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[. ABSTRACT

I. ABSTRACT

Phylogenetic and phylogeographic methods allow studying the evolutionary relationships
between populations and species, patterns of genetic structure, and historical events that
have modelled the current distribution of biodiversity. Molecular markers are a
fundamental complement of morphological data to accomplish these studies. The
divergence time between species and populations is among the most useful parameters to
place evolutionary events in the proper historical context as well as to assess population
differentiation, evolutionary units and taxonomic categories, but it is difficult to estimate.
The emergence of coalescent theory indicated that different genes can reflect different
histories and that the coalescence of genes might have occurred much before the actual
divergence between populations or species, a phenomenon that is crucial to know
divergence times and evidences the importance of multilocus analysis. The Iberian
Peninsula played a major role in shaping the distribution of present biodiversity as it
harbored different Pleistocene refugia that were the source of recolonizations of other
European areas and created internal diversity within this peninsula. In this thesis, two
Eurosiberian species, Neomys fodiens and Arvicola scherman, both of which have received
little attention despite their biogeographical interest, have been used to advance in this
framework of study. To obtain samples of both species, an important effort to optimize
laboratory protocols and bioinformatic analysis was made to enable the work with

minimally invasive samples.

In chapter 1, a subspecies of the Eurasian water shrew, Neomys fodiens niethammeri, which
is found in a narrow strip of the northern Iberian Peninsula, was studied. This subspecies
presents an abrupt increase in skull size when compared to the rest of the Eurasian
population, which has led to the suggestion that it is actually a different species. Skulls
obtained from owl pellets collected over the last 50 years allowed us to perform a
morphometric analysis in addition to an extensive multilocus analysis based on short intron
fragments successfully amplified from these degraded samples. Interestingly, no genetic
divergence was detected using either mitochondrial or nuclear data. Additionally, an allele
frequency analysis revealed no significant genetic differentiation. The absence of genetic

divergence and differentiation revealed here indicated that the large form of V. fodiens does
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not correspond to a different species and instead represents an extreme case of size increase,

of possible adaptive value, which deserves further investigation.

In chapter 2, the divergence time between two Iberian populations of the Montane water
vole (Arvicola scherman) was estimated using double-digest restriction site-associated
DNA (ddRAD) obtained through next-generation sequencing (NGS), including skulls from
barn owl pellets among the samples, and applying an isolation-with-migration (IM)
analysis. The Cantabrian and Pyrenean populations of 4. scherman are geographically
isolated and have subtle morphological differences between them. Thousands of single
nucleotide polymorphisms (SNPs) derived from the ddRAD were used to study their
genetic structure. In addition, a bioinformatic pipeline was developed to find orthologues
of the ddRAD loci in other rodents and estimate specific mutation rates using a fossil
calibration point (the mouse-rat split). By this means, 85 loci were calibrated. The IMa3
software was then used together with the specific mutation rates of the calibrated loci in
order to estimate divergence times and other demographic parameters (population sizes and
migration rates). The length of the markers used (145 base pairs) was small compared to
other loci generally used with IM models, so the inclusion of only the calibrated loci did
not provide enough information. However, it was demonstrated that using a set of 300
ddRAD loci, including the 85 with estimated mutation rates, resulted in good mixing and
convergence of the model. The results of the analysis allowed concluding that the two
Iberian populations of 4. scherman diverged 39 thousand years (Kyr) ago with a 95%
highest posterior density interval of 21 — 62 Kyr. A small amount of migration was detected
between both populations. Based on this split time and the genetic structure found, it is
suggested that the two populations have been present in isolated Iberian refugia at least
since the last glaciation and are not the product of a recent colonization of the norther
Iberian strip. The methodology developed here based on ddRAD data and coalescent theory
allows estimating recent divergence times with high accuracy and comparing the results
between different taxa. This can be of great help to understand the generation of diversity
in a relatively small geographical area such as the Iberian Peninsula and determine whether
the populations have differentiated for enough time to deserve separate taxonomic or

conservation status.
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II. INTRODUCTION

Evolutionary genetics aims to study the relationships between different groups of related
taxa and their populations based on the differences found between their DNA sequences.
These differences can be used in phylogenetic and phylogeographic analyses to address
questions about the biogeography and evolutionary history of biodiversity. When using
information from multiple organisms across similar areas, phylogeographic patterns can be
compared and studied to identify historical events that could have modelled their current
distribution. On the other hand, the estimation of population parameters such as divergence
times and migration rates are useful to assess population differentiation and evolutionary
units. The description of categories of related taxa in nature is fundamental for studying
biodiversity. Avise (2004) discussed that molecular data have several advantages over the
use of morphological, behavioral or other phenotypic features; for instance, the access to a
nearly unlimited pool of genetic variability, or their ability to quantify divergence and
differentiation. Molecular markers are also considered to be the key tool to provide with
new insights in ecology and evolution of living beings, setting up the bases of molecular
ecology (Freeland et al., 2011). The arrival of genomics and next-generation sequencing
(NGS) together with the development of genetic techniques to obtain thousands of markers
at reduced costs have allowed to perform studies with different organisms using a number
of markers representative of their whole genome (Goodwin et al., 2016). In parallel, the
use of minimally invasive samples in genetic studies is spreading quickly to sample a wide
range of different taxa and allowing the study and conservation of biodiversity that would
be impossible without them (Carroll et al., 2018). This is therefore a fascinating time to

carry out biodiversity studies using genomic markers.
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1. Minimally invasive samples in biodiversity studies

The use of minimally invasive samples in biodiversity studies has its roots in ancient DNA
studies. There are several features that both research areas share, such as the use of samples
with degraded DNA, so specific approaches developed to cope with small DNA fragments
from ancient specimens have allowed its application in present day minimally invasive

samples.

1.1. Ancient and historical DNA studies

The interest that we have in our own species has leaded the focus of genetic studies on the
evolution of our lineage. Until a few decades ago, first evidences of humans could only be
analyzed by morphological studies, but with the development of new genetic techniques
that allow the extraction of DNA from ancient material, fossil records have enabled the
discovery of surprising facts that occurred thousands of years ago. It is now even possible
to sequence the complete genomes from ancient remains (Priifer et al., 2014). Through
these techniques it has been possible to know some fundamental aspects of our own species
such as the hybridization events occurred between Neanderthals and modern humans
(Sankararaman et al., 2012) or a better knowledge of details of our history such as the
introduction of steppe-related ancestry by central European populations into Iberia (Olalde

etal., 2019).

But not only humans have driven the attention of geneticists. Some genetic studies have
focused on ancient DNA to analyze the impact of species domestication by human activities
on horses (Librado et al., 2017), pigs (Ottoni et al., 2013) or dogs (Leonard et al., 2002). In
addition, efforts have been put in emblematic species that went extinct in the past,
thousands of years ago. For example, Dabney et al. (2013) recovered the mitochondrial
genome of the cave bear (Ursus deningeri) from short fragments of ~50 base pairs of a
radius bone conserved out of permafrost >300,000 years from Sima de los Huesos
(Atapuerca, Spain), representing a divergent lineage of cave bears. Another phylogenetic
study in which nuclear DNA was extracted from a 50,000-130,000 years old American
mastodon (Mammut americanum) tooth, which corresponds to the outgroup of present day
elephants, helped to establish that Asian elephants are the closest living relative of woolly

mammoth (Rohland et al., 2010).
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1.2. Extraction of genomic data from minimally invasive samples

The impressive progression of the studies based on ancient DNA led naturally to genetic
studies in which other sources of degraded DNA were used, such as the retrieval of DNA
from bear droppings (Hoss et al., 1992), which promoted the use of non-invasive samples

in biodiversity studies (Taberlet et al., 1999).

Non-invasive and minimally invasive samples are considered to be a highly valuable source
of information to carry out genetic studies, since they allow researchers to assess or monitor
populations of organisms without disturbing them (Morin and Woodruff, 1996; Taberlet et
al., 1999; Schwartz et al., 2007; Beja-Pereira et al., 2009; Goossens and Bruford, 2009;
Pauli et al., 2010). In particular, these methods allow accessing material otherwise
unavailable from elusive populations as well as from endangered species in which handling
can be stressful for the animals or even potentially threatening for their populations (Waits
and Paetkau, 2005; McCarthy et al., 2015; Querejeta and Castresana, 2018). Thus, an
important application of minimally invasive samples is conservation genetics (Taberlet and
Bouvet, 1994). However, when using this source of data, some important concerns

regarding genotyping accuracy should be assessed.

Sampling in which it is not necessary to kill the animal includes two different classes of
samples (Taberlet et al., 1999; Mills, 2013). The first one consists in obtaining tissue
samples through manipulation or capture of animals without killing or damaging them. The
second category, non-invasive sampling, applies to samples left behind by the animal
without catching or disturbing them. Since there is always some interference in the process
of sampling, minimally invasive sampling might be a more appropriate term in general
(Carroll et al., 2018). Non-invasive and minimally invasive samples, as well as other types
of remains such as undigested material from small mammal prey or animals found dead in
the field, share the feature of having low quantities of DNA, which is furthermore usually
degraded (Rohland and Hofreiter, 2007a; Carroll et al., 2018). Although samples with
degraded DNA present technical challenges, protocols have been developed and are still
being improved to extract DNA from different sources of genetic material (Waits and

Paetkau, 2005; Freeland et al., 2011).
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1.3. Use of minimally invasive samples in conservation genetics

The improvement of laboratory techniques has enabled minimally invasive samples with
degraded DNA to be used for monitoring of populations or in phylogeographic studies of
rare and endangered taxa (Rohland and Hofteiter, 2007a; Carroll et al., 2018). Studies based
on this sort of material to track biodiversity are increasingly common due to their non-
disturbance character, enabling the emergence of conservation genetics as an important line
of research (Frankham et al., 2010). The main goal of this branch of conservation biology
is reducing the extinction risk of threatened species and conserving populations and species
able to cope with environmental changes in the context of the sixth extinction crisis the

world is facing (Leakey and Lewin, 1996; Frankham et al., 2010; [UCN, 2020).

Molecular markers are essential tools in this field to determine population structure,
taxonomic status and genetic diversity of wildlife. They allow quantifying a wide range of
problems that threaten biodiversity such as population bottlenecks, inbreeding or
outbreeding depression and the impact of invasive species on native fauna, among others
(Amos and Balmford, 2001). Ultimately, genetic results help policy makers to manage

populations or take specific conservation measures.

1.4. Types of minimally invasive samples

The use of feces and hairs in particular is replacing other sample types to perform DNA-
based studies in mammals but there are many other sources of minimally invasive genetic

material that are becoming increasingly popular.

1.4.1. Feces

When analyzing fecal samples, it is possible to obtain either DNA information from the
individual or from his diet (Kohn and Wayne, 1997). Specific primers to amplify one or
the other can be used and primers should avoid the amplification of bacteria or fungi present
in the excrements (Bradley and Vigilant, 2002; Walker et al., 2016; Chiou and Bergey,
2018; Egeter et al., 2019). It must be taken into account that some molecules present in

feces can inhibit the Polymerase Chain Reaction (PCR), so specific extraction kits and
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protocols may be required for particular sample types (Eggert et al., 2005; Broquet et al.,
2007).

Several studies have been developed using DNA extracted from feces to identify species.
For instance, DNA analysis from mustelid and felid excrements have been successfully
used to differentiate between sympatric species, difficult to distinguish by other means

(Hansen and Jacobsen, 1999; Wultsch et al., 2014).

Stool samples have been collected for performing genotyping studies from different
vertebrate taxa. Molecular analysis allowed the prospection of emblematic mammalian
species, such as chimpanzees or tigers, that produced reliable census estimates comparing
with previous estimations based on visual or photographic surveys (Mondol et al., 2009;
McCarthy et al., 2015). In the same way, a comprehensive knowledge of the number of
individuals and sex ratio of small endangered populations of bears (Taberlet et al., 1997)
or the genetic diversity and social structure of elephants in their ranges (Ahlering et al.,

2010) has been achieved.

Phylogeographic analysis has been another application of stool samples in large animals
such as elephants and chimpanzees, with implications for their conservation (Ahlering et
al., 2010; McCarthy et al., 2015). For small mammals, important conclusions have also
been achieved thanks to the use of feces. For instance, genetic analysis of the endangered
semiaquatic Pyrenean desman let researchers know the distribution range of the species
and also differentiate its stool samples from other semiaquatic mammals like water shrews
(Figure 1) (Igea et al., 2013, 2015; Gillet et al., 2015). These studies also provided
interesting results about the phylogeography of the Pyrenean desman, showing strong
patterns with several clades of likely glacial origin distributed across the Iberian Peninsula
(Igeaetal.,2013). A similar phylogeographic pattern was found in the Mediterranean water

shrew also using its feces (Querejeta and Castresana, 2018).
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Figure 1. Stool sample (feces) of a Mediterranean water shrew (Neomys anomalus). Feces from this
species are frequently found on emerged rocks across rivers.

Diet analysis using metabarcoding with next-generation sequencing (NGS) techniques
have contributed to the knowledge of food preferences of small mammals such as the
endangered Pyrenean desman (Gillet et al., 2015; Biffi et al., 2017a; Esnaola et al., 2018;
Hawlitschek et al., 2018).

The presence of diseases caused by bacterial or viral pathogens and parasites have been
also identified in different vertebrate taxa using stool samples, showing the full potential
of this material, as dietary and disease information can be obtained at once (Xiao et al.,

2004; Deagle et al., 2009; Schultz et al., 2018).

1.4.2. Hair samples

Hair material can be collected from captured specimens as it is not usually left behind with
the frequency of feces (Escoda et al., 2019). Apart from the capture of specimens, several
types of hair traps have been devised to obtain hair samples (Kendall and McKelvey, 2008;
Pauli et al., 2008). Different studies have compared the performance between hairs and
feces in mustelid species for individual identification under different circumstances,
showing that they provide complementary results (Croose et al., 2016; Kubasiewicz et al.,
2016). Hairs have better quality DNA than feces, but might yield less quantity of DNA,
depending on the size of the mammal being studied (Morin et al., 2001; Bremmer-Harrison

et al., 2006). The main advantage of hairs is that it is not contaminated with exogeneous
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DNA as feces. However, some contamination with bacteria and parasites may exist and this
should be taken into account in NGS studies, where the whole DNA of the sample is
sequenced (Tridico et al., 2014; Escoda et al., 2019).

DNA extracted from hair follicles may have great potential once the difficulties mentioned
above are overcome. For instance, multilocus approaches carried out with microsatellites
amplified over hair samples were able to identify individuals and determine the sex of the
Pyrenean brown bear population (Taberlet et al., 1997). Moreover, Escoda et al. (2019),
using hair samples extracted from captured Pyrenean desmans, highlighted their potential
to obtain SNPs through a ddRAD technique (Peterson et al., 2012) and perform kinship and

connectivity analysis.

1.4.3. Skull bones from owl pellets

Another important source of DNA material for biodiversity studies are the owl pellets, that
consist in regurgitated material formed in the bird’s gizzard and proventriculus, which
contains undigestible parts of whole vertebrates preys (bones, teeth, fur, feathers, beaks,
claws, etc.) (Guimaraes et al., 2016). The regurgitation of the pellet takes several hours
after swallowing and it can contain remains belonging to different individuals and from

more than one species (Grimm and Whitehouse, 1963; Dodson and Wexlar, 1979).

Strigiformes, and specifically barn owls (7yfo alba), digest their prey to a lesser extent, and
thus their pellets usually have more skeletal remains, which makes them an excellent
material to perform biodiversity studies (Raczynski and Ruprecht, 1974; Guimaraes et al.,
2016). Moreover, this nocturnal bird of prey usually selects nesting sites close to anthropic
areas, commonly the attic of churches and abandoned houses in rural areas, making it easier
the sampling of its pellets (Martin et al., 2014). Uncertainties about DNA degradation
suffered during the digestion and cross-contamination between prey within pellets arose
but initial studies with this material soon discarded the concerns (Taberlet and Fumagalli,

1996).

Among the different skeletal remains from the same pellet there is some heterogeneity in
DNA preservation. Skull bones, including mandibles with teeth, are extensively used for

its greatest quality (Bus et al., 2014; Rocha et al., 2015; Guimaraes et al., 2016).
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Skull bones obtained from barn owl pellets have shown great potential to survey small
mammalian species using genetic tools (Poulakakis et al., 2005; Barbosa et al., 2013). For
instance, the distribution and ecological specializations of cryptic shrews in the Iberian
Peninsula influenced by competitive exclusion by closely related species has been unveiled

using skull samples (Biedma et al., 2018).

Another advantage of this material is the possibility to perform morphological studies
(Figure 2). In fact, molecular studies of bones from pellets complementing morphological
analyses have proven to be very effective to uncover hidden biodiversity of elusive taxa
but they have been done only with mitochondrial DNA or a very low number of nuclear

markers (Poulakakis et al., 2005; Barbosa et al., 2013; Rocha et al., 2015).

nnnm

Figure 2. Pictures showing the sequential process of sampling this type of minimally invasive samples:

from the starting point of collecting and opening pellets (upper row) to the determination of skull bones
i.e. mandibles of interest (bottom row). Scale ruler in millimeters is placed at the bottom of the mandibles.

1.4.4. Other types of minimally invasive samples

Apart from the non-invasive samples described above there are many other types that have
been used in different studies. Different parts of molted feathers from birds have been
analyzed and proven good performance in genetic analyses (Segelbacher, 2002; Horvath et
al., 2005). Buccal cells from chimpanzees have been extracted from their food (Takasaki
and Takenaka, 1991). Fish scales and fines deposited in marine sediments, blood or

embryonic residues on eggshells, deer antlers or even urine are considered a potential
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source of DNA for different taxa and might perform well in DNA studies, although they
have been used few times (Morin and Woodruff, 1996; Valiere and Taberlet, 2000). There
are other minimally invasive sources of DNA that are being implemented in plant
biodiversity studies (roots, leaves, etc.) (Freeland et al., 2011). Finally, environmental DNA
from soil, air or water samples is considered to be a powerful tool in conservation biology
for the detection of rare, difficult-to-sample taxa and invasive species among others due to
its sensitivity and the possibility of performing time-serial samples (Ficetola et al., 2008;

Taberlet et al., 2012, 2018; Bohmann et al., 2014).

1.5. Methodological problems with minimally invasive samples

As described above, minimally invasive DNA samples have several benefits both in terms
of availability of samples and for the welfare of biodiversity. However, there are technical
handicaps that should be overcome before working with them, specially genotyping errors
and contamination, whose implications are numerous and include obtaining overestimates
of the population size or performing incorrect paternity assignments (Marshall et al., 1998;

Waits and Leberg, 2000; Pompanon et al., 2005; Carroll et al., 2018).

DNA quantification is an important step to determine in advance which minimally invasive
samples can be used for sequencing. There are different tools that allow DNA
quantification present in genomic extracts (Rohland and Hoftreiter, 2007b). Among the
most accurate ones is Real-Time PCR (Morin et al., 2001), in which primers for specific

loci amplify DNA molecules of only the species of interest and with high sensitivity.

In any study of population genetics or individualization, genotyping errors should be
considered, as they may produce misidentification of the individuals being studied. The
most common genotyping errors are allelic dropout and false alleles (Taberlet et al., 1996,
1999; Mckelvey and Schwartz, 2004; Broquet et al., 2007). The former consists in
sequencing only one of the alleles and the latter in the appearance of alleles not present in
the sample. The different errors obtained may depend on the marker type used
(microsatellites, nuclear loci, SNPs, etc.) and should be assessed specifically. Solutions to
these errors include specially the analysis of several replicates (Taberlet et al., 1996; Morin

et al., 2001; Beja-Pereira et al., 2009). Further analysis comparing heterozygous positions

11
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between DNA products of non-invasive and minimally invasive samples can provide clues

about the presence of allelic dropout.

The other crucial problem that may occur with minimally invasive samples is cross-
contamination between samples or environmental contamination, because when DNA is
extracted from samples that only have a few molecules, the chances to amplify unwished
material increases (Taberlet et al., 1999; Waits and Paetkau, 2005). Therefore, it is essential
to perform extractions and amplification in separated rooms in sterile conditions (Ou et al.,
1991; Rohland and Hofreiter, 2007b). Finally, extraction and PCR blanks should be

included to monitor contaminations (Rohland and Hofreiter, 2007b).

12
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2. Development of genetic markers applied to biodiversity

Genetic studies can incorporate the presence of one to thousands of independent molecular
markers from different types and the election of the type and number of loci have an impact

on the conclusions that can be drawn from the results.

