adjusted with g:SCS method for multiple testing correction). Term size refers to the number
of genes in the GO term. Intersection size refers to the number of genes under hard sweep.
The GO terms listed are either related to histone monoubiquitination (Histone) or lipid
metabolism (Lipid).

Term ID Term name Padj Termssize Intersection size  Relate to
histone H2A-K119

GO0:0036353 monoubiquitination 4.94E-08 9 5 Histone

G0:0019373 epoxygenase P450 pathway 1.43E-06 34 6 Lipid
histone H2A

G0:0035518 monoubiquitination 3.28E-06 18 5 Histone

GO0:0006805 xenobiotic metabolic process 6.64E-06 122 8 Lipid
cellular response to xenobiotic

GO0:0071466 stimulus 7.13E-06 179 9 Lipid

G0:0006629 lipid metabolic process 9.96E-06 1371 20 Lipid

GO0:0033522 histone H2A ubiquitination 3.68E-05 28 5 Histone

G0:0010390 histone monoubiquitination 5.31E-05 30 5 Histone
response to xenobiotic

G0:0009410 stimulus 7.89E-05 316 10 Lipid

G0:0051276 chromosome organization 8.2E-05 981 16 Histone
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Table 2. The 10 most significantly enriched GO Biological Process terms of genes that
experienced hard sweeps only in the Orkney vole population. pqq refers to p value of
enrichment adjusted with g:SCS method for multiple testing correction. Term size refers to the
number of genes in the GO term. Intersection size refers to the number of genes under hard
sweep. All the GO terms listed are immune related.

Term ID Term name Padj Termssize Intersection size
GO0:0006955 immune response 5.07E-11 1794 17

antigen processing and presentation

G0:0048002 . . 5.17E-08 71 6
of peptide antigen

GO:0002478 antigen processmg.and pr.esentatlon 7 13E-08 30 5
of exogenous peptide antigen

G0:0042832 defense response to protozoan 1.18E-07 33 5

GO0:0001562 response to protozoan 1.88E-07 36 5

G0:0019884 antigen processing and presentation 2.17E-07 37 5
of exogenous antigen

G0:0019882 antigen processing and presentation ~ 9.88E-07 115

GO0:0019886 antigen processing and presentation  2.03E-06 18 4
of exogenous peptide antigen via
MHC class Il

GO0:0002495 antigen processing and presentation  4.85E-06 22 4
of peptide antigen via MHC class Il

GO0:0002504 antigen processing and presentation ~ 7.03E-06 24 4
of peptide or polysaccharide antigen
via MHC class Il
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Figure 4. Examples of genomic landscapes close to the regions for which hard selective sweeps
were detected in common voles from Orkney or the continent. ATt (Ttwestern — Tlorkney), ATajima’s
D (Tajima’s Dwestern — Tajima’s Dorkney), AAF (AFwestern —=AForkney), Fst and median XP-EHH are
shown. Each point represents one 50 Kb window. Positively selected windows were marked
with vertical lines. Genes overlapped with positively selected regions (outlier windows
determined with DBSCAN with the highest or lowest one percentile of median XP-EHH value)
were given on top. A. Positively selected regions of continental voles had low An, ATajima’s D
and AAF. Genes belonging to the epoxygenase P450 pathway on M. arvalis chromosome 4
were marked with green. b. In Orkney voles, Ar, ATajima’s D and AAF of positively selected
regions did not form clusters outstanding from the genomic background. Genes related to
antigen processing and presentation on chromosome 15 were marked with brown.
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Figure S1. The density distributions of genomic parameters including m, Tajima’s D and allele
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Table S1. The samples used in this study with their sampling location and mapping depth.

Individual  Group Latitude Longitude Depth
BSt095 continent 51.2232 3.07275 22.7
BVe061 continent 51.07315 2.66803 40.8
FBv02 continent 46.80561 6.164746 17.4
FCc02 continent 47.18444  6.822475 27.4
FDa504 continent 49.76666 0.51666 23.8
FFr549 continent 50.08333 1.56666 23.3
FGrl4 continent 46.68058 6.18723 37.5
FMc03 continent 49.25437 3.93216 19.0
FOg02 continent 47.43055 6.742983 16.9
FPi555 continent 50.86666 1.81666 22.6
FSt24 continent 46.38548 4.22641 29.7
0BS0234 Orkney 58.85002 -2.91659 234
OBWSs01 Orkney 58.84349 -2.92363 33.3
OEOs14 Orkney 59.17797 -2.75946  26.0
OEOs15 Orkney 59.17797 -2.75946  27.2
OMBri149  Orkney 59.08242 -3.29908 22.4
OMHo0277 Orkney 58.93692 -3.06632  25.8
ORGs21 Orkney 59.13011 -2.98977 34.3
ORWa268 Orkney 59.1782 -3.0628 30.5
0sJco1 Orkney 58.75641 -2.93866  30.3
OSWil66 Orkney 58.76666 -2.93333  31.6
OWLs033 Orkney 59.2956 -2.91336  18.8
OWPg01 Orkney 59.32317 -2.9977 28.5
0OSali257 Orkney 59.2502 -2.58204  30.3
0OSaNe01 Orkney 59.27294 -2.48481 28.4
RuCh01 M. obscurus 61.33066 43.52866 16.8
RuSu03 M. obscurus 55.5 60.55999 21.9

TuEr01 M. obscurus 40.30937 41.94739 18.2
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Table S2. Significant GO term enrichments of the candidate genes experienced hard sweep in continental voles. The threshold of p value was 0.05.

Term name Term ID Adjusted p-value Termsize Intersection size
histone H2A-K119 monoubiquitination G0:0036353 4.82E-08 9 5
epoxygenase P450 pathway G0:0019373 1.37447E-06 34 6
histone H2A monoubiquitination G0:0035518 3.20649E-06 18 5
xenobiotic metabolic process G0:0006805 6.25664E-06 122 8
cellular response to xenobiotic stimulus G0:0071466 6.64774E-06 179 9
lipid metabolic process G0:0006629 8.34618E-06 1371 20
histone H2A ubiquitination G0:0033522 3.59218E-05 28 5
histone monoubiquitination G0:0010390 5.18412E-05 30 5
chromosome organization G0:0051276 7.15874E-05 981 16
response to xenobiotic stimulus G0:0009410 7.29914E-05 316 10
xenobiotic catabolic process G0:0042178 0.000103051 68 6
olefinic compound metabolic process G0:0120254 0.000115447 177 8
cellular lipid metabolic process G0:0044255 0.000126687 1023 16
positive regulation of RNA metabolic process G0:0051254 0.000134035 1786 21
positive regulation of nucleobase-containing compound metabolic process G0:0045935 0.000138588 1957 22
arachidonic acid metabolic process G0:0019369 0.000218435 77 6
positive regulation of transcription by RNA polymerase Il G0:0045944 0.000395745 1261 17
histone ubiquitination G0:0016574 0.000597001 48 5
positive regulation of transcription, DNA-templated G0:0045893 0.000840321 1654 19
positive regulation of nucleic acid-templated transcription G0:1903508 0.000840321 1654 19
positive regulation of RNA biosynthetic process G0:1902680 0.000855668 1656 19
dosage compensation by inactivation of X chromosome G0:0009048 0.001373953 24 4
chromatin organization G0:0006325 0.001435657 548 11
positive regulation of macromolecule biosynthetic process G0:0010557 0.001502981 1893 20
dosage compensation G0:0007549 0.001924257 26 4
regulation of gene expression, epigenetic G0:0040029 0.003673809 124 6
long-chain fatty acid metabolic process G0:0001676 0.004032546 126 6
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Abstract