2.1. The need of multilocus analysis

Mitochondrial DNA studies have been often applied to address questions related to
phylogeny and phylogeography of mammals (Skog et al., 2009; Filipi et al., 2015; Biedma
et al., 2018) but this marker has drawbacks that are worth considering (Bermingham and
Moritz, 1998; Hare, 2001). Their advantages are that the effective population size of
mitochondrial DNA is four times smaller than nuclear DNA and the rate of molecular
evolution is ~10 fold faster, making it very appropriate in studies of closely related taxa
(Brown et al., 1979). However, when analyzing distant species, high rates of base
substitutions may lead to saturation (Luo et al., 2011). In addition, some controversy in
human arose as a result of mtDNA homoplasy, which can bias tree estimations (Hey and
Machado, 2003). But the main feature of the mitogenome is that it is a single locus and
only maternally inherited (Hutchison et al., 1974). Important problems may arise when
using this locus alone because not all genes necessarily reflect the real evolutionary history
of populations or species, giving rise to mito-nuclear discordances (Toews and Brelsford,
2012). Therefore, sequencing of multiple genetic markers is crucial in studies of phylogeny

and phylogeography (Kearns et al., 2019; Amorim et al., 2020).

2.1.1. The coalescent

The coalescent theory provided with a stochastic model to track backwards in time the
genealogical process of genes and developed the connection between sequence data and
demographic population parameters (Kingman, 1982; Wakeley, 2006). The classical view
of population geneticist was related towards future process with the aim of, for example,
estimating allele frequencies, whereas the coalescent approach try to model the

evolutionary processes that have led to the current genetic diversity patterns (Ewens, 1990;
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Wakeley, 2006). Mutational processes and genealogies should be treated independently as

they are random processes that occur in an uncertain way (Rosenberg and Nordborg, 2002).

The theory models the coalescence events occurring in the genealogy of different alleles.
Two genes will follow a probability of coalesce in the previous generation of 1/N so the
average time to coalesce would be N generations for those 2 genes and 2N generations for
a bigger number of them (Kingman, 1982; Hudson, 1990). Coalescence of genes may have
occurred much before the actual divergence between populations or species, which is

crucial for the estimation of divergence times (Arbogast et al., 2002).

2.1.2. Gene flow and incomplete lineage sorting

Gene flow and incomplete lineage sorting are the processes that cause different markers to
reflect different histories, thus causing the gene tree of markers not to match the species

tree of the lineage (Freeland et al., 2011; Toews and Brelsford, 2012).

Incomplete lineage sorting is the process that leads to the non-monophyly of the alleles of
a species as a result of ancestral alleles being inherited and lost through their evolutionary
history (Fujita et al., 2012). More specifically, it occurs when lineages fail to coalesce in
the ancestral populations, leading to the coalescence in a more distantly related population
(Degnan and Rosenberg, 2009). Trees reconstructed from only such gene trees would lead

to phylogenies being different from the species tree (Figure 3a).

Gene flow or the migration between populations (Figure 3b) is also a crucial phenomenon
(Joly et al., 2009; Yannic et al., 2010). Estimating gene flow is essential for understanding
population connectivity, differentiation and the diversification process (Pinho and Hey,
2010; Marko and Hart, 2011). Many studies have used post-hoc measures of gene flow,
such as Fs (Marko and Hart, 2011) but better model-based methods exist (Chung and Hey,
2017).

14
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(a) Incomplete lineage sorting (b) Gene flow

AN AN

Figure 3. Two species trees representing the true evolutionary relationship between three different species

((A,B), C). Gene genealogies of two genes are represented for showing (a) incomplete lineage sorting and (b)
gene flow. Continuous lines indicate congruent gene trees ((A, B), C) whereas anomalous gene genealogies

(A, (B, ©)) are shown with dashed lines.

2.1.3. Gene trees versus species trees

Species trees are phylogenetic trees that reproduce the branching patterns of species
diversification and represent populations or species in their tips instead of alleles whereas
gene trees display the coalescence events of the alleles under study (Degnan and
Rosenberg, 2009; Edwards, 2009). Discrepancies found between the history of genes and
species should not be obviated as they can highly overestimate divergence times, especially
in recent splits (Nichols, 2001; Arbogast et al., 2002). For reconstructing species trees it is
important not only to increase the number of sites but also the number of independent loci
(Edwards, 2009). Edwards and Beerli (2000) concluded that increasing the number of loci
will decrease uncertainty occurring around divergence time estimates. Branch length
heterogeneity commonly found among gene trees causes different coalescence times for
genes (Figure 4). Such differences in coalescence times can provide with information about
population sizes and allow estimating better the timings of speciation events (Nichols,

2001; Arbogast et al., 2002).

15



[I. INTRODUCTION

Branch length heterogeneity

TMRCAo
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Figure 4. Two gene trees representing the genealogy of two alleles (green and blue) included within
the phylogeny of the species ((A, B), C). The TMRCA (time to most recent common ancestor) between
alleles for the two splits is different due to random heterogeneity and both are older than the divergence
time of the species due to the effect of coalescent.

Different software making use of the coalescent theory have been developed to account for
gene tree stochasticity in reconstructing species trees. One of the methods is *BEAST
(Heled and Drummond, 2010; Bouckaert et al., 2014; Ogilvie et al., 2017). This software
simultaneously estimates gene trees and reconstruct the species trees and divergence times
using several loci and individuals per species (Heled and Drummond, 2010). Likewise, it
allows estimating population sizes for different models of population evolution (constant,

linear and linear with constant root).

2.2. Types of multilocus markers

Three main types of multilocus markers allow researchers to estimate population allele
frequencies as well as species trees: microsatellites, sequence data and single nucleotide

polymorphisms (SNPs).

16



I[I. INTRODUCTION

2.2.1. Microsatellites

Microsatellites consist in short tandem repeat regions across the genome that vary in length
(1-6 base pairs) and repeat number (typically tens of repeats). Mutations at these loci are
common due to DNA polymerase slippage and unequal recombination (Debrauwere et al.,
1997). Flanking regions of microsatellite loci can be conserved between related taxa,

allowing primer design in closely related species.

In mammals, mutation rates (or evolutionary rates) per microsatellite locus can be up to six
orders of magnitude faster than point mutation rate (Dallas, 1992; Graur and Li, 2000),
making them useful to study the evolutionary history of populations (Amorim et al., 2020;
Barker et al., 2020). High mutation rates make microsatellite markers also suitable for
individualization and parentage analysis (Flanagan and Jones, 2019). However, when
studying distant taxa, size homoplasy might occur when different lineages acquired the
same length independently, and this may mislead results (Markert et al., 2001). Finally,
many loci need to be used to obtain reliable results, which is time-consuming and not

always feasible for microsatellites, so other kinds of markers have been developed.

2.2.2. Sequence data

DNA sequences from different loci (introns, exons or intergenic regions) can be used in
studies of phylogeny and population genetics. Their amplification by PCR and subsequent
sequencing allows to detect mutational differences that help to identify clades, populations

and individuals.

Ultraconserved elements (UCEs) are genetic markers with an almost 100 % of identity
between distantly related groups such as birds and mammals, that appear to be important
for the ontogeny of vertebrates (Bejerano et al., 2004). UCEs and exons have been
successfully applied for reconstructing phylogenies including high-order taxa (Weksler,
2003; McCormack et al., 2012).

However, when studying shallow phylogenies, more variable markers are needed.
Intergenic regions and introns can be used for this task, as they are both variable and
abundant across the genome. Nevertheless, what makes introns unique is that they are

flanked by conserved exons, which is very convenient for primer design across different
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taxa (Creer et al., 2005; Igea et al., 2010; Thomson et al., 2010). The main point to perform
correct primer design is the selection of orthologous genes and avoid the presence of
duplicates (Zhou and Mishra, 2005). It is also important to control for intron and exon
length for an appropriate PCR amplification (Igea et al., 2010). Finally, the removal of loci
with accelerated or conserved branches in the tree as well as sequences with incorrect
alignments, will produce a convenient dataset to carry out genetic studies for shallow
phylogenies (Igea et al., 2010). Pipelines to detect orthologous and highly variable introns
have been successfully applied to reconstruct species trees in a coalescent framework
exploiting intron markers to a greater extent (Hailer et al., 2012; Rodriguez-Prieto et al.,
2014). Due to their high information content, intronic sequences have shown great potential
to address questions related to the phylogeography and evolutionary history of populations,
complementing mitochondrial results and resolution of contentious taxonomies (Seddon et

al., 2001; Peters et al., 2008; Igea et al., 2013, 2015; Kearns et al., 2019).

2.2.3. SNPs

Single nucleotide polymorphisms (SNPs) are variable positions of nuclear DNA sequences
(Morin et al., 2004). They are biparentally inherited and span millions of loci occurring
approximately every 200-500 base pairs in many species, becoming the most common type

of sequence variation across genomes (Brumfield et al., 2003; Morin et al., 2004).

SNP data is generally applied to perform population genetic studies for estimating genetic
variation, individual genotyping, population structure, population size and change, and
finally there are methods able to detect outliers that may be subject to selection (Morin et
al., 2004). Although ascertainment bias can affect some SNP-based estimates related with
allele frequencies, a large number of SNPs have outperformed other genetic markers such
as microsatellites in terms of the data quality in studies of ecology and evolution (Brumfield
etal., 2003; Morin et al., 2004; Trasher et al., 2018; Flanagan and Jones, 2019; Lemopoulos
etal., 2019).

The emergence of high throughput platforms and bioinformatic pipelines for analyzing
short-read sequences have eased the process of SNP discovery, as it will be described later

(section 3.2.) (Peterson et al., 2012; Catchen et al., 2013).
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3. Next-generation sequencing and genome reduction techniques

The replacement of traditional sequencing platforms by massive parallel sequencing has
increased the robustness of molecular analysis and opened new possibilities in the study of

biodiversity.

3.1. Overview of next-generation sequencing techniques

Sanger sequencing was a major discovery in the field of genetics and became the most
popular method for obtaining genetic information from a wide range of species (Sanger et
al., 1977). In combination with the PCR reaction for DNA amplification (Mullis and
Faloona, 1987), it has been used to obtain large amounts of nucleotide sequences for the
last several decades. More recently, a revolution of sequencing technologies occurred with
the appearance of the sequencing by synthesis technology that allows sequencing in
parallel, such as the one developed by 454 Life Sciences (Margulies et al., 2005). Indeed,
Poinar et al. (2006) obtained 13 Mb of a 28,000 years old mammoth with a Roche 454 GS
instrument and this advance was followed by the sequencing of ancient DNA from
Neanderthals using the same approach (Green et al., 2006). The development of other
platforms such as SOLiD (Applied Biosystems) and Genome Analyzer (Illumina)
completed the transformation of genetics into genomics using next-generation sequencing
(NGS) approaches (Schuster, 2008). The deployment of NGS together with the lowering
of costs per base has led to the sequencing of a large number of genomes from non-model

organisms (Michael and Jackson, 2013; Dunn and Ryan, 2015; David et al., 2019).

High throughput NGS platforms rely on parallel sequencing of spatially separated
amplicons using different approaches (Pareek et al., 2011). The recent emergence of the so
called third generation sequencing technologies (such as Pacbio or Nanopore), have
overcome possible bias that can happen through PCR amplification, enabling single DNA

molecule real-time sequencing (Liu et al., 2012; Goodwin et al., 2016).

3.2. Genome reduction techniques

The discovery of restriction site associated DNA sequencing (RADseq) has allowed the

sequencing of a fraction in the genome with NGS technologies, having the advantage that
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many samples can be sequenced simultaneously at a reduced cost. The method benefits
from the high coverage per locus and no prior genomic information is needed. It has
become a widely used genomic reduction approach for SNP discovery and genotyping

(Andrews et al., 2016).

Genome reduction techniques can be divided in two main groups depending on the number
of restriction enzymes cut sites used to sequence genomic fragments. The first approach
started with the original RADseq and includes strategies using single restriction enzyme
cut sites and reading adjacent fragments, such as 2b-RAD (Baird et al., 2008; Wang et al.,
2012). The second strategy sequences fragments included in a region cut by two flanking
restriction sites and rely on one or two enzymes with or without direct selection size. For
instance, Genotyping by sequencing (GBS) is one of the classic methods using one enzyme
and indirect size selection step with PCR preferentially amplifying short fragments (Elshire
et al., 2011). Other methods that perform indirect size selection include two restriction
enzymes, such as Complexity Reduction of Polymorphic Sequences (CRoPS) (van Orsouw
et al., 2007). Finally, double-digest restriction site-associated DNA (ddRAD) uses two
restriction enzymes with specific adaptors and performs a direct size selection, e.g. with a
gel cut. Since the appearance of these techniques there have been plenty variants that

include some modifications (Andrews et al., 2016).

Other genome-partitioning strategies alternative to RADseq approaches have been
developed. That is the case of target capture, a pipeline that performs a parallel enrichment
of previously selected genome regions. To design probes, a genome from the species of
interest or a close one can be used (Jones and Good, 2016). A similar RAD capture method
(Rapture) has been developed to combine RADseq protocols and produce enriched libraries
with target loci of interest using oligonucleotide baits (Ali et al., 2016). Due to the capture
step, these methods are useful for the sequencing of minimally invasive samples as only
endogenous DNA can be retrieved and sequenced (Kidd et al., 2014). For instance, the use
of fecal chimpanzees’ samples in target capture approaches have produced novel analysis

of genetic diversity, circumventing previous limitations (Perry et al., 2010).

As a modification of RADseq protocol, Peterson et al. (2012) developed the ddRAD
protocol, which is one of the most used nowadays. First of all, two restriction enzymes (e.g.
EcoRI and Mspl, but could be others) break genomic DNA into pieces (Figure 5a). Once

the DNA is cut, two adapters are attached to each of the ends of the genomic pieces (Figure
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5b). Adapters joining the extreme cut by EcoRI are different for each individual
(multiplexed with barcodes), whereas all adapters on the side of Mspl are the same. The
next step selects the fragments included in certain size range, so fragments for example
between 200 and 400 base pairs are sliced from the gel (Figure 5c). Finally, a PCR
amplification is done with primers that anneal over the adapters and can have different
indexes for combining individuals with same barcodes (Figure 5d). Several PCRs can be
performed and mixed to avoid biases in the number of reads between fragments. Then,
sequences from different samples included in the same library are pooled together. This
final library is then sequenced in an Illumina platform. The genomic information obtained

contains approximately 0.1-0.5% of the total genome.

(a) Digest genomic sequences with two restriction enzymes

Individual 1 Individual 2 Individual 3

(b) Adapter ligation with adaptors specific to each enzyme

Individual 1 Individual 2 Individual 3

(c) Size selection of genomic sequences

Individual 1 Individual 2 Individual 3

(d) PCR

Hl

X
m

m

HE

Individual 1 Individual 2 Individual 3

Figure 5. Protocol followed in a ddRAD library preparation. Genomic DNA is fragmented using two
restriction enzymes a). Enzyme-specific adapter ligation is carried out to multiplex samples and provide
with a common primer annealing region b). Size selection through gel extraction remove short and long
reads c). PCR amplification of genomic fragments that fall into the size selected window d).

Bioinformatic analysis of ddRAD data includes de-multiplexing, trimming barcodes and

quality sequence filtering (Catchen et al., 2013). After that, reads can be aligned to a
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reference genome or assembled de novo using available programs, which assume that
variation of similar sequence reads is attributed to sequencing errors or the presence of
different alleles (Andrews et al., 2016). Finally, one last filter is recommended in order to
remove individuals or loci with high amounts of missing data (Andrews et al., 2016).
Simulations of digestion reads using available genomes, varying the rate and type of
mutations, have shown good performance of programs specifically designed to cope with

RAD sequences in SNP discovery (LaCava et al., 2020).
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4. Data analysis of multilocus and NGS data

Phylogenetic and population genetic analyses can be used for a broad range of applications:
estimate the topology of the tree, the divergence times of the splits and the mutation rate of
sequences; infer the population sizes of the different lineages and even detect gene flow

events between populations.

4.1. Phylogenetic analysis

Phylogenetic analysis allows the comparison of homologous sequences of different species
or populations and the reconstruction of phylogenetic trees in which the sequences are
represented by the tips, the ancestral sequences by the internal nodes, and the genetic
distances between sequences by the branches, thus providing a visual description of the

relationships between the sequences.

There are two main groups of phylogenetic methods depending on the type of data they
use: distance and character state methods (Huelsenbeck and Hillis, 1993). The most
commonly used methods today fall within the character methods and are Maximum-

likelihood and Bayesian.

Maximum-likelihood methods are used to reconstruct the evolutionary tree that fits the data
with the highest likelihood. This method relies on the assumption that point mutations are
random events and considers the true genetic distance among sequences (Felsenstein,
1981). Several software packages such as RAXML and PHYML have been developed to
optimize computations (Guindon and Gascuel, 2003; Stamatakis, 2006). Studies using
maximum-likelihood phylogenetic programs for big dataset reconstruction have provided
robust and reliable insights on mammal biodiversity and evolution (Meredith et al., 2011;

Figueir¢ et al., 2017).

On the other hand, Bayesian inference methods use Markov chain Monte Carlo (MCMC)
sampling to explore the parameter space of trees and create a posterior distribution based
on priors given to the model (Drummond et al., 2006). Every time a new state is explored,
the likelihood is estimated and accepted or rejected depending on how high it is relative to
the previous step (Metropolis et al., 1953; Hastings, 1970). A percentage of samples

conditioned by the prior distribution is removed (burn-in step) and the posterior distribution
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is monitored to ensure reliable estimates (Nascimento et al., 2017). The programs MrBayes
(Huelsenbeck and Ronquist, 2001), BEAST (Drummond and Rambaut, 2007) and
BEAST?2 (Bouckaert et al., 2014) reconstruct phylogenies and calibrated rooted trees using

Bayesian inference.

In order to estimate the genetic distance between the sequences and to assess the likelihood,
phylogenetic methods require a statistical model of nucleotide substitution (Bos and
Posada, 2005). The infinite sites model proposed by Kimura (1969), considers that every
new mutation occurs in different sites. However, mutations in same sites occur in divergent
sequences, so that other equations to estimate the real number of substitutions are required
(Strimmer and Haeseler, 2009). Jukes and Cantor formula tries to model the substitution
process giving to all changes between the four nucleotides the same probability to occur
(Jukes and Cantor, 1969) while more sophisticated models consider different frequencies
for the four nucleotides and include a ratio of transitions and transversions such as HKY
(Hasegawa et al., 1985) or GTR (Tavar¢, 1986), in which all nucleotide change rates have

their own value.

These models assume homogeneity in substitution rates between sites, but it is well known
that some positions vary more than others, and this fact stimulated the development of new
models considering rate heterogeneity (Yang, 1996). Different rates among sites can be
modelled with a Gamma distribution, which can be categorized using discrete categories
(Yang, 1994). Another possibility to model rate heterogeneity among sites is determining

a certain proportion of invariant positions (Lockhart et al., 1996).

4.2. Population structure

Genetic properties in a population are influenced by different factors such as population
size, mating system, fertility and viability, migration, recombination and mutation rate
(Templeton, 2006). In an ideal population (i.e. a large random mating population where the
effects of migration, mutation and selection are negligible) the frequency of each genotype
can be estimated from the allele frequencies, and the population is expected to be in Hardy-
Weinberg equilibrium (HWE) (Freeland et al., 2011). F-statistics are a group of measures
that rely on HWE to estimate genetic differentiation between and within populations,

comparing expected and observed patterns of heterozygosity (Shane, 2005). For instance,
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the most popular index Fg approximates levels of population differentiation ranging from

0 (no differentiation) to 1 (complete differentiation).

Model-based clustering methods to estimate population structure in multilocus analysis
(e.g. STRUCTURE) are also available (Pritchard et al., 2000). This software, which can be
applied to DNA sequence data and SNPs, is not only able to estimate population
differentiation, but also to assess population admixture between groups and assign

individuals to populations.

4.3. Species delimitation

In the first steps of population differentiation there is no genetic divergence between
populations but, if isolation continues through time, divergence appears and the need to
delimit species becomes evident (Knowles, 2004; Omland et al., 2006; Richards and
Knowles, 2007; Peters et al., 2016). Consequently, there is a blurred line between
populations and species taxonomic status (population species continuum) and it is not
always easy to determine when two populations become different species. To address this
issue, multispecies coalescent models using Bayesian analysis of DNA sequences have
been developed. For example, the BPP program is able to calculate posterior probabilities
for different species models apart from estimating population parameters (Rannala and
Yang, 2003; Yang and Rannala, 2010; Yang, 2015). This method does not take migration
into account, and has received some critics related to the accuracy of delimiting species
status using simulations (Jackson et al., 2017; Sukumaran and Knowles, 2017). However,
different authors have shown that, when correct species simulation models are applied, BPP
remains a reliable method to perform species delimitation, even considering high migration
rates (Fujita et al., 2012; Leaché et al., 2019). Furthermore, BPP was recently extended to
incorporate a model with introgression (Flouri et al., 2020). Other programs such as SNAPP
allow species delimitation using SNP markers in a full coalescent analysis (Bryant et al.,

2012; Leaché et al., 2014).

25



[I. INTRODUCTION

4.4. Estimation of divergence times

The theory of the molecular clock was a major contribution to understand the causes of
genetic variation between and within organisms (Zuckerkandl and Pauling, 1965). Later,
phylogenetic methods considering the molecular clock were refined and sophisticated to
perform accurate divergence times estimates. However, it is necessary to count with fossils

or biogeographic events to convert genetic distances into time.

The fossil record is commonly used to reconstruct the past of species and date the origin of
new lineages (Benton et al., 2009). The presence of fossils in different sedimentary layers
with known antiquity allows researchers to associate them with specific geologic times,
although sometimes it is difficult to assign strict calibrations to the phylogeny (Benton et
al., 2009). Fossils consist on rests of taxa that contains a common derived character of the
crown group, which is constituted by the species from a monophyletic group including their
common ancestor. They postdate the actual divergence of a clade and are used to estimate
its divergence (Benton et al., 2009). In addition, biogeographic events can help to calibrate
trees of species living on islands or at both sides of oceans formed during recent geological
history (Marko, 2002). However, the fossil record is incomplete and biogeographic events
are difficult to delimit, and therefore it might be difficult to date recent split times between
related groups of taxa. Hence the importance of methods that manage paleontological and

molecular data at the same time.

Bayesian methods can incorporate strict or relaxed clocks depending on the divergence of
sequences. The appearance of relaxed phylogenetics moderated the assumptions of
substitution rate homogeneity among lineages in the strict clock (Drummond et al., 2006).
The relaxed clock is considered a biologically realistic model that can be applied to
reconstruct phylogenies and divergence times of distant species (Drummond et al., 2006).
For instance, the uncorrelated relaxed molecular clock model includes rate heterogeneity
and independency among branches, which is convenient for alignments that are not clock-

like.

To calibrate the trees, the use of age span is more recommended than the use of hard
constraints in order to reflect the error related with the paleontological estimates (Benton
et al., 2009). For instance, the use of parametric distributions including hard minimum

constraints and soft maximum splitting times of the node of fossils, is a common practice.
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4.5. Estimation of mutations rates

Relaxed and strict clock models with proper calibrations are able to estimate mutation rates
that can vary across the tree (Drummond et al., 2006). The precise estimation of molecular

rates is important as they have an impact on branch lengths and the topology of the tree.

Under the neutral theory of molecular evolution the mutation rate of sequences is the
product of the total mutation rate of the sequence and the fraction of sites that are relatively
neutral (Kimura, 1977), so it will be expected that mutations accumulate faster in non-
coding regions (e.g. introns) than in coding regions (exons). It is also well known that there
are differences in mutation rates between synonymous and non-synonymous substitution
in coding genes (L1 et al., 1987). Specifically, synonymous changes have higher mutation
rates than non-synonymous substitution as amino acid changes may be subject to selection
(Li et al., 1987). Moreover, it appears that non-coding regions (introns, intergenic regions,
etc.) will typically evolve slower than synonymous sites (Andolfatto, 2005; Nikolaev et al.,
2007). In addition, both synonymous and non-synonymous substitution rates have also
been shown to be variable among genes (Wolfe and Sharp, 1993) and evidence has been
found to suggest that large genome regions evolve at different rates (Koop, 1995).
Estimation of genetic distances between humans and rodents confirmed these hypotheses,
finding rapidly evolving exons together with rapidly evolving introns and slowly evolving
exons with slowly evolving introns (Castresana, 2002). The idea that a mutational rate can
substantially vary along the genome suggests that it is necessary to estimate specific
substitution rates for the markers under study in order to obtain reliable estimates of

divergence times.

4.6. Coalescent analysis and time estimation with isolation-with-migration analysis and

other methods

The emergence of the coalescent theory allowed the estimation of split times between
populations (Arbogast et al., 2002). The same methodologies can also be used to estimate
divergence times for closely related species (Sanchez-Gracia and Castresana, 2012).
Different coalescent methods to estimate divergence times using global or specific

mutation rates and considering migration have been developed.
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Models of population subdivision have made assumptions considering that populations
diverged from an ancestral population evolving since then without gene flow (Nielsen and
Wakeley, 2001). Other models infer gene flow values using measures to quantify
population subdivision assuming equilibrium migration (Nielsen and Wakeley, 2001).
However, it is necessary to truly distinguish between isolation and directional migration
and frameworks to estimate both of them from DNA sequences. Isolation-with-migration
(IM) methods accomplished that, using a complex set of analyses including both likelihood
and Bayesian inference that take advantage of the MCMC approach to estimate the
likelihood function and posterior distribution of the parameters (Nielsen and Wakeley,
2001; Hey and Nielsen, 2004). IM methods are multispecies coalescent models that include
migration. The genealogy (gene tree) of the data is a nuisance parameter that includes
information about branch length and the migration events of the sequences (Nielsen and
Wakeley, 2001; Hey and Nielsen, 2004). Metropolis-Hasting criterion is then used to
integrate over genealogies and approximate the posterior distribution of the parameters

(Nielsen and Wakeley, 2001; Hey and Nielsen, 2004).

IM and IMa software were able to perform population parameter estimations (divergence
times, migration rates and population sizes) for several loci and two populations (Hey and
Nielsen, 2004, 2007). The subsequent version, IMa2, considered multiple populations and
up to hundreds of loci (Figure 6) (Hey, 2010a). The most recent model, IMa3, implements
a posterior probability estimation of the phylogenetic topology using a “hidden genealogy”
approach that allows to have efficient updating (Hey et al., 2018). It also allows the
introduction of a unsampled “ghost population” to the model that might have affected the
data by, for example, experimenting gene flow with the sampled or ancestral populations

(Beerli, 2004; Pinho and Hey, 2010).
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Figure 6. Isolation-with-migration model for two species and a total of three hypothetical

populations. Scaled population sizes (8), migration rates (m) and divergence times (t) are estimated
under the tree proposed. Ancestral population (anc) sizes are also displayed. In this figure, only
significant migrations between the closely related populations of the present time are represented. Note
that migration events are understood backwards in time, with arrows reflecting forward movement of
alleles.

Approximate Bayesian Computation (ABC) is another widespread method to estimate
demographic parameters (Beaumont, 2010; Csilléry et al.,, 2010). ABC relies on the
approximation of the posterior distribution of the parameters found in demographic models
via simulation, so they are considered to be a combination of simulation and data analysis
studies (Bertorelle et al., 2010). ABC approaches comprise several steps: The first step is
the most computationally challenging as simulations are performed, which includes
obtaining parameter values from prior distribution in order to simulate the genetic data and
compute the population summary statistics. A variety of software for performing
backwards coalescent simulations and different models of population evolution are
available for DNA sequences and SNPs (Bertorelle et al., 2010; Lopes and Boessenkool,
2010; Li and Jakobsson, 2012). The next step extracts summary statistics from the observed
data and retains only those simulations with closer estimates to the observed data. The final
step involves the estimation of real parameters fitting a linear regression over the retained

simulations (Beaumont et al., 2002; Excoffier et al., 2005).
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ABC approaches can work with genomic data although simulations of large datasets may
be time-consuming (Excoffier et al., 2013). For this reason, the SFS framework was
developed. SFS allows the inference of parameters such as divergence times, population
bottlenecks and migration in complex models although the use of SNPs only allows to
obtain relative dates due to the absence of a clear molecular clock in them (Excoffier et al.,
2013). Otherwise, SFS and ABC approaches are very useful for unveiling genetic processes
assessing the demography and diversity of different populations using genomic data (Li

and Jakobsson, 2012; Lozier, 2014; Shafer et al., 2015; Strugnell et al., 2018).
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5. Biogeographic and evolutionary framework of the studied species

The Pleistocene (~2.5 million years to ~10,000 years ago) had a strong effect on the
biogeography of vertebrate species. Phylogeographic studies revealed that many extant
populations and species of mammals originated during this period (Avise et al., 1998;
Hewitt, 1999). Glacial periods relegated temperate adapted taxa to thermal refugia whereas
interglacial periods confined cold adapted taxa to the coldest areas (Stewart et al., 2010).
The use of genetic tools has allowed to reveal the impact of Pleistocene climatic cycles on
the distribution and evolution of biodiversity through the biogeographic regions, and to
discover different refugia that existed during these periods (Schmitt, 2007; Stewart et al.,
2010). Different broad paradigms of northward expansion of lineages emerging from the
Mediterranean refugia such as the Iberian Peninsula, Italy and the Balkans, have been
described using model species (i.e. hedgehog, bear, butterfly and grasshopper) (Hewitt,
2000; Schmitt, 2007).

Of the several glacial and interglacial periods occurred during the Pleistocene, not all of
them had the same influence on species distribution and phylogeographic patterns. Which
of these periods was most relevant for the genetic differentiation of species has been a
difficult question to answer in most cases. The Last Glacial Maximum (LGM) is the most
recent time during which the ice sheet reached its greatest extent, starting ~33,000 years
ago and arriving to its maximum coverage ~20,000 years ago (Clark et al., 2009). The LGM
had a great impact on species distribution and community composition (Stewart and Lister,
2001; Sommer and Nadachowski, 2006). Previous glacial periods also affected species but
determining which one affected specific biogeographic events has been difficult to achieve

so far in most phylogeographic studies.

5.1. Comparative phylogeography in the Iberian Peninsula and genomic data available

The Iberian Peninsula has played a major role in shaping the distribution of present
biodiversity as it has a large number of endemic species (Bilton et al., 1998). It also contains
populations of species found at the edge of their European distribution, either as a
consequence of recent colonization or as a source of recolonization of other European areas
from Iberian refugia (Hewitt, 1999; Schmitt and Varga, 2012). Furthermore, the existence

of many species with high levels of genetic differentiation between populations within the
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Iberian Peninsula supports the “refugia within refugia” hypothesis (Gémez and Lunt,
2007). Understanding the impact of the Pleistocene glaciations on the genetic diversity and
phylogeographic subdivision of species may be essential to detect evolutionary units and

perform the best genetic management of populations and species (Schmitt, 2007).

Small mammals (insectivores and rodents) present in the Iberian Peninsula are classified
as Eurosiberian or Mediterranean depending on their specific distribution (Sans-Fuentes
and Ventura, 2000). Eurosiberian species are those present in the northern fringe of the
Iberian Peninsula and other European areas. They include species such as Neomys fodiens,
Arvicola scherman, Sorex coronatus, Microtus arvalis, M. agrestis, Glis glis and Talpa
europaea. (Sans-Fuentes and Ventura, 2000). Whether these species have recently
colonized the north of the Iberian Peninsula or they were in this area during the late
glaciations is an interesting biogeographical question. Theoretical predictions have
unveiled important patterns associated with range expansion processes, such as genetic
diversity loss in newly colonized areas (Ibrahim et al., 1996), which allows testing this
hypothesis. The Iberian populations of Eurosiberian species have generally received little
attention despite their biogeographical interest. Neomys fodiens (order Eulipotyphla) and

Arvicola scherman (order Rodentia) are two of these species and are the focus of this work.

The difference in available genomic data in public databases for the two groups containing
these species of study is remarkable. There are no available genomes of the genus Neomys
and genomic information have been obtained from only four species of Eulipotyphla:
Condylura cristata, Sorex araneus, Erinaceus europaeus, and Solenodon paradoxus. On
the contrary, there are genomic data for a minimum of 13 species of Rodentia (Liu et al.,
2017). Several of them have been introduced in orthology databases (Yates et al., 2020),

which allows performing thorough comparative genomic studies in this group.

5.2. Neomys fodiens

The Eurasian water shrew N. fodiens (Pennant 1771) is a small semiaquatic mammal with
relatively large size compared to other species of shrews and specific adaptations to semi-
aquatic life. The side of the tail has stiff hairs and posterior legs are large to facilitate
swimming and diving (Hutterer, 1985; Churchfield, 1998). It generally has a grey darkish

color at the dorsal view and a white ventral surface (Figure 7) (Ventura, 2007a). It is active
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during day and night, feeding mainly on terrestrial and aquatic invertebrates along the shore
or the bottom of rivers (Rychlik, 1997; Castién and Gosalbez, 1999; Biffi et al., 2017b). N.
fodiens uses venomous saliva to immobilize prey and has a characterized reddish color on
the tip of the teeth, shared with other species of shrews (Kowalski et al., 2017; Kowalski
and Rychlik, 2018).

Figure 7. Greyscale drawing of N. fodiens with the typical color pattern of the species. Image source:
(Ventura 2007a).

5.2.1. Distribution and subspecies

N. fodiens has a Eurasian distribution covering a wide range of northern countries from the
north of the Iberian Peninsula to eastern Asia (Hutterer et al., 2016; Burgin et al., 2018).
Although different subspecies have been proposed, none of them has been well studied,
with the exception of the nominal subspecies (N. f- fodiens, Pennant 1771) present in most
of'its distribution, and N. f. niethammeri Biihler, 1963, restricted to a small population from

the Iberian Peninsula (Figure 8) (Wilson and Reeder, 2005).
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Neomys fodiens excl. N. f. niethammeri B
N. f. niethammeri m

Figure 8. Map showing the range of Neomys fodiens niethammeri (light blue) within part of the range
of N. fodiens. Figure source: Scientific Reports.

N. f. niethammeri is present in the north-central area of the Iberian Peninsula, from the
Cantabrian mountains to the western part of the Pyrenees (Biihler, 1963, 1996; Nores et al.,
1982; Lopez-Fuster et al., 1990). It is a singular population as specimens belonging to it
have the largest skull size observed throughout the whole distribution of NV. fodiens (Biihler,
1996). This is a striking feature, considering the stable morphology that characterizes the
species across other areas (KryStufek and Quadracci, 2008). In addition, this population is
flanked by populations from the nominal subspecies and live in sympatry with N.
anomalus, another species of the genus with smaller size. That is why size has been
commonly applied to differentiate N. fodiens in studies of past and present biodiversity
(Nores et al., 1982; Blanco, 1998; Cuenca-Bescos et al., 2008; Sesé, 2017). Specifically, a
length of the coronoid height (CH) higher than 5.35 mm is used to assign individuals to N.
f- niethammeri (Figure 9) (Biihler, 1996; Blanco, 1998).
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CH =4.31

N. anomalus N. f. fodiens N. f. niethammeri

Figure 9. Mandible from the largest population of N. fodiens, that is N. f. niethammeri, marking the height
of the coronoid process in mm (CH). Smaller mandibles from the nominal subspecies N. f. fodiens and the
sister species N. anomalus are also shown for comparison. White scale bar: 5 mm (equal scale size for the
three mandibles).

5.2.2. Habitat and ecological preferences: Interactions with other species

N. fodiens is usually associated with small water courses and ponds, although it is also able
to colonize terrestrial habitats such as wet forests, grasslands and farmlands (Rychlik, 2000;
Ventura, 2007a). Along its European distribution, N. fodiens lives in sympatry and compete
with the European water shrew N. milleri, whereas in the Iberian Peninsula, it shares most
of its distribution areas with the Cabrera water shrew N. anomalus (Ventura, 2007b), a
species recently separated from N. milleri (Igea et al., 2015; Querejeta and Castresana,

2018).

Since N. milleri and N. anomalus were recently split into two species (Igea et al., 2015),
the interactions of N. fodiens and N. anomalus in their European distribution have actually
been studied between N. milleri and N. fodiens. In ecological studies, N. fodiens dominates
over N. milleri due to its bigger body size and stronger semiaquatic adaptations, showing
more aggressive behavior and even displacing N. milleri from aquatic habitats (Rychlik,
1997; Rychlik and Zwolak, 2006; Keckel et al., 2014). In fact, N. fodiens has greater
preference over aquatic prey and better diving ability than N. milleri, which prefers wading,
is present at some distance from the water and includes a larger number of terrestrial taxa
into its diet (Churchfield and Rychlik, 2006; Mendes-Soares and Rychlik, 2009; Keckel et
al., 2014). On the other hand, studies on allopatric populations of N. milleri have shown
ecological displacement towards bigger size, suggesting better ability to exploit aquatic
habitats in the absence of N. fodiens (Krystufek and Quadracci, 2008). In the case of V.
anomalus populations of the Iberian Peninsula, no interaction studies with N. fodiens exist,
but it has been shown that the former can extend its ecological niche into deeper water

when the latter is absent (Tapisso et al., 2013).
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5.2.3. Phylogeography of N. fodiens

Mitochondrial DNA studies showed low divergence between haplotypes along the
European distribution of N. fodiens, revealing a southern clade that included only two
samples from Italy and the Pyrenees (Castiglia et al., 2007), but there are not any multilocus

analysis developed for this species.

In addition, a correct assessment of the N. f. niethammeri population has never been
performed using genetic data. The species category has even been proposed for this
population due to its morphological distinctness (Lopez-Fuster et al., 1990; Biihler, 1996;
Wilson and Reeder, 2005; Burgin et al., 2018). It is therefore important to carry out genetic
studies using samples from the Iberian Peninsula and other areas of its Palearctic

distribution in order to determine its true taxonomic status.

5.3. Arvicola scherman

The Montane water vole A. scherman (Shaw, 1801) is a rodent with smaller size compared
to related species of the same genus, dark brown body and grey belly (Figure 10) (Ventura,
2007c; Amori et al., 2008). It has upper incisors projected forwards (proodont) and strong
bite force as an adaptation to excavation and fossorial activity (Wilson and Reeder, 2005;
Amori et al., 2008; Krystufek et al., 2015; Durdo et al., 2019). It feeds on vegetation,
specially roots and bulbs (Amori et al., 2008). Its sister species, the European water vole
(4. amphibius), has larger size, orthodont incisors and lives in aquatic environments

(Wilson and Reeder, 2005; Amori et al., 2008; Krystufek et al., 2015).
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Figure 10. Greyscale drawing of 4. scherman with the typical color pattern of the species. Image
source: (Ventura 2007c).

A. scherman inhabits lowlands and uplands in the north of Iberia and central Europe
(reaching Poland, Ukraine and Romania in the east) isolated in certain mountain ranges
such as Cantabrian Mountains, Pyrenees, Alps, Massif Central and Carpathians (Wilson
and Reeder, 2005; Amori et al., 2008). In comparison, A. amphibius has a wider distribution
extending from France and UK in the east as far as Russia in the west through much of

continental Europe (Batsaikhan et al., 2016).

A. scherman uses its teeth to construct underground borrows and molehills, creating
subterranean colonies (Mifiarro, 2019). Due to its subterranean activity and population
cycles, it can invade and damage crops and apple orchards, and for this reason it is
considered a pest in some areas (Figure 11) (Amori et al., 2008; Mifiarro et al., 2012;

Somoano et al., 2016).

Figure 11. Picture of a damaged crop with molehills due to the subterranean activity of Arvicola
scherman.
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5.3.1. Taxonomy, phylogeography and ecological plasticity of Arvicola

The genus Arvicola has traditionally included two main lineages of water voles: The
Southern water vole 4. sapidus and the Northern water vole A. ferrestris (Cubo et al., 2006;
Ventura, 2007c, 2007d; Centeno-Cuadros et al., 2009). Whereas A. sapidus is restricted to
freshwater habitats in the Iberian Peninsula and France, 4. ferrestris shows two ecological
forms with a Paleartic distribution (Amori et al., 2008; Rigaux et al., 2008; Batsaikhan et
al., 2016). Taxonomic uncertainties have accompanied A. ferrestris since its first
classification by Linnaeus, who proposed the different names A. terrestris and A.
amphibius, which later were considered to be part of the same species (Amori et al., 2008;
Batsaikhan et al., 2016). Nowadays, interspecific variability in mitochondrial DNA within
the A. terrestris lineage and other morphological, ecological and biogeographic data
revealed three different taxonomic entities: The European clade with fossorial and
semiaquatic individuals 4. amphibius, the Italian lineage also with the two ecotypes 4.
italicus, and the strictly fossorial morphotype A. terrestris, currently renamed as A.
scherman, present mostly in the north of Iberia and central Europe (Taberlet et al., 1998;

Krystufek et al., 2015; Castiglia et al., 2016).

Phylogeographic studies of certain populations of water voles have revealed interesting
events, such as two colonizations of the British Isles coming from Europe (Piertney et al.,
2005; Brace et al., 2016), the high genetic differentiation between Norwegian populations
assessed with multilocus analysis (Melis et al., 2013), or an inconsistent level of genetic
diversity between populations, reflecting distinct reproductive and migration strategies

(Aars et al., 2006; Somoano, 2017).

The fossorial form A. scherman is supposed to have evolved from individuals with
semiaquatic requirements. In fact, the reconstruction of the ancestral size of the genus has
confirmed this hypothesis, supporting genetic changes directed to an apomorphic reduction
of body size and overdelopment of skull characters and long bones linked to the hypogeal
activity (Cubo et al., 2006). However, the presence of both morphotypes in mitochondrial
lineages in some areas hint the possibility of morphotype reversions, high plasticity of the
species or possible introgression events that require further investigations (Krystufek et al.,

2015; Castiglia et al., 2016).