The sex chromosomes have evolutionary paths and population genetic features
different from autosomes but empirical data from non-model species are still rare. Here we
compared patterns of genetic diversity between sex chromosomes and autosomes based on
the first draft assembly of the sex chromosomes of the common vole (Microtus arvalis). The
X chromosome of M. arvalis is highly conserved compared to the X of mouse, while the Y
chromosome shows much more divergence. We assessed the extent of potential sex-specific
differences in patterns of genetic variation in natural populations without or with severe
historical bottleneck followed by long-lasting absence of gene flow. We based this on
genome-wide resequencing data of common voles from the European continent and their
conspecifics on the Orkney islands in northern Scotland which were isolated there for over
5,000 years. Genetic diversity and heterozygosity of the X chromosome were low compared
to autosomes even in the continental individuals. This indicates that partial haploidy and
recombination together promote efficient background selection. The X chromosome also
showed stronger evidence of purging of deleterious alleles compared to the autosomes. In
contrast, potential deleterious alleles on the Y chromosome remained at low frequency while
many neutral mutations drifted to fixation. The genetic patterns of the Y chromosome
indicated strong selection on haploid mutations in Orkney voles, and fast accumulation of
divergence due to a male-biased mutation rate. Taken together this shows that a prolonged

historical bottleneck and long-term isolation can be followed by distinct genetic dynamics of
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autosomes and sex chromosomes.

Keywords: genome assembly; sex chromosome; mutation load; Microtus arvalis; rodent
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Introduction

The evolution of sex chromosomes is on a disparate path comparing to the autosomes.
In the classic model of (Charlesworth 1991), sex chromosomes start as autosomes, by
accumulating sexually antagonistic mutations close to the sex-determining gene, which leads
to local loss of recombination. The non-recombining region loaded with deleterious
mutations tends to degenerate, and reduce the length of e.g. the Y chromosome, which can
result in highly differentiated sex chromosomes with very short homologous regions left
(Vicoso 2019), for example in mice (Soh, et al. 2014) and humans (Lahn and Page 1999). In
diploid species with heteromorphic XY chromosomes, three ploidy systems exist, which are
expected to differentiate the population genetic features of the chromosomes (Laporte and
Charlesworth 2002; Immler 2019). First, autosomes and the pseudoautosomal regions of sex
chromosomes going through recombination each generation behave as typical diploid alleles.
Second, the non-recombining region of the Y chromosome behaves as a haploid allele and
has N. equal to 1/4 of the autosomes when assuming a sex ratio of 1. Last, the X chromosome
is diploid in the females and haploid in the males, with N. equal to 3/4 of the autosomes. In
many species the mutation rate is higher in males (Hurst and Ellegren 1998; Bergeron, et al.
2023), which may lead to stronger differentiation on the population genetic dynamics of sex
chromosomes and autosomes.

Deleterious mutations are common in the genome (Lohmueller 2014) as most new
mutations which change the amino acid have a negative fitness effect (Eyre-Walker and
Keightley 2007). In large populations, recessive deleterious mutations are usually in haploid
form, and stay at low frequency due to effective selection (Kirkpatrick and Jarne 2000;
Bertorelle, et al. 2022). In small populations, deleterious variants can drift to high frequency
and are more likely to be homozygous, resulting in a loss of fitness which is called “mutation
load” (Lynch, et al. 1995). It is thus important to estimate the accumulation state of
deleterious mutations and their relationship to fitness in conservation genetics (DeWoody, et
al. 2021; Kardos, et al. 2021). Recent studies showed that genetic drift and purging of
deleterious mutations together shape the distribution of deleterious mutations in the
genome (Robinson, et al. 2018; Aris-Brosou 2019; Grossen, et al. 2020; Chapter 1). However,
most studies focused on the autosomes likely due to the difficulty and unavailability of

assemblies of the sex chromosomes (Tomaszkiewicz, et al. 2017). In haploid individuals, every
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deleterious mutation is at dominant state, which leads to stronger purging of deleterious
alleles than in diploid systems (Valero, et al. 1992; Szévényi, et al. 2014). Deleterious
mutations on sex chromosomes should thus be exposed to stronger selection because of
certain degrees of haploidy. As selection acts at individual, rather than chromosomal level, it
is necessary to include sex chromosomes when studying the adaptive process of the species.

The vole genus Microtus (Cricetidae) is a group of small rodents found in Europe,
northern Asia, and North America. The sex chromosomes of Microtus have high variation,
including typical short Y chromosomes (e.g. M. arvalis, Lemskaya, et al. 2010), X and Y
chromosomes longer than any autosome (e.g. M. levis, Lemskaya, et al. 2010), intraspecific
karyotypic diversity (e.g. M. thomasi, Rovatsos, et al. 2017), and an X0/XY sex determination
system (M. oregoni, Charlesworth and Dempsey 2001). Such diversity is exceptional in
mammals, yet so far there is only one chromosomal-level assembly of sex chromosomes of
Microtus species, M. oregoni (Couger, et al. 2021).

To gain more insights into the evolution of genetic variation on sex chromosomes of
Microtus, we focused on the common vole (M. arvalis). It is widespread in Europe with distinct
genetic lineages associated with the geographic distribution (Heckel, et al. 2005). The
karyotype of M. arvalis (2n=46) is formed by 22 pairs of autosomes, an intermediate sized X
chromosome and a short Y chromosome, with no synapsis observed between the X and Y
chromosomes (Ashley, et al. 1990). The existing genome assembly of M. arvalis, produced
with Hi-C scaffolding (Belton, et al. 2012), contains 22 chromosome-level scaffolds
representing the autosomes, yet no sex chromosome was assembled (Gouy et al. in
submission). For the de novo sequencing, a depth filter higher than half of the average depth
was used for the male sample to acquire a high-quality assembly, and the sex chromosomes
were thus discarded.

The common vole is also widely distributed on the Orkney archipelago in the north of
Scotland with a high census population estimated to be one million (Reynolds 1992). Previous
genetic and archeological studies showed that it was likely introduced by Neolithic farmers as
afood resource (Haynes, et al. 2003; Romaniuk, et al. 2016) over 5,000 years ago (Martinkova,
et al. 2013). The common voles were most likely introduced from the coast of Belgium and
northern France (Martinkov3, et al. 2013) and went through a severe bottleneck (Chapter 1).
The decrease of effective population size (Ne) was estimated to be ~30 fold, from over 100

thousand to several thousands, and recovered back to 50-100 thousand in the recent ~1,000
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years (Wang, et al. in press). The prolonged severe bottleneck, though with high estimated
Ne, led to strong genetic drift, which has left remarkable impacts in the autosomal genome of
Orkney voles, including low genetic diversity and accumulation of derived homozygous
deleterious alleles (Chapter 1; Chapter 2). Thus, the Orkney vole can serve as a system to
observe the change of genetic variation on sex chromosomes through a bottleneck given its
relatively recent divergence time and demographic changes compared to the time scales of
speciation in many vertebrates of usually millions of years (Sepkoski 1998; Rabosky, et al.
2013).

In this study we provide a draft assembly of the sex chromosomes of the common
vole. With the new reference sequences, we compared the genetic diversity and distribution
of potential deleterious mutations on the autosomes and sex chromosomes in populations
without or with an extended bottleneck and long absence of gene flow. We hypothesized that
the genetic diversity on sex chromosomes was not at the expected value, 3/4 or 1/4 of that
of autosomes, because of sex-biased mutation rate and stronger purifying selection during
haploid phase. We also expected that purging of deleterious mutations on sex chromosomes

was stronger than on autosomes in the Orkney population because of the bottleneck.