38



I[I. INTRODUCTION

5.3.2. Distribution and subspecies of 4. scherman in the Iberian Peninsula

Although there is certain confusion between the distribution of 4. scherman and A.
amphibius in northern areas of its distribution, in the Iberian Peninsula only the former is

present (Ventura, 2007¢; Amori et al., 2008).

In the Iberian Peninsula there are two subspecies of A. scherman that are separated
geographically and can be distinguished morphologically: 4. s. monticola, which is present
along the Pyrenees and is characterized by its bigger size, and 4. s. cantabriae, which is
distributed across the Cantabrian Mountains and possess smaller size and certain
differences associated with the digging activity in teeth (Ventura, 2007¢; Marcolini et al.,
2011). The presence of these two differentiated populations in the Iberian Peninsula
suggests the existence of separated Pleistocene refugia within this relatively small area,
making this species an interesting model to date the split between the Cantabrian and
Pyrenean populations and to study the effects of recent glaciations in generating genetic

structure.
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III. OBJECTIVES

Recent theoretical advances in phylogeographic, phylogenetic and population genetics
analyses have opened new possibilities in the study of the origin and evolution of
populations. This fact, together with the emergence of next-generation sequencing (NGS),
which allows producing thousands of sequences cost-effectively, has greatly facilitated
answering questions about the evolution of biodiversity. The main objective of this thesis
is the optimization of genetic and bioinformatic techniques to get information from
minimally invasive samples and perform multilocus and NGS analyses to resolve questions
related to the origin and evolution of different populations of small mammals from the
Iberian Peninsula. To achieve this goal, two different taxa that have generally received little
attention despite their biological interest will be studied, with the possibility of exporting

the new laboratory and bioinformatic procedures to questions related to other species.
More specifically, the objectives of this thesis are:

1. Get the full potential of skull bones extracted from barn owl pellets in order to perform

simultaneous genetic and morphometric analyses.

2. Design new variable sequence markers that allow reducing the size of the PCR product

and facilitate the process of amplification of degraded samples.

3. Assess the contentious taxonomic status of the Iberian population of the Eurasian water
shrew with bigger skull size (currently Neomys fodiens niethammeri), which is flanked by
populations of the nominal subspecies (N. f. fodiens), using genetic and morphological

information from skull bones obtained from barn owl pellets.

4. Perform multilocus genetic analyses of divergence and differentiation between the two

Iberian populations of the Eurasian water shrew.

5. Understand the possible ecological consequences of a phenotypic novelty such as the

large size in this Iberian population of the Eurasian water shrew.

6. Estimate the divergence between the Cantabrian and Pyrenean populations of the

Montane water vole (4Arvicola scherman) through double-digest restriction site-associated
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DNA (ddRAD) data obtained by NGS in a coalescent framework, using different types of

samples that include skull bones obtained from barn owl pellets.

7. Study the genomic structure of these Iberian populations using thousands of SNPs

obtained from ddRAD.

8. Develop a bioinformatic pipeline to identify ddRAD orthologous loci in other rodents

and estimate mutation rates of ddRAD loci in a calibrated phylogenetic tree.

9. Devise the best method to use ddRAD loci in order to estimate demographic parameters,

particularly split time, in an isolation-with-migration (IM) model.

10. Put the split time obtained in the context of the Pleistocene glaciations to better
understand their effects in generating genetic structure and diversity in the Iberian

Peninsula.
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IV. METHODS

1. Size increase without genetic divergence in the Eurasian water shrew Neomys

fodiens
1.1. Sample collection

A total of 79 samples from the Palearctic range of the genus Neomys, with special emphasis
on N. f. niethammeri and N. f. fodiens from the Iberian Peninsula, were analyzed (Figure
12 and Supplementary Table S1). These included 68 skull samples from barn owl pellets
collected in the field, of which 65 could be used for genetics and morphometry, and 3 could
only be used for genetic analysis. Some of these samples had been analyzed in a previous
morphological study of N. f. niethammeri (Nores et al., 1982). In addition, 9 tissue samples
were loaned from museums and colleagues, and 2 tissue samples were taken from our own

collection.

To complete the phylogenetic analysis, cytochrome b and nuclear sequences of 18 Neomys
samples were taken from Igea et al. (2015) and 39 cytochrome b sequences were
downloaded from GenBank (Clark et al., 2016). Two of the N. fodiens skull samples

available from Igea et al. (2015) were used for morphometry.

1.2. Measurements and geometric morphometric analysis

After cleaning the skulls extracted from the owl pellets, we used only one lower mandible
per skull and the rest was stored. Images of the 67 mandibles, together with a scale, were
taken with a Canon 100D camera and a Canon EF-S 60 mm /2.8 macro objective. The
ImagelJ 1.501 (Schneider et al., 2012) program was then utilized to take 16 landmarks from
each sample (Supplementary Figure S1 and Supplementary Table S2). Many of the
mandibles were partially broken or without teeth due to the digestion process so that no
landmarks were taken in teeth. Landmarks 1 and 7 were used to calculate the coronoid
height (for six partial mandibles, only these two landmarks could be obtained). According
to previous works, the coronoid height ranges considered to discriminate the different taxa
were: <4.70 mm for N. anomalus; 4.80-5.35 mm for N. f. fodiens; and >5.35 mm for M. f.
niethammeri (Biihler, 1996; Blanco, 1998). With the coordinates of the 16 landmarks, and
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using Morphol version 1.06d (Klingenberg, 2011), we made a Procrustes fit, calculated the

centroid size, and performed a principal components analysis from the covariance matrix.
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Figure 12. Distribution of the samples used in this study. (a) Map of all Neomys samples with the main
study area highlighted, (b) enlargement of the northern Iberian Peninsula showing only N. fodiens
specimens, and (c) plot across longitude in the Iberian Peninsula showing differences in skull size as
measured using the coronoid height for N. fodiens. Samples from Igea et al. (2015) are included but
sequences from databases are not. Note that the samples of N. fodiens not corresponding to N. f-
niethammeri may include several subspecies: the European specimens most likely correspond to N. f.
fodiens but those from Central Asia may belong to other subspecies whose ranges are not clearly
delimited.
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1.3. DNA extraction, PCR amplification and sequencing

The photographed mandibles were then used for DNA extraction. They were first powdered
using liquid nitrogen and a mortar after which genomic DNA was extracted with a QlAamp
DNA Micro kit. In the case of tissues, DNA was extracted with a DNeasy Blood & Tissue
Kit (QIAGEN) following the recommended protocol. Extractions of all degraded samples
were performed in a separate room with UV irradiation to avoid contamination. Extraction
blanks were always present in order to detect any possible contamination at each step.
Additionally, pre-PCR procedures were developed in a dedicated UV-hood, in a controlled,

sterile room.

Complete cytochrome b sequences (1140 bp) from N. fodiens samples were amplified in
three fragments using already published primers (Igea et al., 2015) with slight
modifications to improve amplification (Supplementary Table S3). In addition, primers for
a smaller fragment of 226 bp were developed with the purpose of amplifying DNA from
the most degraded samples (Supplementary Table S3). The length amplified in each sample
is shown in Supplementary Table S1.

For the nuclear markers, a set of six new primer pairs were designed starting from intron
markers previously developed for Neomys (Igea et al., 2015). The primers were placed in
conserved intronic regions or exons that spanned small fragments (between 153 and 229
bp) and flanked the highest possible number of polymorphic sites. Some markers were
amplified with more than one primer pair in various samples, as we reduced the amplified
intron length during the work to enable the amplification of degraded samples that failed
with the initial primers (Supplementary Table S4). PCR reactions were performed in a final
volume of 25 pl with 2-6 pl genomic DNA, 0.15 pl of Promega GoTaq DNA polymerase,
and 1uM of each primer. The cycling conditions included an initial denaturation step of 30
s at 95°C, followed by 40 cycles of denaturation (30 s at 95°C), annealing (60 s at 54°C for
cytochrome b and 65°C for introns), and extension (60 s at 72°C), as well as a final
extension of 5 min at 72°C. For the most degraded skull samples, an alternative protocol
using the QTAGEN Multiplex PCR was performed in a final volume of 50 pl with 4 pl of
genomic DNA, 0.3 uM of each primer, and 25 ul of PCR Master Mix. In this case, there
was an initial heat activation step of 15 min at 95°C, the denaturation step was at 94°C, the
annealing temperature was lowered to 63°C for the introns, and the annealing time was

extended to 90 s. PCR products were purified using ExoSAP-It (Affymetrix) and sequenced
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at Macrogen Inc. Sequences were assembled using Geneious Pro 5.1.7

(https://www.geneious.com).

In introns where two or more variable sites were present in a sample, PHASE version 2.1.1
(Stephens et al., 2001) with a threshold of 0.9 was used to phase the alleles. When the
program did not produce results or length-heterozygous alleles were present, allele-specific
primers were used to independently amplify the two alleles. Allele-specific primers consist
of two primers that are identical to one another except for the last nucleotide, which is
situated over a polymorphic position of the sequence to be phased. The use of this type of
primers was suggested for the sequencing reaction (Scheen et al., 2012), although in this
work we used them both for amplifying and sequencing. To design them, a polymorphic
position was selected and two 19-20 nucleotide primers were synthetized, each of which
had one of the two possible nucleotides placed at the 3’ end. Then, two independent PCR
reactions were performed, one for each allele-specific primer, and using the opposite
original primer at the other side of the polymorphic region for amplification. In this way,
two PCR products, corresponding to the two alleles, were obtained. Finally, each PCR
product was sequenced with the corresponding allele-specific primer to obtain the resolved
partial allele, which was then assembled with the original PCR sequence to obtain the
complete allele (Scheen et al., 2012). The primers used for PCR allele-specific resolution
are shown in Supplementary Table S5.

1.4. Phylogenetic analyses of cytochrome b

Since some cytochrome b sequences were completely amplified whereas others were only
partial (Supplementary Table S1), they were aligned using MAFFT version 7.130 (Katoh
and Standley, 2013) with the maxiterate option enabled.

A Bayesian tree of the cytochrome b sequences was built using BEAST version 2.5.0
(Bouckaert et al., 2014). To select a statistically appropriate model, a Bayes factors
approach based on path sampling (Baele et al., 2012) was used with 96 complete sequences.
Markov chain Monte Carlo analyses were based on 100 steps of 10,000,000 generations
sampled each 1,000 generations, 10 % preburn-in, 10 % burn-in, and an alpha parameter
of the Beta distribution to divide steps of 0.3. The convergence of each tree was checked

in Tracer v1.7.1, from the same software package. Different priors were tested for each
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parameter category, and a more complex model was selected only if it converged and
improved the log marginal likelihood by more than 5, as recommended (Baele et al., 2012).
Using these criteria, the selected model was the following: HKY substitution model with
estimated base frequencies and Gamma site heterogeneity for each partition (unlinked
substitution models); a strict clock model for all partitions (linked clock model); and a
coalescent constant size tree model. Once the best model had been selected, it was applied
to the sequences of either all Neomys species or only N. fodiens. In these cases, 50,000,000
generations were run. Consensus trees were calculated using the TreeAnnotator program

(BEAST2 package) with median heights.

For comparison, a maximum-likelihood tree of all sequences was reconstructed with
RAXML version 8.0.19 (Stamatakis, 2014) using a GTR substitution model (as
recommended in the manual of this program), rate heterogeneity modeled with a Gamma
distribution, and 100 randomized maximum-parsimony starting trees. Mid-point rooting

was used to represent the tree.

1.5. Multilocus analyses

The Neomys alleles showed some differences in length due to small indels. They were
aligned with MAFFT version 7.130 (Katoh and Standley, 2013) with the maxiterate option
enabled. Then, a few gap positions as well as a few positions with unknown nucleotides

were removed from each alignment.

A maximum-likelihood tree was reconstructed with RAXML (Stamatakis, 2014) from each
alignment as before. For each of these trees, haplotype genealogies were constructed using

Haploviewer (Salzburger et al., 2011).

In addition, we reconstructed a phylogenetic distance tree from the intron alignments, as in
Igea et al. (2015). First, pairwise distances were calculated in such a way that the two alleles
of each sequence were taken into account by making all possible comparisons between
alleles (Freedman et al., 2014), and correcting for multiple substitutions using the Jukes-
Cantor formula. The pairwise distance matrix was then utilized to construct a tree with the
Fitch program of the Phylip software package (Felsenstein, 1989). Mid-point rooting was

used to represent the tree.
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1.6. Genetic differentiation

Intron alignments were converted to a diploid multi-allelic data format by assigning a
number to each allele. Then, pairwise Fst for all populations was calculated with the R
package hierfstat version 0.04-22 (Goudet, 2005) using the genet.dist function with the
WC84 method. Significance of the observed Fst values was estimated by bootstrapping
over loci using the boot.ppfst function of the same package with 100,000 replications and
calculating the 95% confidence intervals. Significance was inferred if the confidence

interval did not overlap zero.

1.7. Genetic diversity

Nuclear genetic diversity (n and 0) was calculated using the Bioperl library PopGen version
1.6924 (Stajich and Hahn, 2005). The number of heterozygous positions in each sample
were counted across the different nuclear markers and divided by their respective lengths.
A map of heterozygosity values was then represented with QGIS (QGIS Development
Team, 2019).
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2. Divergence time estimation of two populations of a small mammal (Arvicola
scherman) from the Iberian Peninsula using ddRAD data and an isolation-with-

migration model
2.1. Sample collection

Samples of different populations of A. scherman and A. amphibius were obtained through
a combination of our own collections, loans from museums, and skull bones sampled from
barn owl pellets (Supplementary Table S6). They included 32 samples belonging to two
different populations of A. scherman from the Iberian Peninsula (19 of them from the
Cantabrian Mountains and 13 from the Pyrenees), 1 sample from central Europe and 6
samples from 4. amphibius (Figure 13). Out of the 39 samples, 9 were from skull bones.
DNA extraction from tissues and skull samples was carried out as described in the previous

chapter.
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Figure 13. a) Map showing the samples used in this study superimposed over the distribution area of
the two species analyzed (grey background: A. scherman, yellow background: A. amphibius) taken from
the TUCN (Amori et al., 2008; Batsaikhan et al., 2016). Note that A. scherman is divided into three
populations separated geographically (Cantabrian Mountains, Pyrenees and central European) and A.
amphibius could include more than one species along its whole range. b) Enlargement of the Iberian
populations of A. scherman.
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2.2. ddRAD library preparation and analysis

To prepare the libraries, we followed the ddRAD protocol (Peterson et al., 2012) with
modifications to process samples independently (Escoda et al., 2019). Between 50 and 200
ng of genomic DNA, estimated with qPCR as previously described (Escoda et al., 2019),
was digested with EcoRI and Mspl restriction enzymes. Fragments between 300 and 400
bp were selected in a precast EX 2% agarose gel using the E-Gel system (Invitrogen).
Different P1 Illumina adapters for each sample (a 5 nucleotides barcode), up to a maximum
of 24, and one P2 (the same for all samples) were used. When having more than 24 samples,
two PCR indexes were used. A PCR of 20 cycles was performed with primers annealing
over the adapters (of 24 cycles in case of having weak PCR products). Two more PCR
reactions were done to avoid underrepresented loci. When there was no PCR product,
samples were removed before pooling. PCR products from each sample were pooled and
visualized in a gel. Finally, samples were pooled in quantities that depended on the product
intensity in the gel to construct the final library. After initial bioinformatic analyses to
estimate the coverage of each sample, some tissues and most of skull samples were
reprocessed in subsequent libraries to increase coverage. Libraries were sequenced
using the NextSeq Sequencing System (Illumina) with the 150-cycles Mid Output kit and

single-read runs in the Genomics Core Facility at Pompeu Fabra University.

Library sequences were analyzed using stacks 1.35 (Catchen et al., 2013). Process _radtags
using the recovery option () was used to filter sequences and truncate reads to 145 bp.
Sample reads coming from different libraries of the same specimen were merged after this
step. Using ustacks, the initial minimum coverage (m) was set to 3 and the maximum
differences between stacks (M) to 6. Finally, a catalog of loci of all samples was built
allowing for a number of differences between loci from different samples (n) of 6 in
cstacks. This set of parameters was considered to be optimal after testing different values.
The populations program of the package was finally used to create two different datasets
(Supplementary Table S7). One of them (dataset 1), with a minimum coverage (m) of 12
and a minimum proportion of individuals (») of 0.51, was optimized for obtaining a large
number of sequences for phylogenetic reconstruction and accurate heterozygosity rate
estimation; the 145 bp sequences of this dataset were saved in FASTA format. The other
(dataset 2), with m = 6 and r = 1, was optimized for obtaining a large number of reliable
sequences and SNPs that were present in all individuals; the 145 bp sequences were saved

in FASTA format and the first SNP of each variable locus was saved in PLINK format.
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Degraded samples and old tissues may contain a large amount of exogenous DNA from
bacteria, fungi, and other parasites. To filter them out, sequences from tissue samples were
used to construct a database of endogenous DNA. This set was assembled using the
parameters m = 12 and » = 0.51 in stacks. All sequences were then filtered with Bowtie
2.3.0 (Langmead and Salzberg, 2012) using the option “--score-min L,-0.6,-0.6”, so that
only reads that matched the tissue samples database were retained for further analyses. This

process was performed separately for samples of A. scherman and A. amphibius.

The heterozygosity rate was calculated by counting heterozygous positions in all loci of

dataset 1 and dividing by their total length.

2.3. Genomic tree and population analysis

A genomic tree of the individuals was constructed using variable loci generated in dataset
1, following Igea et al. (2015). In order to summarize the divergence of the two separate
alleles of each locus, a pairwise distance matrix was calculated by including genetic
distances between all possible combinations of alleles from a pair of individuals (Freedman
et al., 2014). After that, the matrix was corrected for multiple substitutions using the Jukes
and Cantor formula. Then, the resulting matrix of pairwise distances was used to construct
a tree with the Fitch program of the Phylip package (Felsenstein, 1989). Mid-point rooting

was used to represent the tree.

A principal component analysis (PCA) applied to the SNPs dataset was performed with the
program SNPRelate available in R, using the genetic covariance matrix (Zheng et al.,

2012).

STRUCTURE 2.3.4 (Pritchard et al., 2000) was applied to the same SNPs. An admixture
and correlated allele frequency model with no prior information on population origin was
used with a number of populations (K) from 2 to 4. The number of replicas was set to
500,000 with 10% of burn-in. Ten independent analyses were done. When different
patterns were found, something that occurred with K=4, the most common one was used.
The proportion of components from each population in every sample was represented with

bar plots ordered by geographic region and longitude.
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Pairwise F distances using the SNPs were estimated between different populations using
the Weir and Cockerman (1984) method in the genet.dist function of the hierfstat R package
(Goudet, 2005). Using boot.ppfst of the same package, 95% confidence intervals were then
calculated with 100,000 replications bootstrapping over loci. Intervals that do not overlap

zero were inferred to be significant.

2.4. Estimation of specific mutation rates of ddRAD loci from rodent sequences

Specific mutation rates were estimated for ddRAD loci using a bioinformatic pipeline
applied to the loci of dataset 2 (Figure 14). The starting point were the ddRAD variable loci
present in all samples (2,847). One sequence per locus was extracted and a BLAST search
(Altschul et al., 1997) against the mouse genome was performed (80,352 hits). To try to
ensure orthology, we used only sequences with a single hit and an E-value for reported
alignments smaller than 17 (118 orthologues). Using the sequence coordinates from the
mouse sequences found, available mammalian orthologues were downloaded from the EPO
suite of the ENSEMBL database (Yates et al., 2020) using the script
dna_getAncestralSequences.pl from the ENSEMBL Compara API
(www.ensembl.org/info/docs/api/compara/index.html) and the library bioperl-1.6.924
(Stajich and Hahn, 2005), which retrieved orthologues from 37 mammalian genomes. Only
sequences with less than 10 unknown nucleotides and more than 100 bp were retained (114
orthology alignments). Additionally, only alignments that included mouse (Mus musculus)
and rat (Rattus norvegicus) were kept (86 mammal alignments). After that, we selected the
sequences from the Muroidea superfamily of each alignment: M. pahari, M. caroli, M.
spretus, M. musculus, Microtus ochrogaster, Cricetulus griseus, R. norvegicus and
Peromyscus maniculatus (86 Muroidea alignments). We then included the corresponding
86 Arvicola sp. sequences and realigned each set of rodent orthologues using MAFFT 7.130
(Katoh and Standley, 2013) with the combination of localpair, maxiterate and
adjustdirectionaccurately parameters (to properly align the Arvicola sp. sequences). Gap
positions from the final alignments were removed using Gblocks (Castresana, 2000). Then,
we filtered out invariant alignments (remaining 85 final alignments, that is, 3% of the total
loci). Subsequently, we reconstructed a phylogenetic tree from each alignment with
RAXML version 8.0.19 (Stamatakis, 2014). Finally, branch lengths were estimated and the

trees visually inspected to corroborate that no anomalous trees were present in the final set.
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Figure 14. Scheme of the bioinformatic pipeline developed to detect Arvicola sp. orthologues in
other rodents using ddRAD loci.

A Rodent tree was constructed with BEAST version 2.5.2 (Bouckaert et al., 2019) from all
the alignments retrieved using the calibrating point of the mouse-rat split of 10.4-14.0 Myr,
which is based on fossil data (Benton et al., 2009) and has been used in many other works
(Steppan et al., 2004; Fabre et al., 2012; Kimura et al., 2015; Aghova et al., 2018). Unlinked
site models (HKY + I) across loci, unlinked clocks (strict clock) and linked trees (Yule)
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were selected. A strict clock was chosen because the analysis converged better than with a
relaxed clock in initial runs, as expected when the mutation rate variation among lineages
is low (Brown and Yang, 2011). The calibrated node was modelled using a lognormal prior
distribution with minimum and maximum constraints in real space; we set the offset to 10.4
and the soft maximum to 14.0 Myr in order to coincide with the 95th percentil of the
probability density distribution with a standard deviation of 1. The calibrated phylogeny
allowed us to obtain the mutation rate for different ddRAD loci (thereafter named as
calibrated loci). 75,000,000 generations were run, sampling each 1000 generations. Tracer
v1.7.1 (BEAST2 package) was used to check convergence and retrieve the mutation rate
of each locus. The TreeAnnotator program of the same package was used to calculate the

consensus tree with median heights and 10% burn-in.

2.5. Isolation-with-migration analyses

In order to estimate divergence times in an isolation-with-migration analysis we used IMa3
(Hey et al., 2018). Four populations were considered: the Cantabrian and Pyrenean
populations from the Iberian Peninsula as well as a sample from the central European
distribution and 4. amphibius samples as two outgroups. When using the four populations,
the population topology was: (((Cantabrian, Pyrenean), Central European), A. amphibius).
Runs with only the two Iberian populations, with or without a ghost population (Hey et al.,
2018), were also performed. The ghost population is placed as an outgroup and represents
an unsampled population that could have affected the Iberian populations by exchanging
individuals (Beerli, 2004). Final analyses were carried out with 300 randomly selected loci
from dataset 2 that included all calibrated loci (85). Invariable loci that appeared in the
analyses of two populations when removing outgroup sequences were eliminated so that
248 loci remained (of which 64 were calibrated loci). The mutation rates estimated
previously with BEAST2 were included in the corresponding loci of the input file after
scaling them per alignment, as required by the program. The generation time was set to 1
year, a value that can be considered adequate for a short-lived species like Arvicola.
However, it should be taken into account that the generation time does not affect the
estimation of divergence times. The infinite sites model was used for all loci and reads that
did not pass the four gametes test were trimmed, selecting the longest interval (Hey and

Wang, 2019). Priors in the IMa3 model were: maximum population size ¢ = 1.5, maximum
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split time # = 0.5, and maximum migration rate m = 2. Runs were done with 420 chains on
14 processors. Burn-in was set to ~30,000 steps and 10,000 genealogies were sampled.
ASCII plots of parameter trends and marginal posterior probability distributions of the
parameters were checked to ensure proper mixing and convergence. Moreover, BEAST2
rates were compared with mutation rate scalars estimated from Arvicola sp. sequences by
IMa3. The IMfig program (Hey, 2010b) was used to prepare a figure with the estimated
demographic parameters. Significant migration rates are based on the log-likelihood-ratio

test of the null hypothesis of migration being zero (Nielsen and Wakeley, 2001).
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V. RESULTS

1. Size increase without genetic divergence in the Eurasian water shrew Neomys

fodiens
1.1. Morphometric analyses of Neomys mandibles

Skull samples from 67 Neomys individuals (Supplementary Table S1) were obtained,
primarily, from barn owl pellets collected over the last 50 years in the northern Iberian
Peninsula. The samples came from approximately longitudes -7° to 2°, where two
subspecies of N. fodiens, as well as N. anomalus, are present (Figure 12). Landmarks were
taken from each mandible to measure the coronoid height and perform a geometric
morphometric analysis. According to the coronoid height (Supplementary Figure S1), 32
samples were classified as N. f. niethammeri, 19 as N. f. fodiens, and 16 as N. anomalus
(Supplementary Table S2). Plotting these measurements against longitude, we confirmed
an abrupt size increase in N. f. niethammeri in the north-central part of the Iberian
Peninsula, approximately between longitudes -6.25° and -1° (Figure 12c), corroborating
previous work (Nores et al., 1982; Lopez-Fuster et al., 1990). We found individuals of both
sizes in the same locality, indicating a certain overlap in the distribution of the two groups.
The skulls of the sympatric species N. anomalus were always smaller than those of N.
fodiens (Supplementary Table S2). The centroid size of the mandibles provided similar
results (Supplementary Figure S2 and Supplementary Table S2). A principal components
analysis of the landmarks allowed N. anomalus to be distinguished from N. fodiens, but not
N. f. niethammeri from N. f. fodiens (Figure 15), indicating that the two N. fodiens

subspecies were similar in shape.
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Figure 15. Principal components analysis of the mandible landmarks of Iberian N. fodiens and N.
anomalus individuals.

1.2. Mitochondrial phylogeny of Neomys

Both complete and partial mitochondrial cytochrome b sequences were obtained from 85
samples of N. fodiens, including all the mandibles used in the morphometric analysis plus
additional tissue samples from Eurasia (Figure 12 and Supplementary Table S1). Some
primers were newly designed (Supplementary Table S3) so that sequences could be
obtained from the majority of samples, including the oldest (Supplementary Table S1). The
Bayesian mitochondrial tree reconstructed with the N. fodiens mitochondrial sequences can
be subdivided into three main clades separated by relatively long branches and moderate
or high support (Figure 16): one includes the Iberian samples and a sample from a nearby
locality in France; the second consists of a single sample from southern Italy; and the third
comprises samples from the remaining Eurasian range of the species. Coronoid height
measurements mapped into this tree indicated that individuals classified as N. f.
niethammeri appeared randomly across the Iberian clade, reflecting the fact that the two
subspecies were indistinguishable at the mitochondrial level. When additional sequences
from other Neomys species were included in the Bayesian phylogenetic analysis to
configure a dataset of 136 sequences, the tree perfectly separated the four species in the

genus, but N. [ fodiens and N. f. niethammeri were once again intermixed in the tree
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(Supplementary Figure S3). Similar results were obtained with a maximum-likelihood

method (Supplementary Figure S4).
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Figure 16. Bayesian tree of N. fodiens cytochrome b sequences. Samples with coronoid height
measurement are represented with color-coded bars showing their skull size: dark blue for N. £ fodiens
and light blue for V. f- niethammeri. The scale is in substitutions per position and posterior probabilities
are indicated for the clades mentioned in the text.

1.3. Development of nuclear markers for degraded Neomys samples

We developed a set of six short intron markers (ASB6 intron 2, CSF2 intron 2, GDAP1
intron 1, JIMJD intron 2, MYCBPAP intron 11, and TRAIP intron 8) that could be amplified
using DNA extracted from the mandibles, despite the high degradation levels of some of
them (Supplementary Table S4). For some introns, several rounds of primer design were
performed to shorten the PCR product and allow the amplification of the most degraded
samples (Supplementary Table S4). In this way, we obtained nuclear information from

most of the recent samples, as well as from a good proportion of the older samples,
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including those collected during the 1970s (Supplementary Table S1). For some introns,
allele-specific primers were designed to separate heterozygous sequences (Supplementary
Table S5). A total of 58 samples with a minimum of four sequenced introns were used in
further analyses, including 37 mandibles and 11 tissues, together with sequences from 10
samples taken from a previous work (Igea et al., 2015) (Supplementary Table S1).
Considering all the introns together, 172 sequences were used from N. f. niethammeri, 250
from the other N. fodiens specimens, 158 from N. anomalus, 48 from N. milleri, and 24
from N. teres, totaling 123,556 bp of nuclear sequence information after alignment

cleaning.

1.4. Multilocus phylogenetic analysis of Neomys

Haplotype genealogies derived from the maximum-likelihood trees of the nuclear
sequences showed a low degree of allele sharing between the four Neomys species (Figure
17a). On the other hand, N. f. niethammeri and the rest of N. fodiens shared the most
frequent alleles (largest circles in Figure 17a), although most minor alleles were exclusive
to one group or the other (smaller circles in Figure 17a). Since the mutational differences
between the alleles were minimal, both groups were completely intermixed in the
phylogenetic tree reconstructed using the concatenated intron sequences (Figure 17b). In

fact, no clades within N. fodiens can be distinguished in the nuclear tree.
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Figure 17. Phylogenetic information derived from the 6 introns amplified in the Neomys samples.

(a) Haplotype genealogies where the size of the circles is proportional to the number of alleles detected.
(b) Distance tree for the concatenated introns with the scale in substitutions per position.

1.5. Genetic differentiation

To study the possibility that differentiated groups existed within N. fodiens, we next

converted the six intron alignments into a multi-allelic data format. There were 22 different

alleles and therefore the average number of alleles per locus was 3.7. Using this

information, we calculated the Fst distance between N. f. niethammeri, N. f. fodiens from

the northern Iberian Peninsula, and N. fodiens from the rest of the range. The value obtained

between N. f. niethammeri and Iberian N. f. fodiens was 0.040 and it was not significant
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(95% confidence intervals: -0.005 - 0.085). Fst values between these and the other

population were also non-significant.

1.6. Nuclear genetic diversity of N. fodiens populations

Individual heterozygosity estimated from the nuclear introns of N. fodiens specimens
showed that the most heterozygous samples were from the northern Iberian Peninsula
(Figure 18). Thus, we found an average of 0.0013 heterozygous positions in the Iberian
samples (including both N. f. fodiens and N. f. niethammeri) versus 0.0004 in the rest of the
sampled range. When the nuclear data was analyzed at the population level, the average 6
values were 0.0021 and 0.0014 for these two groups, respectively (Supplementary Table
S8), showing the same trend. The same was found with the m parameter (Supplementary

Table S8).

9 -8 -7 -6 -5 -4 3 -2 -1 0 1 2 3
Longitude (°)

Figure 18. Map of color-coded individual heterozygosity rates in N. fodiens. (a) Map of all samples
with the main study area highlighted, and (b) enlargement of the northern Iberian Peninsula. The scale
is in number of heterozygous positions per base.
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2. Divergence time estimation of two populations of a small mammal (Arvicola
scherman) from the Iberian Peninsula using ddRAD data and an isolation-with-

migration model
2.1. Sequence assembly and filtering of ddRAD reads

A total of 192,910,996 Illumina reads from 39 individuals (Supplementary Table S9) were
used for assembly. After applying the filter with the tissue samples databases, 123,837,729
reads remained (71% on average for all samples). The loss of reads in this filtering process
was mainly due to exogenous sequences present in the bones, where only 53% of sequences

were retained (Supplementary Tables S9 and S10).

After the assembly of the remaining endogenous reads for dataset 1, 45,813 total and 39,207
variable loci were obtained (see Supplementary Table S7). The genome-wide
heterozygosity rate estimated with this dataset in the Cantabrian population, where several
samples of both types were available, resulted in similar values for tissues (0.001312 or
1,312 SNPs/Mb) and skull bones (0.001272 or 1,272 SNPs/Mb) (Supplementary Table
S10). The fact that skull bones did not have more heterozygous sites, which could have

been due to errors, indicates that bones were properly sequenced.

2.2. Genomic tree and population analyses

A genomic tree based on the variable loci (5,685,015 base pairs of dataset 1) was
reconstructed (Figure 19). Apart from the 4. amphibius and central European groups, the
iberian individuals were clearly separated in two different clades, from the Cantabrian

Mountains and the Pyrenees, corresponding to the two known populations.
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Figure 19. Genomic tree obtained from 39,207 variable loci. The scale is in substitutions per position

and mid-point rooting was used to represent the tree.
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The STRUCTURE analysis considering 2 to 4 populations with the same SNPs from
dataset 2 also showed a coherent subdivision in four populations. The central European
sample of 4. scherman was revealed to be admixed from other populations although this
result may be affected by the fact that only one sample was in this populations (Figure 21).
Increasing the K value in STRUCTURE did not reveal any additional meaningful

geographical structure.
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Figure 21. Bar plot of Arvicola sp. samples determined with a STRUCTURE analysis of the 2,877
SNPs from dataset 2 and varying the number of K populations from 2 to 4. Samples are ordered by
geographic longitude and divided by populations.

Fs analysis revealed pronounced and significance levels of population differentiation

between all four groups (>0.25) (Supplementary Table S11).
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2.3. Mutation rates of ddRAD loci

We applied a pipeline to find Muroidea orthologues from the Arvicola sp. sequences, as
explained in Methods, which allowed us to obtain 85 orthologues aligned with Arvicola sp.

sequences (Figure 14).

We constructed a tree using BEAST2 with these 85 loci and the rat-mouse split as a
calibration point. The calibrated phylogeny indicated that all species diverged 18 Myr ago
(Figure 22). The mutation rate was obtained for each locus, with an average of 2.6 x 10~
mutations/site/yr. The minimum rate was 0.3 x 10 and the maximum 5.3 x 107, thus

covering more than an order of magnitude (Supplementary Table S12).

Arvicola sp.

Microtus ochrogaster

Cricetulus griseus
—_ 1 Peromyscus maniculatus
Rattus norvegicus
4%’ ———— Mus pahari
Mus caroli

{ Mus musculus
Mus spretus
18 15 12 9 6 3 0

Myr

Figure 22. Calibrated BEAST? tree reconstructed to estimate mutation rates of 85 Arvicola sp. ddRAD

loci. The white circle shows the mouse-rat calibration prior (14.0-10.4 Myr). Node heights with bars
indicate 95% highest posterior density interval.

2.4. Application of an isolation-with-migration model

We applied an isolation-with-migration model with the purpose of estimating the
divergence time between the Cantabrian and Pyrenean populations of 4. scherman. IMa3
was run with different numbers of loci, from less than 100 to 300, in which 85 of them were
the loci with calibrated mutation rates and the rest of loci were randomly selected from the
total pool of variable loci. In the run with 4 populations, we found that using 300 loci was

enough to achieve good convergence. Probability distributions of divergence times,
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populations sizes, and significant migration rates showed continuous distributions in most
cases (Figure 23). Only the distribution for the oldest divergence time (t2) was noisy but
the distribution of the split time of interest, that between the Cantabrian and Pyrenean

populations (t0), was well defined and narrow.
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Figure 23. Marginal posterior probability histograms of the isolation-with-migration model including
four populations and 300 total loci with 85 calibrated (top row: splitting time, middle rows: population
size, bottom rows: population migration rate). Note that for migration rates only significant values of
gene flow between populations (in the coalescent) of the log-likelihood-ratio test are shown. Population
tree used: (((0,1)4,2)5,3)6; being 0: Cantabrian M., 1: Pyrenees, 2: Central European and 3: A.
amphibius.
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The run performed with 4 populations showed a divergence time between the two Iberian
populations (t0) of 39 Kyr (95 % highest posterior density interval: 21 — 62 Kyr) (Figure
24 and Table 1). Six significant migration rates were found, from the central European to
the Cantabrian Mountains population and within the Iberian populations (from the
Cantabrian Mountains to the Pyrenees), all with values of effective number of migrant
genes per generation (2Nm) << 1 (Figure 24). IMa3 analysis in which only the two Iberian
populations were included, with or without a ghost population, produced slightly higher
estimates for t0: 70 Kyr and 49 kyr, respectively (Table 1).

Table 1. Split times (and 95 % highest posterior density intervals) of Arvicola sp. populations in Kyr

obtained with isolation-with-migration analyses for different number of populations and ddRAD loci.

Invariable loci that appeared in the analyses of two populations with or without ghost were removed. A
question mark indicates that the interval may be incorrect due to multiple peaks.

N° of Number of total loci  t0: Cantabrian -  t1: Iberian — Central t2: A. scherman -
populations (calibrated loci) Pyrenean split European split A. amphibius split
4 300 (85) 39 (21-62) 149 (100-223) 430 (275-668 ?7)
2 248 (64) 70 (43-99) - -
2 + ghost 248 (64) 49 (22-76) - -
N
>
& @
O .\O\
&° &
OQ: ?,
39.0 Kyr
0.051** >
0.088*
149.0 Kyr
0.085"
430.0 Kyr

Ancestral Ne (thousands): 166.0

Figure 24. Isolation-with-migration model generated by IMa3 and the IMfig program using 300 loci with
85 calibrated. Splitting times are depicted as solid horizontal lines, with values on the left. Migration arrows
indicate statistically significant 2Nm values (* p <0.05, ** p <0.01). The width of boxes is proportional to
the estimated ancestral Ne.
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In order to test if the loci with estimated mutation rates were more conserved, as they were
selected to have orthologues in all Muroidea, we used the relative rates or scalars that IMa3
estimates for all loci. The means of the scalars were 1.48 and 1.69 for the calibrated and
non-calibrated loci, respectively. Thus, the rates were slightly higher for the non-calibrated
loci, as expected (Figure 25). Finally, a weak but significant correlation was observed
between mutation rates estimated from Muroidea sequences by BEAST2 and the log
transformed mutation rate scalars estimated for Arvicola sp. sequences by IMa3 (r = 0.26;

p = 0.02), as expected from neutral theory.
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Figure 25. Histograms and smoothed density distributions of mutation rate scalars estimated by
IMa3. Non-calibrated loci are shown in red (a) and calibrated loci in green (b).
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VI. DISCUSSION

Skull bones from small mammals found in barn owl pellets have demonstrated to be a
valuable source of DNA from minimally invasive samples to perform simultaneous
morphometric and genetic studies. It has also been shown in this work that it is possible to
obtain genomic information through next-generation sequencing (NGS) technologies from
skull bones, opening the path to perform genomic studies of mammalian biodiversity using
this material, which can be obtained relatively easily and without disturbance for the
populations studied. The optimization of genetic and bioinformatic techniques to estimate
genetic structure and divergence times of closely related populations using multilocus and
ddRAD data have provided with new information in comparative phylogeography of small

mammals in the Iberian Peninsula.

In chapter 1, morphometric and genetic analyses have clarified the taxonomic status of
Neomys fodiens niethammeri found in the northern strip of the Iberian Peninsula, flanked
by populations of the nominal subspecies. The absence of genetic divergence and
differentiation revealed here indicated that the large form of N. fodiens does not correspond
to a different species and instead represents an extreme case of size increase of possible

adaptive value.

In chapter 2, the estimation of divergence times using ddRAD data with an isolation-with-
migration model have helped to achieve a deeper understanding of the circumstances that
have led to the current population structure at fine scale in the Iberian populations of
Arvicola scherman. More specifically, it has been shown with statistical support that their

divergence occurred during the last glacial period.

Genetic structure and diversity analyses performed in this work have uncovered high levels
of intraspecific diversity for these two species in the north of the in the Iberian Peninsula,
rejecting the idea of a recent colonization from the European range of the species analyzed
and instead suggesting their presence in the Iberian Peninsula at least since the Last Glacial
Maximum (LGM). It will be interesting to know if other Eurosiberian species follow this
pattern or if some of them show lower genetic diversity levels, suggesting more recent

colonizations of this area.
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The methodologies used here have shown their suitability to clarify in an objective way the
taxonomic status of these mammalian species. In one of the cases (V. fodiens), genetic data
does not support any taxonomic subdivision in the populations of the Iberian Peninsula. In
the other case (4. scherman), the existence of two subspecies coincides with the high
genetic divergence and strong structure observed. These analyses could be applied to other
contentious taxonomic problems as well as to help understand the possible existence of

genetic structure and evolutionary conservation units in species of conservation concern.
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1. Size increase without genetic divergence in the Eurasian water shrew Neomys

fodiens

The multilocus dataset used in this study of the Eurasian water shrew Neomys fodiens was
based on the mitochondrial cytochrome b gene and six small intron fragments. The lengths
of the newly designed introns (153 - 229 bp) were smaller than those of previously proposed
intron markers (Igea et al., 2010, 2015), in order to facilitate the amplification of degraded
DNA obtained from skulls from owl pellet material. Using the novel primers, we amplified
between 4 and 6 introns from 37 mandible samples of Neomys, many of which had been
collected during the 1970s (Supplementary Table S1). Despite their relatively short lengths,
the intron markers were variable enough to detect mutational differences between species.
They also enabled the reconstruction of a nuclear phylogenetic tree, which was compared
with the mitochondrial tree and used to detect any possible occurrence of mito-nuclear
discordance in Neomys. Finally, once these intron markers were converted to allele
frequency data, and despite the small number of markers used, they allowed us to undertake
a differentiation analysis of the main populations of N. fodiens. Therefore, thanks to the
various genetic analyses performed, these novel markers were highly useful in unraveling
the evolutionary history of N. f niethammeri and, specifically, assessing whether the
morphological differences observed (large skull size) arose through a long period of
isolation and genetic differentiation. Furthermore, to our knowledge, this is one of the first
studies where multilocus genetic data as well as morphometric information of skulls
obtained from owl pellets has been fully exploited, showing the enormous potential of this

type of non-invasive sampling for biodiversity studies.