Results

The assembly of sex chromosomes

We assembled both sex chromosomes from a heterochromatic (male) sample
sequenced with the regular Hi-C method (Belton, et al. 2012) using a pipeline of two rounds
of assembling (see Methods) simplified from Peichel, et al. (2020). The final assembly of sex
chromosomes is 96.7 Mb (Details in Supplementary Information). The X chromosome was
assembled to one scaffold of 88.4 Mb in the first round with an N-rate of 8.7%. It showed
strong synteny only with the X chromosome of mouse in two sequential blocks (Figure 1, S1),
which confirmed that it was X chromosomal sequence of M. arvalis. In the second round,
three scaffolds, 8.3 Mb in total, were assembled and verified as the draft assembly of the Y
chromosome. The synteny maps showed short syntenic regions with Chr7, Chrll, X and Y
chromosomes of mouse (Figure 1, S1). The shortest 1.0 Mb scaffold had regions of synteny to

the Y chromosome of mouse, and most sequences assembled with male-specific k-mers were
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mapped to it (29 sequences, 29,167 bp in total).

On the scaffold of the X chromosome, 1190 genes were predicted, 995 of which were
homologues of mouse genes, and 707 were homologous with genes on the mouse X
chromosome. On the scaffolds of the Y chromosome, 339 genes were predicted, 285 were
homologous with mouse genes, and 5 were homologous with genes on mouse Y chromosome

(Ubaly, Ddx3y, Zfy1l, Kdm5d and Eif2s3y).

Distinct levels of genetic variation between autosomes and sex chromosomes

The genetic diversity of the X chromosome, measured as nucleotide diversity m, was
much lower than for autosomes (Figure 2, Table S3). The mean values of autosomal 1t in 50
kb windows of both continental (samples from Belgium and northern France which are
genetically closest to Orkney voles, 1.83 x 103) and Orkney voles (4.80 x 104) were roughly 3
times higher than 1t of the X chromosome (continent: 6.29 x 104, Orkney: 1.76 x 10%). The
heterozygosity, measured in the proportion of heterozygous sites, was also lower on X
chromosome than autosomes (continent: 33% of autosomes, Orkney: 41% of autosomes;
Figure 3). On the other hand, the Y chromosome which is expected to have 1/4 N, of the
autosomes, maintained relatively high genetic diversity (mean m continent: 1.42 x 1073,
Orkney: 3.38 x 10%) equivalent to over 70% of the autosomes (Figure 2). The median 1t of the
Y chromosome of Orkney voles (2.42 x 10*) was even higher than of the autosomes (2.31 x
104), indicating that genetic variation was maintained in the haploid Y chromosome.

The X chromosome carried significantly less derived alleles of all functional categories
in both continental and Orkney voles (Figure 3; t-test, all p < 1019). The deviation was highest
for the number of loss-of-function (LOF) alleles, with the X chromosome carrying only half as
many LOF alleles per 1 Mb of coding regions compared to autosomes. For the Y chromosome,
the proportion of derived neutral and missense alleles was equivalent to autosomes, while
the proportion of derived LOF and synonymous alleles were lower than for autosomes (t-test;

all p <0.05).

Impacts of the extensive bottleneck on sex chromosomes
Genetic diversity was lower over the genome in bottlenecked Orkney voles compared
to their continental conspecifics. The density distribution of i in Orkney voles is shifted

towards the right, with the deviation between median and mean values increased (Figure 2,
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Table S3). On autosomes and the X chromosome, the heterozygosity of Orkney voles was
lower compared to continental voles in all functional categories (Figure 3). The total number
of derived alleles was slightly higher in Orkney voles (p < 5 x 108), while the number of derived
alleles on sex chromosomes remained at the same level, except for a significantly higher
proportion of intergenic (neutral) derived alleles on the Y chromosome (Figure 3).

The sex chromosomes showed distinct patterns in the fixation of derived LOF
mutations in Orkney voles compared to the autosomes. While the LOF mutations fixed at a
similarly high level (39%) as neutral mutations (41%) on the autosomes, the site frequency
spectrum (SFS) of LOF mutations on the Y chromosome strongly deviated from neutral
mutations towards lower site frequency (Figure 4). The X chromosome showed a deviation at
moderate level, characterized by an increased proportion of singletons of LOF mutations
(26%) compared to neutral mutations (13%) and a decreased fixation ratio (53% to 47%).

The level of accumulation of potential deleterious mutations in the coding region (LOF,
missense and synonymous alleles) on the sex chromosomes were lower compared to the
autosomes in Orkney voles with R?y lower than 1 (Figure 5a). When compared to the neutral
mutations, the X chromosome accumulated missense and synonymous mutations, while Y
chromosome showed evidence of strong purging against all the mutations within the coding

region (Figure 5b).
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Discussion

The assembly of the sex chromosomes of M. arvalis

In this study, we provided a draft assembly of the sex chromosomes of the common
vole, with the X at chromosomal level and Y in long scaffolds. However, the quality of our
assembly of sex chromosomes is lower than the previous assembly of the autosomes. The N-
rate of the autosomal assembly was 3.3%, much lower than for both X (8.7%) and Y (12.6%)
chromosomes. This is likely because certain reads from the sex chromosomes mapped to the
autosomes and were not used in the assembly, which led to longer gaps when scaffolding.

The homologous pseudoautosomal regions cause difficulties during assembling sex
chromosomes in many species (Tomaszkiewicz, et al. 2017). This effect is subtle in our case
as the sex chromosomes of M. arvalis share likely, if any, very short homologous regions. They
are highly divergent (Mayorov, et al. 1996) with distinct size difference, which indicates
ancient divergence. They have also no observable physical contact at all during meiosis which
is rare, especially for typical short Y and long X chromosomes without accumulation of
heterochromatin (Ashley, et al. 1990). Thus, the error rate of mismatches in the homologous
regions should be low during scaffolding. However, our methods can only assemble the
nonrecombining regions of the Y chromosome, as the read depth of pseudoautosomal regions
is expected to be at the same level of autosomes and they are assembled at the same stage
with autosomes. Thus, these methods are not suitable for species with largely homogeneous
sex chromosomes, for example many fish and frogs (Ross, et al. 2009; Jeffries, et al. 2018).

The X chromosome of M. arvalis is strongly homologous to mouse X chromosome
(Figure 1), which was expected as the X chromosome is highly conserved in most mammals
(Rodriguez Delgado, et al. 2009; Livernois, et al. 2012). The Y scaffolds, on the other hand,
share only one short homologous region harboring five genes, four of which (Ubaly, Zfy1,
Kdm5d and Eif2s3y) are among the most conserved MSY (male-specific region of the Y
chromosome) genes (Li, et al. 2013). This is likely partially due to the fragmentation of the
assembly, but also due to the fast evolution of sex chromosomes in Microtus, indicated by
highly divergent karyotypes in related species (Mayorov, et al. 1996; Lemskaya, et al. 2010).
Genomic resources of Microtus are scarce and limited to few species at the moment
(Rovatsos, et al. 2017; Lamelas, et al. 2018; Couger, et al. 2021). The diversity of sex

chromosomes in Microtus (Lemskaya, et al. 2010), and lack of recombination between the sex
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chromosomes in several species in Cricetidae (Ashley and Fredga 1994) also reveals great
potential to study the evolution of the Y chromosome in this highly diverse rodent group. For
example, comparative genomics between species could help to understand whether fast
speciation is related to chromosomal rearrangements in this clade (Rieseberg 2001; Faria and

Navarro 2010).

Potential effects of male biased mutation rate

The difference on the genetic diversity between sex chromosomes and autosomes
(Figure 2, 3, Table S3) likely resulted from a higher mutation rate in males than in females that
is frequently observed in mammals (Wilson Sayres and Makova 2011). The male mutation
bias a (male mutation rate divided by female mutation rate) of most mammals ranges from 1
to 4, and the a of mouse and rat is estimated around 2 (Sayres, et al. 2011). The a of M. arvalis
or closely-related species is unavailable. Taking the a of mouse at 2, and under the
assumption of a sex ratio of 1, the mutation rate of Y is 1.5 times of X, and 1.3 times of the
autosomes, and the expected genetic diversity of Y is 1/3 of the autosomes. This does not
match the pattern observed in the continental population, where the genetic diversity of Y is
2/3 of the autosomes (Figure 2, Table S3). In the case of an equal sex ratio and neutral
evolution, the genetic diversity of Y chromosome should not reach half of autosomes
arithmetically. The causes for unexpectedly high genetic diversity on Y chromosome are
unknown but possible factors include high a of M. arvalis, sex ratio biased towards male
(Bryja, et al. 2005), and lack of purifying selection in the pseudogenes and repeated regions
on the Y chromosome (Bachtrog 2013; Vicoso 2019). However, the exceptionally low genetic
diversity of X (1/3 of the autosomes) and low heterozygosity (Figure 3) cannot be explained

by a bias in mutation rates.

Selection on haploid and diploid chromosomes

Our results showed that the sex chromosomes likely experience stronger purifying and
positive selection. In haploid systems, every mutation is dominant, while recessive mutations
are sheltered in diploid systems (Valero, et al. 1992; Immler 2019). Deleterious or beneficial
mutations on the Y chromosome are expected to be exposed to stronger selection than on
the X, and on X chromosome stronger than on autosomes (Singh, et al. 2008). The U-shaped

SFS of X and Y of the continental voles (Figure 4) is a typical feature of genomic regions under
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a selective or neutral sweep (Huber, et al. 2016; Moinet, et al. 2022), indicating stronger
linked selection than on the autosomes.

On the other hand, recombination, as an efficient way to remove deleterious alleles
(Barton 1995; Comeron, et al. 1999), occurs only on X chromosomes in females, but ceased
completely on the Y chromosome for M. arvalis. Thus, the low genetic diversity on the X
chromosome (Figure 2, 3, Table S3) is likely caused by strong background selection
empowered by both the exposure of deleterious mutations in the haploid phase and
recombination in the diploid phase. The low burden of derived LOF mutations on X (Figure 3)
also supports the hypothesis of stronger purifying selection on the X chromosome.

The ploidy may also play a role in the change of genetic variance in the face of strong
drift caused by a severe bottleneck of ~30 fold population decrease for several thousand
generations. The extant derived LOF mutations of Orkney voles drifted to fixation together
with the neutral mutations (Figure 4). The fixation rate of LOF mutations on the Y
chromosome was low, highly different from the rate of neutral mutations (Figure 4), showing
that the efficacy of selection was still high on the haploid parts of the Y chromosome even
with strong genetic drift (Otto, et al. 2015). This is supported by the R’xy ratios of LOF,
missense and synonymous mutations lower than 1, indicating global purifying selection on
deleterious alleles (Grossen, et al. 2020). The X chromosome, as a haploid-diploid
chromosome, showed the intermediate shift of fixation rate between the autosomes and the
Y chromosome (Figure 4). The R%y of X is lower than 1 for all mutations, likely due to the low
genetic diversity compared to the autosomes leading to smaller genetic distance. Contrary to
the Y chromosome, the R’xy ratios of missense and synonymous mutations of the X
chromosome were higher than 1, showing potential accumulation of mildly deleterious
mutations on X during the bottleneck (Do, et al. 2015). However, our result of stronger
purifying selection on the Y chromosome is not in conflict with the classical theory of genetic
degeneration of the Y chromosome resulting from the accumulation of loss-of-function
mutations and repetitive DNA (Bachtrog 2013). First, mammalian Y chromosomes are at the
late stage of evolution beyond massive degeneration, so the functional genes on the Y
chromosomes are conserved and stable (Vicoso 2019). Second, our results reflect the genetic
changes at population level within the species, while the degeneration of Y chromosome is
usually only detectable at the interspecific level.

In summary, we showed that the autosomes, X and Y have distinct features of genetic
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variation and reactions to the population bottleneck, likely affected by both male biased
mutation rate and the difference in ploidy. So far, the focus of research of mutation load on
sex chromosomes has been mainly on sex chromosome turnover (Blaser, et al. 2013; El Taher,
etal. 2021). Only a limited number of studies has looked at individual and populational effects
of deleterious mutations on sex chromosomes (Hollis and Houle 2011; Mallet, et al. 2011). As
selection acts on individuals rather than individual chromosomes, it is necessary to investigate
further how the mutation load on sex chromosomes influences the evolutionary process at

population level.

Material and Methods

De novo assembly of sex chromosomes on the basis of assembled autosomes

Reads from the same sequencing libraries used for the reference genome of M. arvalis
(only 22 autosomes assembled, BioProject ID: PRINA737461, Gouy et al. in submission) were
used for the assembly of sex chromosomes, including four libraries of 150 bp paired-end
[llumina reads, long-range sequencing libraries produced with the “Chicago” (Putnam, et al.
2016) and Hi-C (Belton, et al. 2012) methods by Dovetail Genomics (Santa Cruz, CA). Reads
from lllumina libraries were trimmed using Trimmomatic (Bolger, et al. 2014). Trimmed reads
were mapped back to the reference genome. Since the depth of pseudo-autosomal and
repeat regions of the Y chromosome can be as high as autosomes, some regions of sex
chromosomes may already have been assembled. Read pairs not mapped to the 22
chromosome-sized scaffolds were extracted for the first step of de novo assembly. ABySS 2.1
(Simpson, et al. 2009) was used to assemble short reads to contigs with K-mer at 55
(estimated by Dovetail for the reference assembly). Only unmapped reads and their mates
from Chicago and Hi-C libraries were used for scaffolding. Read pairs not mapped to the
autosomal assembly were first mapped and filtered with HICUP 0.7.4 (Wingett, et al. 2015).
Next, 3D-DNA (Dudchenko, et al. 2017) was used for scaffolding using de novo assembled
contigs which were longer than 1 kb, and filtered reads from Chicago and Hi-C libraries. Hi-C
assembly was visualized, manually reviewed and corrected in Juicebox Assembly Tools 1.11
(Durand, et al. 2016).

The first round of scaffolding resulted in one long scaffold representing the X
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chromosome (see the next section of Methods for the validation of sex chromosome
assembly). According to the karyotype of M. arvalis, the length of the Y chromosome should
be roughly 1/8 to 1/4 of the X chromosome (Lemskaya, et al. 2010), but the remaining
scaffolds except the X chromosome were only 3.5 Mb, about 4% of X chromosome assembly.
Therefor to acquire a more complete assembly of the Y chromosome, a second round of
assembling was performed with the pipeline from Peichel, et al. (2020). The principle is to
repeat the scaffolding of the Y chromosome with higher tolerance of repeated sequences and
excluding contigs from the X chromosome from the first round.