1.2. Mitochondrial and multilocus phylogenetic analyses

The mitochondrial sequences of V. f. fodiens and N. f. niethammeri were intermixed in the
phylogenetic tree, meaning that there was no evidence to suggest genetic divergence
(Figures 16 and S3). This was a highly unexpected result for two populations with
important skull size differences. Without further data, a possible explanation could be that,
in fact, these two forms were more divergent at the nuclear level but, due to some recent
unidirectional introgression event, N. f. niethammeri acquired the mitochondria of N. f.
fodiens, a phenomenon that has been observed in many other species (Hailer et al., 2012;

Toews and Brelsford, 2012). With N. anomalus living sympatrically with N. fodiens in the
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northern Iberian Peninsula, additional scenarios involving inter-specific introgression with
this other species could not be discarded, demonstrating the need to carry out a nuclear
analysis. The phylogenetic tree we obtained using nuclear data also revealed a lack of
genetic divergence between the two N. fodiens subspecies (Figure 17b). A first conclusion
from this work is, therefore, that our mitochondrial and nuclear data are consistent in
highlighting a lack of support for genetic divergence between N. f. fodiens and N. f.

niethammeri.

The mitochondrial and nuclear phylogenies showed that the four Neomys species were
reciprocally monophyletic in both trees (Figures 17b and S3). This suggests that there has
been no recent mitochondrial introgression, not only between N. fodiens groups, but also
during the evolution of the Neomys species. Incidentally, the topological relationships
between the four Neomys species were not coincident in the mitochondrial and nuclear
trees, since N. milleri and N. anomalus group in the former, whereas N. milleri and N. teres
appear as sister taxa in the latter. However, this could be a consequence of methodological
difficulties in resolving old divergences in the tree or incomplete lineage sorting (Degnan
and Rosenberg, 2009), and it does not affect the conclusion that there has been no recent
introgression in Neomys. This reasonable mito-nuclear agreement enables the use of
cytochrome b for species identification from non-invasive samples in further ecological

studies of this genus (Querejeta and Castresana, 2018).

1.2. Genetic differentiation analysis

Populations that have been isolated for a short period of time may not have accumulated
enough mutations to reflect phylogenetic separation, but, if the gene flow between them is
low, differences in allele frequencies may appear by genetic drift (Knowles, 2004; Omland
et al., 2006). To test the possibility that N. fodiens populations showed some degree of
differentiation, we computed Fsr statistics. No significant genetic differentiation was
found. Thus, the increase in skull size of N. f. niethammeri (Figure 12¢) corresponded to
neither a difference in shape (Figure 15) nor mitochondrial (Figure 16) or nuclear genetic
divergence (Figure 17b), nor genetic differentiation of nuclear allele frequencies. In this
respect, it is interesting to note that fossil data of both forms have been found at ~40 Kyr

(Cuenca-Bescos et al., 2008; Sesé, 2017). This would suggest that a large amount of gene
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flow must have occurred between the two forms to prevent genetic differentiation during

all this time, indicating the lack of reproductive barriers between them.

1.3. Genetic diversity of V. fodiens in the Iberian Peninsula

The populations of N. fodiens of the northern Iberian Peninsula are at the edge of the
Palearctic range of the species (Figure 8), which could lead to the hypothesis that this area
was recently colonized from the multiple European glacial refugia that have been described
for various taxa (Stewart et al., 2010; Schmitt and Varga, 2012). We found, however, that
the nuclear genetic diversity was higher in the Iberian samples than in the rest of the
Palearctic samples analyzed here (Figure 18), something that is not consistent with the
recent colonization of the Iberian Peninsula. The existence in this area of fossil V. fodiens
dated at ~40 Kyr (Cuenca-Bescos et al., 2008; Lopez-Garcia et al., 2010; Sesé, 2017) also
supports the idea that the species was present in the Iberian Peninsula long before the Last
Glacial Maximum and, consequently, that these populations are not the product of recent
colonization. Instead, refugia in the Iberian Peninsula or nearby areas were likely to have
been the source for the recolonization of at least some parts of the western Palearctic

(Hewitt, 1999; Schmitt, 2007).

1.4. Taxonomic debate surrounding N. f- niethammeri

With regard to the taxonomic debate surrounding N. f. niethammeri, the phylogenetic
analyses performed here, using mitochondrial and intron sequences, indicate that N. f.
niethammeri has not accumulated measurable genetic divergence with respect to N. f.
fodiens. There is also no significant genetic differentiation between them, meaning that also
allele frequencies are similar. Taking all this information into account, it is clear that N. f.
niethammeri cannot be considered an independent species, contradicting previous studies
where it was suggested that N. /- niethammeri might warrant species status (Lopez-Fuster
et al., 1990; Biihler, 1996; Wilson and Reeder, 2005; Burgin et al., 2018). An alternative
suggestion is that N. . niethammeri is an ecotype, although further work would be required

to corroborate this point.
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1.5. Ecological consequences of size increase in N. fodiens

The lack of genetic divergence and differentiation revealed here suggests that the large
skull of N. f. niethammeri possibly arose as an adaptation to the environment. Two main
hypotheses can be used to explain this. Firstly, a previous hypothesis proposed that more
calcareous substrates present in the central part of the Cantabrian Range could have resulted
in rivers richer in nutrients and a consequent selection of individuals with better-developed
mandibles to capture larger prey (Nores et al., 1982; Lopez-Fuster et al., 1990). However,
N. fodiens lives in other areas with calcareous substrates where it displays no change in
body size, so this is unlikely to have been the sole driver. Alternatively, the size increase
of N. f. niethammeri could have resulted from ecological displacement due to competition
with the Iberian endemic N. anomalus, similar to that observed in other mammals (Hulva
et al., 2004; Biedma et al., 2018). An increase in the size of N. f. niethammeri could have
favored access to new resources, for example larger prey, thus limiting competition with
N. anomalus. In principle, both species occupy the same aquatic habitat in the northern
Iberian Peninsula and most of the range of N. f. niethammeri overlaps with that of N.
anomalus (Ventura, 2007a, 2007b), making competition between the two species possible.
The interaction of N. fodiens with N. milleri has been studied in Europe, where both species
live sympatrically (Rychlik and Zwolak, 2006). However, the interaction of N. fodiens with
N. anomalus when they live sympatrically has never before been studied, and this may be
totally different to that which occurs when it coincides with N. milleri, so we do not know
if and how this interaction could have stimulated a size increase in N. f- niethammeri. We
therefore suggest that future studies be directed at understanding the micro-habitat and
inter-specific interactions of these Neomys species. We hope that a combined genetic and
ecological approach will help unravel why N. f. niethammeri experienced an abrupt
increase in skull size across a narrow strip in the Iberian Peninsula, and reveal the

evolutionary advantages and possible ecological consequences of this phenotypic novelty.
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2. Divergence time estimation of two populations of a small mammal (Arvicola
scherman) from the Iberian Peninsula using ddRAD data and an isolation-with-

migration model

To study the genetic divergence between different Iberian populations of a small mammal
(4. scherman), we have applied an isolation-with-migration model, considering the central
European population of A. scherman and its sister species A. amphibius as outgroups. The
analyses, based on short sequences obtained from ddRAD data, showed that this type of
sequences work well with the IMa3 program. However, it is essential to give to the program

adequate mutation rates of the loci in order to obtain accurate divergence time estimates.

2.1. Estimating specific mutation rates of ddRAD loci

Estimating diversification times is crucial to analyze the evolutionary history of species
and populations, but there are several difficulties to obtain accurate measurements that need
to be addressed (Arbogast et al., 2002). Divergence occurring at shallow levels are specially
problematic due to the effects of coalescent and incomplete lineage sorting (Edwards and
Beerli, 2000; Degnan and Rosenberg, 2009; Sanchez-Gracia and Castresana, 2012).
Furthermore, migration between populations must be taken into account in order to make
realistic divergence times estimations (Wakeley, 2000; Nielsen and Wakeley, 2001; Hey
and Nielsen, 2004). Among the most complete methods to estimate population split times
are isolation-with-migration models, which take coalescent and migration into account and
allow the introduction of mutation rates for all or part of the sequence markers used (Hey
and Nielsen, 2004; Carling et al., 2010; Hey et al., 2018; Marko and Zaslavskaya, 2019;
Kapli et al., 2020). However, these methods have not been used so far with the sequences
obtained by ddRAD and it was not clear whether, being so short, they could be used to

estimate robust divergence times between recently diverged populations.

The estimation of mutation rates needed in IM models are not without problems.
Extrapolating mutation rates from other species can bias divergence time estimates as it is
well known that there are important variation in diversification rates in different lineages
(Li et al., 1987; Welch et al., 2008). There are also important variations of mutations rates
along the genome (Wolfe and Sharp, 1993; Koop, 1995; Castresana, 2002), making it

necessary the estimation of rates of each locus. For this purpose, we developed a
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bioinformatic pipeline to obtain orthologous sequences of mammals from public databases,
something that was achieved for 85 loci. We then used the split time between mouse and
rat to calibrate the tree. The average mean mutation rate obtained for rodents across all loci
(2.6 x 10" mutations/site/yr) was similar to the average rate found in mammals (2.2 x 10~
mutations/site/yr) (Kumar and Subramanian, 2002) but lower than the rate found in the
genome of mouse using trios (5.3 x 10" mutations/site/yr, considering a generation time of
1 year) (Uchimura et al., 2015; Milholland et al., 2017). Among other possibilities to
explain this difference is that the mouse lineage has a more accelerated rate than other
rodents (Marshall et al., 1994). Additionally, it is likely that ddRAD data does not
incorporate the most divergent regions of the genome and thus it is reasonable that ddRAD

loci have on average smaller rates than the whole genome.

2.2. Suitability of ddRAD loci for IMa3 analysis and demographic estimates

IMa3 software uses specific rates of each locus and calculates mutation rates scalars to
estimate divergence times and other demographic parameters. Mutation rate scalars can be
used to compare the rates of all loci, and not only the 85 initially calibrated here with rodent
orthologues. Loci with calibrated mutation rates showed slightly lower rates, as expected,
as it is likely that, for the most accelerated loci, it is difficult to find its orthologues. Yet,
the distributions of mutation rates of calibrated and non-calibrated loci are mostly
overlapping, showing that there are no fundamental differences between them (Figure 25).
Even so, the use of further loci apart from the 85 calibrated ones is justified in order to have
a higher representation of the genome and add the slightly higher proportion of informative

positions that they may have due to their higher mutation rates.

The length of the markers used was 145 base pairs, which is small compared to other loci
generally used with isolation-with-migration models (Carling et al., 2010; Marko and
Zaslavskaya, 2019). This means that a small number of loci may not converge properly, as
we observed in initial runs. After increasing this number in successive runs, we could
demonstrate that a set of 300 ddRAD loci resulted in good mixing and convergence in IMa3
runs and adequate distributions of most of the demographic parameters of the model
(Figures 23 and 24) in a reasonable time (240 hours with 14 processors). Increasing the

number of loci slows down the speed of the analysis, making it impractical.
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To understand if the outgroups were necessary for the estimation of the split time between
the two Iberian populations, we run independent analyses with only these two populations,
without the outgroups. The runs showed higher divergence times although the presence of
the ghost population made the result more similar to the run with 4 populations, showing
that the model with a ghost population may help to produce more realistic results when no

outgroup is available.

2.3. Phylogeographic history of populations in the Iberian Peninsula and future applications

The Iberian Peninsula was an important refuge for several species and has received much
attention in phylogeographic studies (Hewitt, 1999; Schmitt, 2007). Due to the existence
of different mountain ranges, the Iberian Peninsula did not constitute a unique
homogeneous refuge (Goémez and Lunt, 2007). Rather, important levels of population

structure were generated in different isolated refugia within this peninsula.

The isolation-with-migration analysis indicated that the two populations of 4. scherman
diverged 39 Kyr ago (Figure 24 and Table 1) with a 95% highest posterior density interval
of the split time of 21 — 62 Kyr. Significant gene flow was found from the Cantabrian to
the Pyrenean population but values of 2Nm << 1 indicated that no homogenization is
expected between them. These data would be consistent with the hypothesis of a divergence
associated to the last glaciation (Hewitt, 2000) and, more specifically, close to the Last
Glacial Maximum (LGM), which started ~33,000 years ago and arrived to its maximum
coverage ~20,000 years ago (Clark et al., 2009). Based on the split time and the genetic
structure found, we can conclude that these two populations have been present in the Iberian
Peninsula at least since the LGM. If they had been the product of a recent colonization,
they would be genetically more similar. Rather, the divergence of these populations is likely
to have been associated to the last glaciation and it may have taken place in separate refugia.
Thus, the coalescence-based split time obtained gives strong support to the refugia within

refugia hypothesis (Gémez and Lunt, 2007) for 4. scherman.

This work shows a novel approach for obtaining split time estimates using ddRAD data of
recently diverged populations and an isolation-with-migration model, which could be
extrapolated to other mammals or different vertebrate taxa. To do this, orthologous

sequences and at least one calibration point to calculate mutation rates is necessary. The
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application of this approach to other taxa may allow obtaining comparable divergence time
results among different populations of various species, which would represent an important
advance in comparative phylogeography. In addition, obtaining accurate divergence times
using these methods can help to achieve a deeper understanding of the circumstances that
have led to current population structure at fine scale and whether they were related to the
glacial periods or to more recent events. Finally, knowing the divergence times between
populations can lead to a better appreciation of intraspecific diversity and to reveal the

existence of different evolutionary units and taxonomic entities.
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1. Skull bones from small mammals found in barn owl pellets have been successfully used
in simultaneous morphometric and genetic studies. Specifically, genomic information from

skull bones has been obtained through next-generation sequencing (NGS) techniques.

2. Genetic structure and diversity of two Eurosiberian species of small mammals with
populations in the northern area of the Iberian Peninsula have been studied and clarified in
some aspects. Population genetic analyses have shown high levels of intraspecific diversity
in the Iberian Peninsula, rejecting the idea of a recent colonization from the European range

of the populations analyzed.

3. Morphological measurements using the coronoid height of the Neomys fodiens
mandibles allowed the assignment of samples to the N. f. niethammeri population. The
centroid size of the mandibles provided similar results. However, a morphometric analysis
revealed no differences between the two populations of NV. fodiens of the north of the Iberian

Peninsula, indicating shape similarity between them.

4. The development of six short and variable intron markers allowed the amplification of
degraded DNA present in skull bones. Introns optimized in this study represent a powerful
tool to carry out multilocus analyses of genetic divergence and differentiation using

minimally invasive samples.

5. The subspecies N. f. niethammeri, of larger size, was suggested to be an independent
species in references of mammalian taxonomy, but here it was found that it was not
genetically different from the nominal subspecies in terms of divergence and allele
frequencies. According to the genetic results of this study, N. £ niethammeri is not a
different species, and it may rather be an ecotype with an interesting ecological adaptation
that could have appeared as a result of a novel interaction with its sister species V.

anomalus.

6. The ddRAD technique was successfully applied to samples of Arvicola sp., including

skull bones from barn owl pellets.
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7. Orthologues of Arvicola sp. ddRAD loci were determined in other rodents using a
bioinformatic pipeline and the EPO-ENSEMBL database. The sequential filters applied

ensured that only optimal alignments were retrieved.

8. Using a Bayesian phylogenetic framework with a clock model and a fossil calibration
point (mouse-rat split), the mutation rates were estimated for 85 ddRAD loci. These rates
were in line with the expected ones for a mammalian genome and, accordingly, varied by

more than one order of magnitude.

9. A population genetic analyses that included a genomic tree reconstructed with the
ddRAD loci as well as principal component and structure analyses using thousands of SNPs
confirmed the presence of two genetically different populations of A. scherman in the

Iberian Peninsula, in agreement with previously described morphological differences.

10. Isolation-with-migration (IM) analysis, which considers the coalescent and gene flow
between populations, estimated reliable divergence times using 300 ddRAD loci, including
the 85 loci with estimated mutation rates. The runs performed with the IMa3 software

resulted in good mixing and convergence in a reasonable computational time.

11. The IMa3 analysis indicated that the two A. scherman Iberian populations diverged 39
thousand years (Kyr) ago with a 95% highest posterior density interval of 21 — 62 Kyr. A

small amount of migration was detected between both populations.

12. Based on the split time and the genetic structure found, these two populations of 4.
scherman have been present in the Iberian Peninsula at least since the Last Glacial
Maximum (LGM) and are not the product of a recent colonization. More specifically, the
split time estimated would be consistent with the hypothesis of a divergence associated to

the last glaciation.
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Table S1. Samples of Neomys sp. used in this study with information about sample type,
collection year, locality data, morphological data (marked with XX for geometric
morphometrics and X for coronoid height), cytochrome b length (being 226 bp the length
of the Neo 1.2 fragment; 569 the length of the Neo 1.2 - Neo 2 combined fragments, which
have an overlapping region; and 1140 the length of the three overlapping fragments), and
number of sequenced introns in samples with nuclear information. Samples from the
collection of the Department of Organisms and Systems Biology of the University of
Oviedo are indicated with (UO). Samples from the Museum of Southwestern Biology
(MSB) and the University of Alaska Museum (UAM) are indicated with their respective
codes. The sample IBE-C4117 (2200-Briansk) is from the collection of A. Bannikova.
Samples of Igea et al. (2015) are also included and indicated with (1).