For the second round of assembly, read pairs from Chicago and Hi-C libraries not
mapped to either autosomes or X chromosome were used for scaffolding with the same
parameters with HiICUP. Next, 3D-DNA was used for scaffolding using non-X chromosome
contigs and filtered reads from Chicago and Hi-C libraries. The minimum length of the contigs
used for scaffolding was 1 kb. Multiple trials were done using different thresholds of tandem
repeat coverage (--editor-repeat-coverage = 2, 4, 6... 16) to test for the optimal repeat level
allowed in scaffolding. The best assembly of the Y chromosome was chosen based on the
length of the longest scaffold and the total length of the long scaffolds. The five longest

scaffolds (>500 Mb) from the best assembly were kept for validation.

Validation and annotation of the sex chromosome assembly

Each assembly was compared with the mouse genome (GRCm39, GenBank accession:
GCA_000001635.9) for synteny using Minimap2 (Li 2018) on the website of D-Genies
(Cabanettes and Klopp 2018). The divergence of the Y chromosome between different
mammal species is usually high because of its fast evolution. Thus, an extra k-mer based
method was used to validate whether the assembly from the second round was part of the Y
chromosome. Raw reads of 150 bp paired-end sequencing of 10 individuals, 5 males and 5
females, from the Central lineage of M. arvalis (Table S1, the same evolutionary lineage as
the sample used for de novo assembly) were used to identify male specific k-mers with
KmerGO 1.5.0 (Wang, et al. 2020). Note that these samples were not used for the following
mutation load analyses because Central lineage is genetically distinct from Orkney voles and
thus does not serve as a good comparison (Martinkova, et al. 2013; Chapter 1). The k-mer
length was set to 55 and the minimal K-mer occurring times was set to 4. The male specific k-

mers were then used to assemble into sequences using Cap3 (Huang and Madan 1999), with
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segment pair score cutoff (-i) of 30, chain score cutoff (-j) of 31, overlap length cutoff (-o) of
18, overlap similarity score cutoff (-s) of 300 and max number of word matches (-t) of 100.
Assembled sequences > 1 kb were mapped to the potential Y chromosome assembly using
Minimap2 on the website of D-Genies. Only the scaffolds having male-specific sequence
mapped to them were considered as Y chromosome scaffolds.

To perform gene annotation on the new assembly of sex chromosomes, repeat
regions were first identified with RepeatModeler 2.0.3 (Flynn, et al. 2020) and RepeatMasker
4.1.4 (Chen 2004). For annotation, the training of Augustus (Stanke and Waack 2003) was
performed using the annotation of autosomes. Gene prediction was performed for the
assembly of sex chromosomes with transposable elements (TE) hard-masked and simple
repeats soft-masked using Augustus. The synteny map between the final assembly of M.
arvalis sex chromosomes and mouse sex chromosomes were produced with the MCscan

pipeline from JCVI 2.1.7 (Tang, et al. 2008) using coding sequence (CDS) regions.

Mutation load on different chromosomes

Samples from the Western evolutionary lineage (northern France and Belgium) and
Orkney were used to compare genetic variation between the autosomes and sex
chromosomes, and to investigate the change of genetic variation after a severe historical
bottleneck. Tissue samples preserved in absolute ethanol were used for DNA extraction with
the phenol-chloroform method. The quality and concentration of the DNA extraction were
checked with Qubit fluorometer (Life Technologies) and NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific), and on 1% agarose gels. The library preparation with Illlumina
TruSeq DNA PCR-Free Library Prep Kit, and sequencing on Illumina Hiseq 2000 or Novaseq
6000 were performed by the NGS platform of the University of Bern.

The resequencing data of 11 samples from Western lineage (referred as continent, 4
males and 7 females) and 16 Orkney voles (8 males and 8 females) were mapped to the
reference genome of autosomes and newly assembled sex chromosomes. The mapping was
performed with BWA 0.7.17 MEM algorithm (Li and Durbin 2009). The duplicated reads were
filtered with GATK 4.0.10 (Poplin, et al. 2017). Then we performed SNP calling with GATK
Haplotypecaller following the GVCF pipeline (Poplin, et al. 2017). For male samples, the ploidy
of sex chromosomes was set to 1 so that only haploid SNPs were called. To acquire reliable

SNP data, we filtered the SNP data with GATK VariantFiltration and VCFtools 0.1.16 (Danecek,
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et al. 2011) with following parameters: QD<10.0, SOR>3.0, FS>60.0, MQ<40.0, MQRankSumx<-
12.5, ReadPosRankSum<-8.0, GQ<20, heterozygosity=100% (not used for male sex
chromosomes), mean-depth over all individuals>50 (>25 for male sex chromosomes),
individual genotypes <5 (<3 for male sex chromosomes) or >150 (>75 for male sex
chromosomes). Only SNPs with no missing data were used in further analyses. The site
frequency of each SNP for either continental or Orkney samples was calculated with VCFtools.
The genetic diversity it for each site was calculated from site frequencies in R. The average nt
in 50 kb windows was calculated with BEDTools 2.28 (Quinlan and Hall 2010). The functional
effect of each SNP was annotated with SnpEff 5.0 (Cingolani, et al. 2012). We compared the
number and distribution of loss-of-function (LOF), missense, synonymous and intergenic
variants (5 kb away from any gene, considered as neutral variants) as a gradient from highly
deleterious to neutral mutations. The number of SNPs in heterozygous or homozygous state
was counted per individual, averaged within each group, and controlled both by ploidy and
by the length of CDS or intergenic region. The unfolded site frequency spectra (SFS) of LOF
and neutral SNPs were also reported. We used LOF mutations as a proximate of deleterious
mutations, however the real distribution of fitness effect can be wide, from nearly neutral to
lethal (Eyre-Walker and Keightley 2007).

We calculated the rate of private alleles Rxy (Do, et al. 2015) of Orkney voles relative
to the continental group. For autosomes, X chromosome or Y chromosome, Rxy of highly
deleterious, missense, and synonymous SNPs were calculated and divided by Rxy of neutral
SNPs of autosomes to acquire the standardized R%y in order to reveal the state of
accumulation or purging related to the genomic background. We also reported standardized
R’xy controlled with the Rxy of neutral SNPs from each chromosome(s), to show the state of
functional mutations compared to the chromosomal background. The standard error was
estimated by jackknifing of 100 blocks of equal number of SNPs for autosomes, or 20 blocks

for sex chromosomes.
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Y
Figure 1. Synteny map between the draft assemblies of the sex chromosomes of M. arvalis
and mouse based on homologous coding sequence (CDS) regions. The X chromosomes of M.
arvalis and of mouse had clear and strong synteny while the Y chromosomes had little. The

orange line represents a homologous region between one of the Y scaffolds (Y3) of M. arvalis
and mouse Y chromosome.
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Figure 2. The density distributions of m measured in 50-Kb windows for autosomes and sex
chromosomes with 1t on the x-axis and density on the y-axis. Only female samples were used
for the X panels (both autosomes and X chromosome) and only males for the Y panels. The
genetic diversity of sex chromosomes of continental voles was lower than for autosomes. Y
scaffolds had higher diversity than the X chromosome despite lower Ne. The Orkney voles