Sample Administrative Cytb N° of
Specimen Code Species Year Lat. Lon. Locality Division / Morphology length .
type introns
Country (bp)
IBE-C5180 (UO) N. fodiens Skull 1979 434 -6.8 Boal Asturias XX 226 -
IBE-C5182 (UO) N. fodiens Skull 1970 43.4 -47  Vidiago Asturias XX 1140 6
IBE-C5183 (UO) N. fodiens Skull 1980 43.3 -59  Pefierudes Asturias XX 569 -
IBE-C5185 (UO) N. fodiens Skull 1970 435 -5 Cuerres Asturias XX 569 -
IBE-C5186 (UO) N. fodiens Skull 1979 43.4 -6.1 Rebolleda Asturias XX 569 -
IBE-C5188 (UO) N. fodiens Skull 1981 43.5 -5.5 Peon Asturias XX 1140 5
IBE-C5356 (UO) N. fodiens Skull 1980 43.3 -6.5 Obona Asturias XX 226 -
IBE-C5357 (UO) N. fodiens Skull 1980 43.3 -42  Cabezdn de la Sal Cantabria XX 1140 -
IBE-C5359 (UO) N. fodiens Skull 1980 43.2 -5.8  Valdecuna Asturias XX 1140 4
IBE-C5361 (UO) N. fodiens Skull 1978 43.4 -54  Infiesto Asturias XX 226 -
IBE-C5362 (UO) N. fodiens Skull 1980 43.4 -6.4 LaMillariega Asturias XX 226
IBE-C5364 (UO) N. fodiens Skull 1980 43.4 -4.1  Quijas Cantabria XX 226 -
IBE-C5365 (UO) N. fodiens Skull 1981 432 -53 LaFoz Asturias XX 226 -
IBE-C5367 (UO) N. fodiens Skull 1979 43.6 -6.4 Ribon Asturias XX 1140 6
IBE-C5368 (UO) N. fodiens Skull 1988 43.4 -6.8 Boal Asturias XX 1140 6
IBE-C5369 (UO) N. fodiens Skull 1986 43.3 -6.2  Restiello Asturias XX 226 -
IBE-C5370 (UO) N. fodiens Skull 1983 43.4 -6.8 LaFelechosa Asturias XX 1140 6
IBE-C5371 (UO) N. fodiens Skull 1980 43.6 -6.2  Pifiera Asturias XX 1140 5
IBE-C5372 (UO) N. fodiens Skull 1982 43.5 -54  Priesca Asturias XX 1140 6
IBE-C5374 (UO) N. fodiens Skull 1979 43.4 -7.1  Pueblonuevo Asturias XX 1140 6
IBE-C5375 (UO) N. fodiens Skull 1982 429 -6.4  Palacios del Sil Lebén XX 226 -
IBE-C5376 (UO) N. fodiens Skull 1978 43.4 -7.2  Conforto Lugo XX 1140 4
IBE-C5377 (UO) N. fodiens Skull 1980 43.2 -5.8  Valdecuna Asturias XX 226 -
IBE-C5603 (UO) N. fodiens Skull 2015 433 -5 Avin Asturias XX 1140 6
IBE-C5604 (UO) N. fodiens Skull 2015 433 -5 Avin Asturias XX 1140 6
IBE-C5605 (UO) N. fodiens Skull 2015 433 -5 Avin Asturias XX 226 -
IBE-C5697 N. fodiens Skull 2017 43.1 -6 San Vicente de Nimbra  Asturias XX 1140 6
IBE-C5699 N. fodiens Skull 2017 42.7 -1.5 Iglesia Zuazu Navarra XX 1140 5
IBE-C5701 N. fodiens Skull 2017 43.1 -6 San Vicente de Nimbra  Asturias XX 1140 6
IBE-C5709 N. fodiens Skull 2017 43.1 -6 San Vicente de Nimbra  Asturias XX 1140 -
IBE-C5741 N. fodiens Skull 2017 43  -1.3  Iglesia Burguete Navarra XX 1140 5
IBE-C5742 N. fodiens Skull 2017 42.7 -7.3  San Martifio Lugo XX 1140 6
IBE-C5744 N. fodiens Skull 2017 43.2 -6.8 LaFiguerina Asturias XX 1140 6
IBE-C6063 N. fodiens Skull 2017 43.3 -6.7 San Pedro de Lago Asturias XX 1140 6
IBE-C6064 N. fodiens Skull 2017 42.7 -7.3  San Martifio Lugo XX 1140 4
IBE-C6066 N. fodiens Skull 2017 43.2 -6.6 Santa Marina de Obanca Asturias XX 1140 5
IBE-C6069 N. fodiens Skull 2017 43.3 -6.7 San Pedro de Lago Asturias XX 1140 6
IBE-C6103 N. fodiens Skull 1984 42.8 -3.7  Cubillo de Butron Burgos XX 569 -
IBE-C6104 N. fodiens Skull 1984 42.8 -3.7  Cubillo de Butron Burgos XX 569 -
IBE-C6105 N. fodiens Skull 1985 43.1 -3.3  Caniego Burgos X 1140 5
IBE-C6106 N. fodiens Skull 1985 43.1 -3.3  Caniego Burgos X 1140 5
IBE-C6108 N. fodiens Skull 1985 43.1 -3.6  Hornillalatorre Burgos X 1140 5
IBE-C6109 N. fodiens Skull 1986 43.2 -39  Entrambasmestas Cantabria XX 569 -
IBE-C6110 N. fodiens Skull 1986 43.2 -39  Entrambasmestas Cantabria XX 1140 5
IBE-C6111 N. fodiens Skull 1986 43.2 -39  Entrambasmestas Cantabria XX 1140
IBE-C6112 N. fodiens Skull 1986 43 -3.2  Encima Angulo Burgos XX 226 -
IBE-C6113 N. fodiens Skull 1986 43 -3.2  Encima Angulo Burgos XX 226 -
IBE-C6115 N. fodiens Skull 1987 42.8 -3.2  Orbafanos Burgos X 226 -
IBE-C6116 N. fodiens Skull 1993 427 -3.8 Covanera Burgos XX 1140 5
IBE-C4117 (2200-Briansk) N. fodiens Tissue 53.3 344 Briansk Russia 1140 6
MSB:Mamm:95472 N. fodiens Tissue 1997 47.7 174 Feher-to Hungary 1140 6
MSB:Mamm: 158495 N. fodiens Tissue 2006 43.2 84.3 Narati China 1140 6
MSB:Mamm: 158621 N. fodiens Tissue 2006 43.2 84.3 Narati China 1140 6
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Table S2. Measurements of coronoid height and centroid size of the mandibles. For broken
mandibles, only coronoid height could be measured.

. Coronoid height Centroid size
Specimen code  Taxon
(mm) (mm)
IBE-C5180 N. f. fodiens 5.24 15.2
IBE-C5182 N. f. niethammeri 5.76 16.3
IBE-C5183 N. f. niethammeri 5.76 16.1
IBE-C5185 N. f. niethammeri 5.87 16.1
IBE-C5186 N. f. fodiens 5.2 15.3
IBE-C5188 N. f. fodiens 5.25 14.9
IBE-C5356 N. f. fodiens 5.16 15.1
IBE-C5357 N. f. niethammeri 5.65 16.1
IBE-C5359 N. f. niethammeri 5.5 15.9
IBE-C5361 N. f. niethammeri 5.84 16.2
IBE-C5362 N. f. fodiens 53 15.4
IBE-C5364 N. f. niethammeri 5.6 16.2
IBE-C5365 N. f. niethammeri 5.72 15.8
IBE-C5367 N. f. fodiens 5.26 15.1
IBE-C5368 N. f. niethammeri 5.37 16.2
IBE-C5369 N. f. fodiens 5.31 15.7
IBE-C5370 N. f. fodiens 5.18 15.0
IBE-C5371 N. f. niethammeri 5.52 15.4
IBE-C5372 N. f. niethammeri 54 15.7
IBE-C5374 N. f. fodiens 4.9 14.6
IBE-C5375 N. f. fodiens 5.2 15.6
IBE-C5376 N. f. fodiens 5.17 14.9
IBE-C5377 N. f. niethammeri 5.53 15.9
IBE-C5603 N. f. niethammeri 5.84 16.2
IBE-C5604 N. f. niethammeri 5.93 16.3
IBE-C5605 N. f. niethammeri 5.72 16.4
IBE-C5697 N. f. niethammeri 5.49 15.9
IBE-C5699 N. f. niethammeri 54 16.1
IBE-C5701 N. f. niethammeri 5.82 15.8
IBE-C5709 N. f. niethammeri 5.67 15.4
IBE-C5741 N. f. niethammeri 543 15.8
IBE-C5742 N. f. fodiens 5.06 15.3
IBE-C5744 N. f. fodiens 5.24 15.1
IBE-C6063 N. f. fodiens 5.08 15.1
IBE-C6064 N. f. fodiens 5.08 14.8
IBE-C6066 N. f. fodiens 5.11 15.3
IBE-C6069 N. f. fodiens 5.2 14.6
IBE-C6103 N. f. niethammeri 5.68 15.6
IBE-C6104 N. f. niethammeri 5.72 15.8
IBE-C6105 N. f. niethammeri 5.84
IBE-C6106 N. f. niethammeri 5.99
IBE-C6108 N. f. niethammeri 5.62
IBE-C6109 N. f. niethammeri 5.82 16.3
IBE-C6110 N. f. niethammeri 5.54 16.0
IBE-C6111 N. f. niethammeri 5.81 16.6
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IBE-C6112 N. f. niethammeri 5.6 15.7
IBE-C6113 N. f. niethammeri 5.48 15.6
IBE-C6115 N. f. niethammeri 543

IBE-C6116 N. f. niethammeri 5.74 15.9
IBE-C5187 N. anomalus 4.28 13.9
IBE-C5189 N. anomalus 4.66 14.5
IBE-C5190 N. anomalus 4.36 14.1
IBE-C5379 N. anomalus 4.27

IBE-C5381 N. anomalus 4.55 15.0
IBE-C5382 N. anomalus 4.52 14.5
IBE-C5383 N. anomalus 4.62

IBE-C5700 N. anomalus 431 14.3
IBE-C5719 N. anomalus 4.36 13.9
IBE-C5720 N. anomalus 4.22 14.1
IBE-C5726 N. anomalus 4.3 14.4
IBE-C6065 N. anomalus 4.29 14.2
IBE-C6119 N. anomalus 4.44 14.7
IBE-C6120 N. anomalus 4.48 14.4
IBE-C6121 N. anomalus 4.37 14.3
IBE-C6124 N. anomalus 4.53 14.5
IBE-C101 N. f. fodiens 4.95 14.9
IBE-C1914 N. f. fodiens 4.92 15.2
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Table S3. Primers used in this work for the amplification of the different overlapping
fragments of the cytochrome b and the special fragment employed in highly degraded
samples (Neo 1.2). Fragment Neo 1.2 allowed the amplification of 26 % of the mandibles
used in this study, whereas only 14 % of the available mandibles tested remained
undetermined. Primer temperature (T) and length of the amplified sequences without
counting primers are also shown. Newly designed primers or modified from a previous
published work (Igea et al., 2015) are marked with an asterisk. For fresh tissue or recent
skull samples the whole cytochrome b sequence could be obtained in a single PCR reaction

using flanking primers (1).

Fragment Name Primer sequence T (°C)  Length (bp)

Neol Neomys tRNAGIu (1) ATCGTTGTTATTCAACTATAAGAAC 64 404
Neomys cytb R1.2 * CCYCARAATGATATTTGYCCTCA 65

Neo2 Neomys cytb F2.3 * CAGTTATAGCYACTGCCTTTATA 63 358
Neomys cytb R2.1* AATTRTCYGGGTCTCCGAGTA 62

Neo3 Neomys cytb 614F TWTTCCTYCATGAAACAGGATC 61 544
Neomys tRNAThr (1) TTTTGGTTTACAAGACCAGTGTAT 64

Neol 2 Neomys cytb F1.1 * TAGCAATACATTAYACTTCMGACAC 68 226
' Neomys cytb 403R YCCYCARAATGATATTTGYCCTCA 68

113



IV. ANNEX

Table S4. Primer pairs used to sequence intron fragments in Neomys species. For some
introns, more than one pair was designed and the final established set is shown with an
asterisk. Amplification of degraded samples with shorter fragments allowed a gain of 12 %
of amplified loci. Primer temperature (T), amplified length without counting primer
sequence, and number of samples sequenced with each pair are shown. Primer design tried
to homogenize hybridization temperature of the different markers, which was set to 65° in
conventional PCR reactions and 63° when using Multiplex, as higher temperatures were
not recommended in this protocol.

. T Length Samples
Nuclear marker Name Primer sequence Q) (bp) sequenced
SBea ASB6.2-F2 TCCTGGGTGATAACAAAGGCCT * 66 s o
- ASB6-2-R2 CAGGTGCGTCAGTGCCTGCT * 66
SFaa CSF2-2-F2 GGCACTGGTGGTAGTCAGTGA * 66 20 5
- CSF2-2-R2 TGGACATGAGTCTGAATCTTGCT * 66
GDAPI1-F2 CAGCACCAGGACAGCTCCCA 66 20 .
CDAPLI GDAPI-R2 ATGCTAAAGGAGGTAACTGTGGA 66
- GDAPI1-F3 ACCAGGACAGCTCCCAGGGT * 66 108 “
GDAPI-R3 GCGTTTCTCTCTGCATCTCTCT * 66
IMID2-F2 TGCGGTCAGCGGCCATCTCA 66 2o "
MID IMID2-R2 CAAGGTTCCTGCTGGCCAGCT 68
- IMID2-F3 CTCCACCCTGGYAGAACCCT * 65 . il
IMID2-R3 TCACAGCACCTGCTCTGTGCT * 66
MYCBPAP-F2 CAGTTTTATTTTGACAACCGGGAA 66 » .
MYCBPAP-R2 CGTYTCTTCAGGCAGAATCACA 65
MYCBPAP-F3 CCCAGGGAGCAGGAGCATTCT 68
MYCBPAP-I1 'y CBPAP-R2  CGTYTCTTCAGGCAGAATCACA 65 200 6
MYCBPAP-FS ATTCTAGGGGTTYAGCTGCTTCT * 67 . 43
MYCBPAP-R2 CGTYTCTTCAGGCAGAATCACA * 65
TRAIP-F3 GCTCCTGGCTCCTAGACATCT * 66
TRAIP-8 TRAIP-R3 CCCAGGCTGAACTCTCCACAA * 66 198 >3
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Table S5. Allele-specific primers used for amplification and sequencing of nuclear introns.
Primer temperature (T) and polymorphic position of the sequence (SNP position) are also
shown. PCRs were performed with an annealing temperature of 65° or 63° with
conventional or Multiplex reactions, respectively. 14 % of samples were phased for
MYCBPAP-11 introns using these primers.

Primer name Primer sequence T (°C) SNP

position
MYCBPAP-F5_A TGGGCCCGGGGCTCCCTTA 66 123
MYCBPAP-F5_ T TGGGCCCGGGGCTCCCTTT 66 123
MYCBPAP-R2 C GGCAGAAGCCAGCTGAGGCC 68 134
MYCBPAP-R2 G GGCAGAAGCCAGCTGAGGCG 68 134
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Table S6. Samples of Arvicola sp. used in the study including species name, sample type

and geographic information. Samples from the Museum of Southwestern Biology (MSB),
the University of Alaska Museum (UAM) and the Museum of Vertebrate Zoology (MVZ)
are indicated with their respective codes.

Specimen Code  Species Sample Lat Lon Locality Administrative
type Division / Country
IBE _C5800 A. scherman Tissue 435 6.7 Coafia Asturias
IBE C5801 A. scherman Tissue 435  -6.7 Coafia Asturias
IBE C5796 A. scherman Skull 432 -6.6 Santa Marina de Obanca  Asturias
IBE C5791 A. scherman Skull 432 -6.6 Santa Marina de Obanca  Asturias
IBE C5795 A. scherman Skull 432 -6.6 Santa Marina de Obanca  Asturias
IBE C4973 A. scherman Tissue 434 -64 La Fajera Asturias
IBE C4971 A. scherman Tissue 43.0 -6.1 Valle de Lago Asturias
IBE C4968 A. scherman Tissue 430 -59 La Cubilla Leén
IBE C5802 A. scherman Tissue 432 58 Mieres Asturias
IBE _C5803 A. scherman Tissue 432 58 Mieres Asturias
IBE C4986 A. scherman Tissue 434 54 Porefio Asturias
IBE C4979 A. scherman Tissue 435 54 Santa Marina Asturias
IBE C6033 A. scherman Skull 428 53 La Ercina Leén
IBE C6027 A. scherman Skull 428 53 La Ercina Leén
IBE C6026 A. scherman Skull 428 52 Valporquero de Rueda Leén
IBE C4965 A. scherman Tissue 433 49 Asiego Asturias
IBE C4966 A. scherman Tissue 433 49 Asiego Asturias
IBE C2497 A. scherman Skull 43.0 -42 Villacantid Cantabria
IBE C2354 A. scherman Skull 43.0 -42 Villacantid Cantabria
IBE C4975 A. scherman Tissue 433 2.1 Usurbil Gipuzkoa
IBE C4974 A. scherman Tissue 433 2.1 Usurbil Gipuzkoa
IBE C4969 A. scherman Tissue 433 2.0 Ibaeta Gipuzkoa
IBE C4970 A. scherman Tissue 433 2.0 Ibaeta Gipuzkoa
IBE C4977 A. scherman Tissue 433  -19 Astigarraga Gipuzkoa
IBE C4976 A. scherman Tissue 433  -19 Astigarraga Gipuzkoa
IBE C5797 A. scherman Tissue 430 -13 Burguete Navarra
IBE C5793 A. scherman Skull 430 -13 Burguete Navarra
IBE C5012 A. scherman Tissue 427 0.8 Arrds Lleida
IBE C5010 A. scherman Tissue 427 0.8 Arrds Lleida
IBE C5013 A. scherman Tissue 427 0.8 Arrds Lleida
IBE C5011 A. scherman Tissue 427 0.8 Arrds Lleida
IBE C4356 A. scherman Tissue 426 12 Ribera de Cardos Lleida
MVZ 155884 A. scherman Tissue 46.8 8.4 Engelberg Switzerland
UAM 64164 A. amphibius ~ Tissue 622 228 Alkkia Finland
UAM_ 64166 A. amphibius ~ Tissue 622 228 Alkkia Finland
MSB 288873 A. amphibius  Tissue 48.2  89.0 Songinot Gol Mongolia
MSB 289204 A. amphibius  Tissue 48.2  89.0 Songinot Gol Mongolia
MSB 148349 A. amphibius  Tissue 61.2 1327  AmgaRiver Russia
MSB 148350 A. amphibius  Tissue 61.2 1327  Amga River Russia
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Table S7. Parameters used in stacks for the different datasets analyzed and number of
loci and base pairs obtained in each case. Number of loci and SNPs in dataset 2 slightly
differs due to the use of two population export formats for the populations program.

Dataset 1 Dataset 2
. . m=12 m=6
Parameters in populations of Stacks =051 =1
Total loci 45,813 loci 3,361 loci
Total sequence length 6,642,885 base pairs 487,345 base pairs
Variable loci / SNPs 39,207 loci 2,874 loci / 2877 SNPs

Length in variable loci

5,685,015 base pairs

416,730 base pairs
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Table S8. Genetic diversity parameters (n and 0) of the different introns estimated for all
N. fodiens samples and the two different populations considered.

All Iberian Eurasian
i 0 i 0 i 0
ASB6-2 0.0009 0.0034 0.0010 0.0027 0.0005 0.0011
CSF2-2 0.0002 0.0009 0.0003 0.0009 0.0000 0.0000
GDAPI-1 0.0023 0.0010 0.0024 0.0010 0.0021 0.0013
JIMID-2 0.0054 0.0050 0.0036 0.0040 0.0069 0.0032
MYCBPAP-11  0.0055 0.0040 0.0058 0.0032 0.0006 0.0014
TRAIP-8 0.0004 0.0019 0.0002 0.0010 0.0010 0.0012

Nuclear average 0.0025 0.0027 0.0022 0.0021 0.0019 0.0014
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Table S9. Basic statistics of the bioinformatic analyses of the genomic libraries before

and after filtering the exogenous sequences present in every sample.

PREFILTERED FILTERED

Specimen Assembled  Assemble Coverage Assembled Assembled Coverage Percentage of
Code reads d loci reads loci endogenous DNA
IBE-C5800 3,426,361 87,674 39.1 2,815,345 51,244 54.9 82.2
IBE-C5801 3,799,579 81,871 46.4 3,223,915 51,114 63.1 84.8
IBE-C5796 15,660,996 112,436 139.3 1,342,487 48,108 27.9 8.6
IBE-C5791 8,251,001 245,821 33.6 4,517,558 52,230 86.5 54.8
IBE-C5795 11,122,396 131,273 84.7 7,130,304 51,550 138.3 64.1
IBE-C4973 3,299,873 83,466 39.5 2,698,496 50,987 52.9 81.8
IBE-C4971 3,448,010 87,047 39.6 2,679,942 50,979 52.6 77.7
IBE-C4968 3,290,333 77,114 42.7 2,846,154 50,932 55.9 86.5
IBE-C5802 3,471,619 89,083 39.0 2,832,729 51,462 55.0 81.6
IBE-C5803 4,185,777 87,169 48.0 3,500,468 52,053 67.2 83.6
IBE-C4986 2,295,282 97,802 23.5 1,676,338 51,098 32.8 73.0
IBE-C4979 2,913,053 81,270 35.8 2,411,892 50,148 48.1 82.8
IBE-C6033 3,462,082 101,741 34.0 1,842,996 49,982 36.9 53.2
IBE-C6027 11,799,850 93,577 126.1 1,369,570 44,944 30.5 11.6
IBE-C6026 6,618,081 145,709 454 4,690,568 50,731 92.5 70.9
IBE-C4965 2,232,377 80,341 27.8 1,763,455 49,600 35.6 79.0
IBE-C4966 2,976,810 93,960 31.7 2,120,171 49,994 42.4 71.2
IBE-C2497 4,341,737 139,354 31.2 3,063,097 53,665 57.1 70.6
IBE-C2354 6,420,061 126,652 50.7 4,776,479 53,273 89.7 74.4
IBE-C4975 3,236,023 79,867 40.5 2,596,083 50,195 51.7 80.2
IBE-C4974 1,948,901 86,981 224 1,366,608 47,991 28.5 70.1
IBE-C4969 2,693,192 82,608 32.6 2,229,766 51,417 43.4 82.8
IBE-C4970 3,019,630 86,390 35.0 2,426,066 51,681 46.9 80.3
IBE-C4977 2,076,792 91,064 22.8 1,520,958 50,286 30.2 73.2
IBE-C4976 1,760,633 74,562 23.6 1,455,469 49,704 29.3 82.7
IBE-C5797 3,785,135 92,407 41.0 2,942,600 51,069 57.6 77.7
IBE-C5793 10,306,646 176,053 58.5 7,212,609 56,014 128.8 70.0
IBE-C5012 2,891,562 96,721 29.9 2,208,599 51,682 42.7 76.4
IBE-C5010 2,029,993 82,628 24.6 1,539,931 48,875 31.5 75.9
IBE-C5013 6,520,367 168,006 38.8 4,754,722 52,057 91.3 72.9
IBE-C5011 7,500,393 124,048 60.5 5,757,512 53,542 107.5 76.8
IBE-C4356 1,985,169 76,003 26.1 1,566,069 48,586 322 78.9
MVZ-155884 8,010,044 106,245 75.4 6,434,560 53,952 119.3 80.3
UAM-64164 6,352,507 137,650 46.1 3,964,195 43,649 90.8 62.4
UAM-64166 1,167,434 54,473 214 659,945 29,914 22.1 56.5
MSB-288873 4,716,459 79,076 59.6 3,435,332 44,860 76.6 72.8
MSB-289204 5,779,469 72,191 80.1 3,982,328 42,853 92.9 68.9
MSB-148349 8,358,565 98,527 84.8 6,117,091 46,011 132.9 73.2
MSB-148350 5,756,804 84,216 68.4 4,365,322 45,416 96.1 75.8
Average 4,946,436 102,387 47.4 3,175,326 49,586 63.4 71.3
Sum 192,910,996 3,993,076 123,837,729 1,933,848
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Table S10. Statistics obtained for the library samples depending on the sample type.
Values in brackets for the average heterozygosity rate include only individuals from the

Cantabrian Mountains population.