experienced genome-wide decrease of 1, while the genetic diversity of Y scaffolds remained
at a level similar to the autosomes.
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Figure 3. Numbers of derived alleles of different functional impacts per Mb per copy on
different chromosomes. Numbers of loss-of-function (LOF), missense and synonymous
mutations were standardized by division with the length of CDS, and the number of neutral
mutations with the length of intergenic regions (5 kb away from any gene). Only female
samples were used for X and only males for Y chromosome analyses. The error bar shows the
standard error of the number of alleles per individual.
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Figure 4. Unfolded site frequency spectra (SFS) of loss-of-function (LOF) and neutral SNPs on
autosomes and sex chromosomes. Compared to autosomes, the SFS of LOF SNPs on sex
chromosomes of Orkney voles were shifted towards lower frequency. The deviation between
LOF and neutral spectra was stronger on the Y chromosome than on the X chromosome.
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Figure 5. Rxy relative to Rxy of neutral SNPs on autosomes (a, R%y) and Rxy controlled by
neutral Rxy of each chromosome (b, R’xy) of different chromosomes. The error bars stand for
+ 2 standard errors (SE). a. The SE of Rxy of loss-of-function (LOF) SNPs on sex chromosomes
were high (0.2 to 0.6; not shown on the figures). Sex chromosomes of Orkney voles
accumulated less mutations in coding regions compared to autosomes, and the X
chromosome accumulated less than the Y chromosome. b. Within chromosomes, the
accumulation of derived mutations in coding regions, except LOF mutations, was higher than
in intergenic regions on the X chromosome, and the accumulation in coding regions was lower
than in intergenic regions on the Y chromosome.
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Supplementary Information

Details about the assembly of sex chromosomes of Microtus arvalis

The first step of assembly from short paired-end libraries produced very fragmented results of
1,249,460 contigs with N50 of 6702 bp, L50 at 4543 bp, and the longest contig with a length of 78714
bp. A total number of 22,721 contigs longer than 1 kb were used for the first round of scaffolding.
There were two scaffolds longer than 1 Mb, 88.4 Mb and 2.5 Mb, potentially representing the X and
Y chromosome. No long match was found between the new assembly of the X chromosome and the
22 scaffolds of autosomes from the reference genome (Figure S2), showing that the new assembly

did not overlap with the autosomal assembly.

In the second round of assembly, 7388 contigs not assembled to the scaffold of the likely X
chromosome were used. Multiple trials of the threshold of tandem repeat coverage were performed.
The length of the longest scaffolds in the assembly was roughly correlated with the threshold (Table
S2). The assembly with repeat coverage at 12 was the longest yet had much noise in the Hi-C map
(Figure S3a), thus the second-longest assembly with repeat coverage at 8 was used as the draft for
the final assembly of the Y chromosome (Figure S3b). After manual editing in Juicebox, the longest
five scaffolds were kept for further validation. The total length of the five scaffolds was 9.9 Mb with

the longest scaffold at 5.4 Mb and N-rate of 12.6%.

Using male specific k-mers, 40 sequences longer than 1 kb were assembled. The longest sequence
was 3,174 bp and the total length was 39,942 bp. Among the male specific sequences, 30 were
mapped to three scaffolds from the second round (5.4, 3.9 and 1.0 Mb) and none was mapped to the
assembly of the X chromosome. Thus, these three scaffolds with the total length of 8.3 Mb, were

considered the draft assembly of Y chromosome.
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a. M. arvalis XY vs mouse full genome (336 gene pairs) b. M. arvalis XY vs mouse XY (563 gene pairs)
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Figure S1. Synteny map between the sex chromosomes of M. arvalis and the mouse genome (a) or
sex chromosomes (b) based on coding regions. a. The X chromosome of M. arvalis was homologous
only with the X chromosome of mouse, while the Y scaffolds of M. arvalis had several homologous
regions with mouse autosomes 7 and 11. b. The X chromosomes of M. arvalis and mouse maintained
strong synteny in long blocks throughout the chromosome. The Y scaffolds of M. arvalis only shared
short homologous regions with the sex chromosomes of mouse.
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Figure S2. Synteny map between the first round of assembly of sex chromosomes and the reference
genome of autosomes. The X-axis refers to the assembly of sex chromosomes and the Y-axis refers
to the reference genome of autosomes. Dark green dots showed the synteny regions between the

assembly of sex chromosomes and small scaffolds from reference genome.

102



1848
|

Fig S3. a. The Hi-C map of the assembly with repeat coverage at 12 showed much noise especially in
the second scaffold. b. Manually reviewed and edited assembly with repeat coverage at 8. The sixth
scaffold which is the fourth longest (marked with blue arrow), has obvious noise that causes a cross
in the map, so it was excluded from the result.
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Table S1. The samples used in this study with their sex, sampling location and mapping depth. The
samples from the Central lineage were used for the validation of the Y assembly. The samples from
the Western lineage (referred to as continental voles) and Orkney were used in the analyses of
genetic variation. The M. levis samples were used as outgroup.

Individual Group Sex Latitude Longitude Depth

Eugene Central lineage M 46.85 7.74 22.9
CHIn0O4 Central lineage M 47.01 7.11 22.8
CHDa02 Central lineage M 46.62 6.55 22.1
DBu02 Central lineage M 49.08 12.37 36.6
DFIO1 Central lineage M 50.13 11.75 25.5
He4d2 Central lineage F 49.34 10.81 37.4
DWa04 Central lineage F 54.03 11.70 24.4
DAbO6 Central lineage F 51.78 7.63 19.5
DLu05 Central lineage F 51.09 12.33 16.9
NLHeO4 Central lineage F 52.94 5.96 21.6
BSt095 Western lineage F 51.22 3.07 22.7
BVe061 Western lineage F 51.07 2.67 40.8
FBv02 Western lineage M 46.81 6.16 17.4
FCc02 Western lineage M 47.18 6.82 27.4
FDa504 Western lineage F 49.77 0.52 23.8
FFr549 Western lineage F 50.08 1.57 23.3
FGr14 Western lineage F 46.68 6.19 37.5
FMcO03 Western lineage F 49.25 3.93 19.0
FOg02 Western lineage M 47.43 6.74 16.9
FPi555 Western lineage F 50.87 1.82 22.6
FSt24 Western lineage M 46.39 423 29.7
0BS0234 Orkney F 58.85 -2.92 23.4
OBWSs01 Orkney M 58.84 -2.92 333
OEOs14 Orkney M 59.18 -2.76 26.0
OEOs15 Orkney F 59.18 -2.76 27.2
OMBr149 Orkney F 59.08 -3.30 22.4
OMDo01 Orkney M 59.08 -3.21 32.1
OMWr01 Orkney M 58.99 -2.93 35.3
OMHo0277 Orkney F 58.94 -3.07 25.8
ORGs21 Orkney M 59.13 -2.99 34.3
ORWa268 Orkney F 59.18 -3.06 30.5
0sJco1 Orkney M 58.76 -2.94 30.3
OSWi166 Orkney F 58.77 -2.93 31.6
OWLs033 Orkney F 59.30 -2.91 18.8
OWPg01 Orkney M 59.32 -3.00 28.5
0OSali257 Orkney F 59.25 -2.58 30.3
0OSaNe01 Orkney M 59.27 -2.48 28.4
MroNLoO1 M. levis M 78.22 15.62 211
MroNLo02 M. levis F 78.22 15.62 21.6
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Table S2. Lengths of big scaffolds in different assemblies. Lengths are shown in Mb. The two longest
assemblies were marked in bold.

Repeat coverage 2 4 6 8 10 12 14 16
Longest scaffold (Mb) 3.4 3.9 49 3.5 4.3 4.3 3.6 3.6
Top 3 scaffolds (Mb) 5.2 6.1 6.9 8.3 6.6 8.8 6.8 6.8
Top 5 scaffolds (Mb) 6.6 7.7 8.1 9.9 8.5 10.6 8.6 8.6

Table S3. The median and mean values of 1t in 50 kb windows on different chromosomes. The values
of autosomes (A) were calculated for males (M) and females (F) separately.

Group Chromosome Median Mean Median/Mean
A (F) 0.00024 0.00048 0.50
A (M) 0.00023 0.00048 0.48
Orkney X 0.00010  0.00018 0.58
Y 0.00024 0.00034 0.72
A (F) 0.00174 0.00177 0.98
) A (M) 0.00191 0.00193 0.99
Continent X 0.00045  0.00063 0.72
Y 0.00131 0.00142 0.92
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General Discussion

In the genome of the Orkney vole, genetic drift has outweighed natural selection,
while both forces brought it to the present form as a unique evolutionary case. Intense
genetic drift emerged from the severe bottleneck and long isolation related to the
introduction of Orkney voles by humans (Chapterl; Haynes, et al. 2003; Martinkov3, et al.
2013). The genomic consequences of genetic drift, including loss of genetic diversity (Mayr
1963), accumulation of homozygous deleterious alleles (Kimura, et al. 1963) and relaxation of
selection (Gravel 2016) showed long-lasting impacts even after recovery from a bottleneck.
On the other hand, selection has played a role regarding immunity and the change of body
size of Orkney voles.

The extreme genomic landscape of the Orkney vole demonstrated genetic
characteristics which are similar to many endangered species (Xue, et al. 2015; Grossen, et al.
2020; Bertorelle, et al. 2022; Robinson, et al. 2022). However, the ecological success of Orkney
voles indicates no strong loss of absolute fitness, showing that the relationship between
observed genetic patterns and realized fitness is complex. Furthermore, the autosomes and
sex chromosomes showed different genetic patterns suggesting potential populational

impacts of the mutation load on sex chromosomes.

History of the Orkney vole is closely associated with humans

The demographic inferences in Chapter 1 show that the Orkney vole is likely one of
the oldest cases of human introduction of island populations, which has remained isolated for
more than 10,000 generations, consistent with previous studies (Martinkova, et al. 2013;
Cucchi, et al. 2014). The demographic inference showed that the introduction happened
around 5,000 years ago, consistent with previous dating of the bones found in Neolithic
settlements in Orkney (Martinkovd, et al. 2013; Cucchi, et al. 2014), and the founding
population experienced a severe bottleneck related to the introduction. The fast spread of
Orkney voles into multiple islands was likely related to the activities of Neolithic Orkney
residents, supported by archeological records expanding for a few hundred years after
introduction (Cucchi, et al. 2014), and signals of early gene flow between islands. The

introduction may have brought selective pressure to Orkney voles regarding immunity as
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shown in Chapter 2. The high density of the voles during the transport and management by
the Neolithic farmers (Romaniuk, et al. 2016) likely increased the transmission of pathogens
(Hochberg 1991; Laakkonen, et al. 1999; Altizer, et al. 2006).

The most comparable system is the Soay sheep which was also introduced by Neolithic
farmers around 6,000 years ago to Orkney and the St Kilda archipelago (Clutton-Brock and
Pemberton 2004). Despite the similar time of introduction, the Orkney vole had longer
isolation measured in the number of generations because of the shorter generation time (0.5
compared to 3 years for the sheep), and much higher modern effective and census population
sizes (Stoffel, et al. 2021). Together with the locally extinct red deer which was also introduced
to Orkney in Neolithic time (Stanton, et al. 2016), both cases showed the ability of human
transportation of animals in ancient times. The effects of such ancient movements can last a
long time and influence the local ecosystem permanently as both Orkney vole and Soay sheep
have maintained a stable modern population and integrated into the ecosystem of the islands
(Reynolds 1992; Clutton-Brock and Pemberton 2004).

The Orkney vole can be considered as a “Neolithic invasive species” in three ways:
human-related introduction and related demographic changes, a degree of isolation from its
original population (in our case complete isolation), and the capability of fast reproduction
and expansion (Colautti, et al. 2017; Courchamp, et al. 2017). The case of the Orkney vole
indicates that in the long term, some invasive species may be incorporated into the local
ecosystem and may have reached a new balance (Walther, et al. 2009; Shackleton, et al.
2019). For example, two invasive plant species have become the most visited plants by local
birds on Galdpagos islands (Traveset, et al. 2015). Of course, reaching the new balance has an
extremely high price, since the alien species pose threats to local species, or even to the whole
ecosystem, which is the major concern of invasion biology (Luque, et al. 2014; Courchamp, et
al. 2017). The establishment of the Eday population in 1987 may serve as an example of a
(seemingly) harmless introduction (Mike Cockram, personal communication) to understand
how the disturbed ecosystem returned to a stable state, but further ecological investigations

are required.

Advances to expand the understanding of mutation load
The populations on multiple Orkney islands can be considered as an exceptionally long

“experiment” with repeated trials on the evolution of bottlenecked and isolated populations.
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In Chapter 1 and Chapter 3, the result of this “experiment” showed typical consequences of
bottlenecks and founder events predicted by population genetics theory. The genetic
consequences include loss of genetic diversity and accumulation of deleterious mutations in
the homozygous state, which is expected to associate with loss of fitness (Xue, et al. 2015;
Robinson, et al. 2018; Grossen, et al. 2020).

Both genetic diversity and homozygosity of deleterious mutations serve as estimates
of genetic quality in conservation biology, and are expected to be associated with each other
(Allendorf, et al. 2010; Diez-del-Molino, et al. 2018; Hohenlohe, et al. 2021). Reduced genetic
diversity and expressed deleterious mutations in homozygous form are expected to increase
the risk of extinction of affected populations (Lynch, et al. 1995; Allendorf, et al. 2010; Kardos,
et al. 2021). Surprisingly, the flourishing Orkney vole populations showed these two genetic
characteristics at extreme levels without suffering obvious loss of fitness. This shows that the
method | used for estimating mutation load, by approximating the fitness effects of variants
to their functional effect, cannot represent the broad difference of fitness effects between
the variants and reveals the need of further studies (Kardos, et al. 2021). The distribution of
fitness effects (DFE) of functional variants is only available in a few species (e.g. Wloch, et al.
2001; Eyre-Walker, et al. 2006; Eyre-Walker and Keightley 2007; Castellano, et al. 2019;
Gilbert, et al. 2022), and remains unknown in the Orkney populations, which is the case in
most non-model species. Thus, in this thesis and similar studies (Palkopoulou, et al. 2015;
Grossen, et al. 2020; Robinson, et al. 2022), the functional annotation of the alleles was used
to approximate the fitness effects of the alleles. For example, loss-of-function (LOF) mutations
were treated as highly deleterious variants, synonymous or intergenic mutations as neutral
variants, etc. However, our forward simulations in Chapter 1 showed that the homozygous
LOF mutations we observed likely had only mildly deleterious fitness effects while the highly
deleterious variants were probably purged much earlier during the bottleneck. This shows the
limit of equating inferred functional effects to realized fitness effects when estimating
mutation load in the population.

The diversity and dynamics of the DFE may bring additional difficulties to the
comparison between populations and species. Certain life history traits, such as life span and
reproductive rate, affect the ability to tolerate deleterious mutations of the population.
Species with shorter life span have higher numbers of deleterious variants (van der Valk, et

al. 2021), likely related to relaxed selection on the genes involved in the late stage of life and
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genetic drift from repeated bottlenecks (Cui, et al. 2019). Species with high reproductive rate
have a higher genetic potential in the offspring (Hedrick, et al. 2016) and are less likely
affected by inbreeding depression compared to species with fewer offspring. The common
vole is a typical r-strategist with short life expectancy and high reproductivity (Boyce and
Boyce 111 1988; Tkadlec and Zejda 1995). This may explain the difference between the extreme
genomic patterns of the Orkney vole and the observations in many other large mammals, e.g.
ibex, tigers or foxes (Grossen, et al. 2020; Khan, et al. 2021; Robinson, et al. 2022). The fitness
effects of certain variants are also related to the environment posing selection on the
population, and thus the DFE evolves following shifts in the environment (Kardos, et al. 2021).
Furthermore, the DFE may vary between the chromosomes within the genome, as the
dominance coefficient of mutations differs between the autosomes and the sex
chromosomes (Immler 2019). To better understand how mutation load arises during
demographic changes, and affects the ecological performance of the population, it is
necessary to face the challenge and fill the gap between the genetic variation and its fitness

effects, for example, with field experiments estimating detailed life history traits.

Linking genomic signals to the island syndrome

Current selection tests or genome-wide methods usually target genes with large
effects linked to phenotypic changes and detect the signals standing out from the neutral
background (Kimura 1977; Kryazhimskiy and Plotkin 2008). However, the application of these
methods in genetic studies of the island syndrome have the following limits. First, many traits
involved in the island syndrome are complex traits controlled by a high number of genes, for
example behavior changes (Chabris, et al. 2015) and body size (Gray, et al. 2015). In the case
of multiple genes under moderate selective pressure, the signatures may not be captured.
Second, depending on the methods used, shift of selective pressure can be revealed not only
by genomic signatures detected related to adaptation in the island population, but instead in
the continental population. In Chapter 2, | found signals of positive selection related to body
size (likely against large size) only in continental voles. This result indicates that the Orkney
voles were released from the selective pressure of being small, rather direct selection on the
growth-related genes in island populations found by studies of giant island rodents (Payseur
and Jing 2021; Renom, et al. 2021). This explanation is backed up in three aspects. The body

size of the common voles on the continent has decreased in the past centuries, shown by 5%
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decrease of molar size compared to ancient samples dated to 800 — 22,000 years ago (Cucchi,
et al. 2014). The other hint is that snow voles (Chionomys nivalis) in the Alps were found to
be under selection for small body size and fast maturity to survive winter with less energy
cost (Bonnet, et al. 2017). Similarly, the continental voles may have experienced selective
pressure related to food resources and temperature, which the Orkney voles may be released
from. Third, the genome-wide reduction of efficacy of selection because of genetic drift, as
shown in Chapter 1 (high fixation rate of LOF mutations) and Chapter 2 (overall increase of
dn/ds ratios), may have impacts on the function of a broad range of genes and thus affect
certain traits of island populations, yet related studies are still very limited (Grueber, et al.

2013; Barthe, et al. 2022).

Prospects of sequencing and computational tools for genetic studies of wild species

This PhD work is the first comprehensive genomic study of the Orkney vole which
expanded our knowledge of the evolution of rodents. So far, genomic studies have been
focused on a limited number of species with particular concern for health, the economy or
conservation. Taking NCBI Genbank as an example (Sayers, et al. 2023), there are reference
genomes of 532 mammal species comprising about 8% of all extant mammal species (Burgin,
et al. 2018). Primates are the most sequenced order of mammal, with more than 14% of the
species sequenced, while only 5% of Rodentia is covered. This coverage is very high compared
to other taxa. For example the myriapods, which play an essential ecological role in breaking
down decayed plants (Minelli 2011), have only nine genomes from over 13,000 species
sequenced. Studies on previously neglected organisms can bring new ideas to both
theoretical and applied evolutionary biology. For example, a majority of modern population
genetics theory is based on haploid or diploid system (Crow and Kimura 1970; Kimura and
Ohta 1971), while studies of species with multiple ploidy levels (Pruvost, et al. 2013; Stift, et
al. 2019; Gerstein and Sharp 2021) may help us to better understand the evolutionary cause
and consequences of ploidy changes.

With the fast development of sequencing techniques, it is time to apply advanced
genomic tools to a wider range of branches on the tree of life (Hohenlohe, et al. 2021). We
are going through an explosion of genomic data as the cost of sequencing drops drastically
and the efficiency increases with the latest sequencing platforms. The biggest obstacle to

genomic studies of wild species, especially at the population level, will be not the cost of
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sequencing, but rather the accessibility of genomic resources and practical analysis methods.
The development of third generation sequencing e.g., PacBio (Rhoads and Au 2015) and
Nanopore Technologies (Deamer, et al. 2016), together with Hi-C sequencing (Belton, et al.
2012), has made it possible and affordable to produce de novo genome assemblies at the
chromosome level with high quality (Athanasopoulou, et al. 2022). It was difficult to assemble
especially the Y or W chromosome only with NGS technology due to the heterogeny of the
sex chromosomes. In Chapter 3, | pushed our data of NGS and Hi-C sequencing to the limit
and was unable to assemble the complete Y chromosome. Nowadays, long read sequencing,
or combined with short read NGS sequencing provides budget and high-quality solutions to
sex chromosome assembling (Peichel, et al. 2020; Couger, et al. 2021).

The genomic resources include not only the reference genomes, but also additional
descriptive features of the genome, such as gene annotation, mutation rate and
recombination rate, which are essential for phylogenetic, genomic and population genetic
analyses (Stein 2001; Nachman 2002; Hodgkinson and Eyre-Walker 2011; Lynch, et al. 2016).
Bioinformatical methods have been developed for estimation of the mutation rate (Palamara,
et al. 2015) and recombination rate (Hermann, et al. 2019) using population genomics data
from a small number of samples, which | have applied in Chapter 1. Such new methods are
usually developed based on and for model species, for example humans, and have limits when
applied to a broader range of species with diverse life history and genetic characters. A similar
issue of applying adequate methods when studying non-model species occurs also in the
downstream analyses. Taking demographic inference as an example, SMC methods (PSMC,
MSMC, SMC++, etc.) have been widely used (Li and Durbin 2011; Schiffels and Durbin 2014;
Terhorst, et al. 2017; Mather, et al. 2020). In Chapter 1, | used SMC++ (Terhorst, et al. 2017)
to infer the population sizes and split times of the Orkney populations. We did not use the
more widespread method MSMC (Schiffels and Durbin 2014), because of its limit of sample
size and massive requirement of computational resources. Each method has its advantages
and restrictions, and with the appearance of new methods, it has become one of the biggest
difficulties of any genomic study to choose the best tool to answer the question with a
reasonable cost of resource, time, and learning effort. International collaborative networks,
such as European Reference Genome Atlas (Formenti, et al. 2022), may be a solution to such

information barriers of methodology.
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Concluding remarks

With the comprehensive genomic analyses of the extreme example of the Orkney vole,
| have expanded the understanding of the genetics of isolated populations. The results have
revealed the importance of looking into details in future studies of mutation load, for example
the distribution of fitness effects of the alleles, both in the Orkney vole system and in other
organisms. It has also shown the necessity of expanding research of species adaptation
combining demography and selection together to a wider range of species with diverse life
histories and ecological traits, and to the whole genome, including the sex chromosomes. The
fast development of genomic technologies and explosively emerging genomic data bring us
great power to tackle long-standing questions, such as the impacts of demographic changes
on local adaptation, or to fill the gap between genetic variation and its fitness effects in real
world. Challenge is opportunity, and | believe that in the near future, we will arrive at a new

stage of understanding the evolution on the balance of drift and selection.
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