Tissue Skull
Number of samples 30 9
Average reads before filtering 3,830,938 8,004,761
Average assembled loci before filtering 90,682 141,402
Average reads 2,929,735 3,993,963
Average loci 49,112 51,166
Endogenous DNA (%) 77 53
Coverage 59 76
Average heterozygosity rate 1,134 (1,312) 1,225 (1,272)
Average missing loci (%) 23 22
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Table S11. Pairwise Fy values obtained between the different populations analyzed.

Pyrenees Cantabrian Mountains  Central European
Cantabrian Mountains  0.27 (0.26 - 0.29)
Central European 0.30(0.26 -0.33) 0.34(0.30-0.37)
A. amphibius 0.65 (0.63 - 0.67)  0.65 (0.63 - 0.67) 0.66 (0.63 - 0.68)
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Table S12. Mutation rates estimated in the BEAST2 analysis using orthologues loci from
other species of rodents and a fossil calibration point.

Locus name . . Rate

(mutations/site/yr)
Arvicola 45428 2.98E-10
Arvicola 42847 5.11E-10
Arvicola 27128 7.91E-10
Arvicola 40724 8.69E-10
Arvicola 3538 9.46E-10
Arvicola 13117 9.84E-10
Arvicola 21281 1.06E-09
Arvicola 27599 1.16E-09
Arvicola_ 6155 1.23E-09
Arvicola 11376 1.25E-09
Arvicola 1295 1.29E-09
Arvicola 25554 1.34E-09
Arvicola 22032 1.51E-09
Arvicola 15252 1.52E-09
Arvicola_ 45150 1.57E-09
Arvicola 34719 1.57E-09
Arvicola_ 8255 1.60E-09
Arvicola 25127 1.64E-09
Arvicola 5164 1.67E-09
Arvicola_ 45270 1.75E-09
Arvicola 2503 1.82E-09
Arvicola 36177 1.89E-09
Arvicola 38973 1.91E-09
Arvicola 539 1.91E-09
Arvicola 29000 1.94E-09
Arvicola 323 1.96E-09
Arvicola 35426 2.01E-09
Arvicola 14647 2.13E-09
Arvicola 27258 2.14E-09
Arvicola 27347 2.15E-09
Arvicola 43484 2.16E-09
Arvicola 16676 2.17E-09
Arvicola 45394 2.20E-09
Arvicola 13652 2.23E-09
Arvicola 45826 2.28E-09
Arvicola_8901 2.35E-09
Arvicola 11509 2.36E-09
Arvicola 49832 2.36E-09
Arvicola 32730 2.38E-09
Arvicola 40032 2.39E-09
Arvicola 8735 2.39E-09
Arvicola 46446 2.43E-09
Arvicola 21065 2.45E-09
Arvicola 50749 2.46E-09
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Arvicola 2944

Arvicola 18146
Arvicola 50803
Arvicola 11593
Arvicola 5283

Arvicola 22238
Arvicola 45768
Arvicola 28997
Arvicola 9776

Arvicola 25695
Arvicola 23832
Arvicola 15494
Arvicola 14543
Arvicola 17227
Arvicola 46856
Arvicola 23384
Arvicola 7123

Arvicola 40876
Arvicola 17389
Arvicola 7454

Arvicola 26217
Arvicola 34108
Arvicola 28823
Arvicola 28389
Arvicola 23533
Arvicola 6124

Arvicola 37324
Arvicola 14628
Arvicola 19415
Arvicola 45177
Arvicola 5737

Arvicola 49442
Arvicola 14128
Arvicola 34910
Arvicola 51131
Arvicola 6366

Arvicola_30646
Arvicola 30182
Arvicola 11439
Arvicola 5712

Arvicola 50070

2.47E-09
2.49E-09
2.52E-09
2.58E-09
2.60E-09
2.63E-09
2.71E-09
2.72E-09
2.79E-09
2.80E-09
2.93E-09
2.95E-09
2.95E-09
3.02E-09
3.04E-09
3.14E-09
3.18E-09
3.25E-09
3.29E-09
3.36E-09
3.44E-09
3.45E-09
3.50E-09
3.52E-09
3.53E-09
3.71E-09
3.78E-09
3.79E-09
3.83E-09
3.94E-09
4.11E-09
4.17E-09
4.18E-09
4.19E-09
4.22E-09
4.23E-09
4.29E-09
4.45E-09
4.58E-09
5.02E-09
5.33E-09
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Figure S1. Landmarks selected in this study in order to estimate the centroid size and
perform principal components analysis. Landmarks 1 and 7 were used to calculate the
height of the coronoid process, as shown with the line.
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Figure S2. Plot across longitude showing differences in skull size of N. fodiens
subspecies found in the Iberian Peninsula, as measured with the centroid size of the
16 landmarks selected.
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Figure S3. Bayesian phylogenetic tree of sequences obtained in this work plus
sequences from Igea et al. (2015) and sequences downloaded from GenBank. The
scale is in substitutions per position. Posterior probabilities are indicated for the
species and the clades mentioned in the text.
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Size increase without genetic
divergence in the Eurasian water
shrew Neomys fodiens
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Pere Aymerich®, Joaquim Gosalbez®, Lidia Escoda’ & Jose Castresana(®'"

When a population shows a marked morphological change, it is important to know whether that
population is genetically distinct; if it is not, the novel trait could correspond to an adaptation that
might be of great ecological interest. Here, we studied a subspecies of water shrew, Neomys fodiens
niethammeri, which is found in a narrow strip of the northern Iberian Peninsula. This subspecies presents
an abrupt increase in skull size when compared to the rest of the Eurasian population, which has led

to the suggestion that it is actually a different species. Skulls obtained from owl pellets collected

over the last 50 years allowed us to perform a morphometric analysis in addition to an extensive
multilocus analysis based on short intron fragments successfully amplified from these degraded
samples. Interestingly, no genetic divergence was detected using either mitochondrial or nuclear data.
Additionally, an allele frequency analysis revealed no significant genetic differentiation. The absence of
genetic divergence and differentiation revealed here indicate that the large form of N. fodiens does not
correspond to a different species and instead represents an extreme case of size increase, of possible
adaptive value, which deserves further investigation.

Phylogeographic studies allow researchers to understand not only the geographical distribution of genetic diver-
sity, but also the evolution of phenotypic differences that might have adaptive potential>. Changes in body size
are among the most important sources of phenotypic variation in endothermic vertebrates®*. They can occur
across a clinal variation as a consequence of the changing environment’, in islands due to ecological release®, or be
restricted to a limited region within a species’ range due to local adaptation’. In some of these cases, populations
with different body sizes are recognized as subspecies. Other instances of body-size modification in specific areas
do not result in taxonomic changes as they are likely to correspond to ecotypes that can exploit new resources,
more accessible to individuals with either smaller or larger body sizes®'°. Understanding the origin and evolution
of such body size changes and whether these arose through a process of isolation or a rapid ecological adaptation
requires a thorough phylogeographic and population genetics analysis, something that many studies on this topic
lack.

The Eurasian water shrew (Neomys fodiens) is a good example of where the relationship between body size
variation and phylogeography can be studied. This species has a Eurasian distribution, ranging from the northern
Iberian Peninsula to eastern Asia!l. It is a semi-aquatic species that inhabits water courses and other wetland habi-
tats with abundant invertebrate prey'"'>. Among the four species described in the genus", N. fodiens is considered
the most aquatic due to its excellent diving ability, although it sometimes demonstrates terrestrial behavior'>'*.

Several subspecies have been proposed for N. fodiens, but none has been adequately assessed, with the excep-
tion of N. f. niethammeri'. This taxon is present in the north-central Iberian Peninsula, from the Cantabrian
Range to the western end of the Pyrenees (Supplementary Fig. S1)'-°, and is characterized by the largest skull
size observed throughout the range of N. fodiens'. This size increase in a specific population is striking, as the
morphology of this species is fairly stable across the rest of its European range®. N. f. niethammeri lives sympat-
rically with N. anomalus®', which was recently separated from the European species N. milleri'***. A population
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of the nominal subspecies N. f. fodiens is found beyond the range of N. f. niethammeri'2, making that the popu-
lation of N. f. niethammeri is flanked by populations of N. f. fodiens (Supplementary Fig. S1). Coronoid height
has been widely used to differentiate Neomys species in paleontological and neontological studies'”**-%, and is
also the main character to distinguish N. f- niethammeri'®-"°. Due to the much larger size of the latter, it has been
suggested that it is a different species in numerous studies, including the most important reference works on
mammalsll,IS,IS,l‘).

Improved laboratory techniques, many adopted from ancient DNA studies that target low quality and
degraded DNA, have enabled the use of non-invasive and minimally invasive samples as well as different types of
post mortem remains in phylogeographic studies?®?’. This has made it possible to genetically analyze elusive and
threatened species, as larger sample sets that do not require the manipulation or capture of specimens become
available for study?>?%%. For example, skull bones obtained from owl pellets containing undigested material from
small mammal prey have been used in various phylogeographic studies®*-*2. This material is very interesting as
it can be used for both morphological and genetic work. However, despite this potential, few studies have taken
advantage of skull bones from owl pellets for simultaneous genetic and morphometric analyses and, in particular,
to recover nuclear data.

Mitochondrial DNA is more abundant than nuclear DNA in animal cells and can be more easily amplified
from degraded samples. Nevertheless, mitochondrial introgression, which is a common phenomenon in mam-
mals, may lead to erroneous conclusions if only mitochondrial genes are considered**. The development of
highly variable nuclear markers avoids the problems of using solely mitochondrial sequences and allows the use
of coalescent-based methods®?, thus leading to robust conclusions on the origin and evolution of biodiver-
sity!>333738 Tt is therefore important to develop nuclear markers that can be amplified from degraded samples, in
which the DNA fragment size is shorter. In order to amplify these short fragments, primers need to be designed
to reduce the size of the PCR product so that more DNA becomes available for amplification, thus exploiting the
full potential of multilocus information.

The main objective of this work was to understand whether the size increase observed in N. f. niethammeri
is linked to genetic distinctiveness. To discern this, we first designed novel nuclear introns that could be ampli-
fied using skull bones extracted from barn owl pellets collected over recent decades. From this material we then
amplified mitochondrial and nuclear markers, and performed a morphological analysis as well as a multilocus
study of genetic divergence, differentiation, and diversity. The results showed that the relationship between phe-
notypic novelty and phylogeography is not always easily predictable.

Results

Morphometric analyses of Neomys mandibles. Skull samples from 67 Neomys individuals
(Supplementary Table S1) were obtained, primarily, from barn owl pellets collected over the last 50 years in
the northern Iberian Peninsula. The samples came from approximately longitudes —7° to 2°, where two sub-
species of N. fodiens, as well as N. anomalus, are present (Fig. 1). Landmarks were taken from each mandible
(Supplementary Appendix S1) to measure the coronoid height and perform a geometric morphometric analysis.
According to the coronoid height (Supplementary Fig. S2), 32 samples were classified as N. f. niethammeri, 19 as
N. f. fodiens, and 16 as N. anomalus (Supplementary Table S2). Plotting these measurements against longitude, we
confirmed an abrupt size increase in N. f. niethammeri in the north-central part of the Iberian Peninsula, approx-
imately between longitudes —6.25° and —1° (Fig. 1c), corroborating previous work'”'®. We found individuals
of both sizes in the same locality, indicating a certain overlap in the distribution of the two groups. The skulls of
the sympatric species N. anomalus were always smaller than those of N. fodiens (Supplementary Table S2). The
centroid size of the mandibles provided similar results (Supplementary Fig. S3 and Supplementary Table S2). A
principal components analysis of the landmarks allowed N. anomalus to be distinguished from N. fodiens, but not
N. f. niethammeri from N. f. fodiens (Fig. 2), indicating that the two N. fodiens subspecies were similar in shape.

Mitochondrial phylogeny of Neomys. Both complete and partial mitochondrial cytochrome b sequences
were obtained from 85 samples of N. fodiens, including all the mandibles used in the morphometric analysis plus
additional tissue samples from Eurasia (Fig. 1 and Supplementary Table S1). Some primers were newly designed
(Supplementary Table S3) so that sequences could be obtained from the majority of samples, including the oldest
(Supplementary Table S1). The Bayesian mitochondrial tree reconstructed with the N. fodiens mitochondrial
sequences can be subdivided into three main clades separated by relatively long branches and moderate or high
support (Fig. 3): one includes the Iberian samples and a sample from a nearby locality in France; the second con-
sists of a single sample from southern Italy; and the third comprises samples from the remaining Eurasian range
of the species. Coronoid height measurements mapped into this tree indicated that individuals classified as N. f.
niethammeri appeared randomly across the Iberian clade, reflecting the fact that the two subspecies were indistin-
guishable at the mitochondrial level. When additional sequences from other Neomys species were included in the
Bayesian phylogenetic analysis to configure a dataset of 136 sequences, the tree perfectly separated the four spe-
cies in the genus, but N. f. fodiens and N. f. niethammeri were once again intermixed in the tree (Supplementary
Fig. S4). Similar results were obtained with a maximum-likelihood method (Supplementary Fig. S5).

Development of nuclear markers for degraded Neomys samples.  We developed a set of six short
intron markers (ASB6 intron 2, CSF2 intron 2, GDAP1 intron 1, JMJD intron 2, MYCBPAP intron 11, and TRAIP
intron 8) that could be amplified using DNA extracted from the mandibles, despite the high degradation levels of
some of them (Supplementary Table S4). For some introns, several rounds of primer design were performed to
shorten the PCR product and allow the amplification of the most degraded samples (Supplementary Table S4).
In this way, we obtained nuclear information from most of the recent samples, as well as from a good proportion
of the older samples, including those collected during the 1970s (Supplementary Table S1). For some introns,
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Figure 1. Distribution of the samples used in this study. (a) Map of all Neomys samples with the main study
area highlighted, (b) enlargement of the northern Iberian Peninsula showing only N. fodiens specimens, and (c)
plot across longitude in the Iberian Peninsula showing differences in skull size as measured using the coronoid
height for N. fodiens. Samples from Igea et al.'* are included but sequences from databases are not. Note that
the samples of N. fodiens not corresponding to N. f. niethammeri may include several subspecies: the European
specimens most likely correspond to N. f. fodiens but those from Central Asia may belong to other subspecies
whose ranges are not clearly delimited.

allele-specific primers were designed to separate heterozygous sequences (Supplementary Table S5). A total of
58 samples with a minimum of four sequenced introns were used in further analyses, including 37 mandibles
and 11 tissues, together with sequences from 10 samples taken from a previous work'® (Supplementary Table S1).
Considering all the introns together, 172 sequences were used from N. f. niethammeri, 250 from the other N.
fodiens specimens, 158 from N. anomalus, 48 from N. milleri, and 24 from N. feres, totaling 123,556 bp of nuclear
sequence information after alignment cleaning (Supplementary Appendix S2).

Multilocus phylogenetic analysis of Neomys. Haplotype genealogies derived from the
maximum-likelihood trees of the nuclear sequences showed a low degree of allele sharing between the four
Neomys species (Fig. 4a). On the other hand, N. f. niethammeri and the rest of N. fodiens shared the most frequent
alleles (largest circles in Fig. 4a), although most minor alleles were exclusive to one group or the other (smaller
circles in Fig. 4a). Since the mutational differences between the alleles were minimal, both groups were completely
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Figure 2. Principal components analysis of the mandible landmarks of Iberian N. fodiens and N. anomalus
individuals.

intermixed in the phylogenetic tree reconstructed using the concatenated intron sequences (Fig. 4b). In fact, no
clades within N. fodiens can be distinguished in the nuclear tree.

Genetic differentiation. To study the possibility that differentiated groups existed within N. fodiens, we
next converted the six intron alignments into a multi-allelic data format. There were 22 different alleles and
therefore the average number of alleles per locus was 3.7. Using this information, we calculated the Fg; distance
between N. f. niethammeri, N. f. fodiens from the northern Iberian Peninsula, and N. fodiens from the rest of
the range. The value obtained between N. f. niethammeri and Iberian N. f. fodiens was 0.040 and it was not sig-
nificant (95% confidence interval: —0.005, 0.085). Fq; values between these and the other population were also
non-significant.

Nuclear genetic diversity of N. fodiens populations. Individual heterozygosity estimated from the
nuclear introns of N. fodiens specimens showed that the most heterozygous samples were from the northern
Iberian Peninsula (Fig. 5). Thus, we found an average of 0.0013 heterozygous positions in the Iberian samples
(including both N. f. fodiens and N. f. niethammeri) versus 0.0004 in the rest of the sampled range. When the
nuclear data was analyzed at the population level, the average 0 values were 0.0021 and 0.0014 for these two
groups, respectively (Supplementary Table S6), showing the same trend. The same was found with the © param-
eter (Supplementary Table S6).

Discussion

The multilocus dataset used in this study of the Eurasian water shrew Neomys fodiens was based on the mitochon-
drial cytochrome b gene and six small intron fragments. The lengths of the newly designed introns (153-229 bp)
were smaller than those of previously proposed intron markers'*¥, in order to facilitate the amplification of
degraded DNA obtained from skulls from owl pellet material. Using the novel primers, we amplified between
4 and 6 introns from 37 mandible samples of Neomys, many of which had been collected during the 1970s
(Supplementary Table S1). Despite their relatively short lengths, the intron markers were variable enough to
detect mutational differences between species. They also enabled the reconstruction of a nuclear phylogenetic
tree, which was compared with the mitochondrial tree and used to detect any possible occurrence of mito-nuclear
discordance in Neomys. Finally, once these intron markers were converted to allele frequency data, and despite the
small number of markers used, they allowed us to undertake a differentiation analysis of the main populations of
N. fodiens. Therefore, thanks to the various genetic analyses performed, these novel markers were highly useful
in unraveling the evolutionary history of N. f. niethammeri and, specifically, assessing whether the morpholog-
ical differences observed (large skull size) arose through a long period of isolation and genetic differentiation.
Furthermore, to our knowledge, this is one of the first studies where multilocus genetic data as well as morpho-
metric information of skulls obtained from owl pellets has been fully exploited, showing the enormous potential
of this type of non-invasive sampling for biodiversity studies.

The mitochondrial sequences of N. f. fodiens and N. f. niethammeri were intermixed in the phylogenetic tree,
meaning that there was no evidence to suggest genetic divergence (Figs 3 and S4). This was a highly unexpected
result for two populations with important skull size differences. Without further data, a possible explanation
could be that, in fact, these two forms were more divergent at the nuclear level but, due to some recent unidirec-
tional introgression event, N. f. niethammeri acquired the mitochondria of N. f. fodiens, a phenomenon that has
been observed in many other species****. With N. anomalus living sympatrically with N. fodiens in the northern
Iberian Peninsula, additional scenarios involving inter-specific introgression with this other species could not
be discarded, demonstrating the need to carry out a nuclear analysis. The phylogenetic tree we obtained using
nuclear data also revealed a lack of genetic divergence between the two N. fodiens subspecies (Fig. 4b). A first
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Figure 3. Bayesian tree of N. fodiens cytochrome b sequences. Samples with coronoid height measurement
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f- niethammeri. The scale is in substitutions per position and posterior probabilities are indicated for the clades
mentioned in the text.

conclusion from this work is, therefore, that our mitochondrial and nuclear data are consistent in highlighting a
lack of support for genetic divergence between N. f. fodiens and N. f. niethammeri.

The mitochondrial and nuclear phylogenies showed that the four Neomys species were reciprocally monophy-
letic in both trees (Figs 4b and S4). This suggests that there has been no recent mitochondrial introgression, not
only between N. fodiens groups, but also during the evolution of the Neomys species. Incidentally, the topological
relationships between the four Neomys species were not coincident in the mitochondrial and nuclear trees, since
N. milleri and N. anomalus group in the former, whereas N. milleri and N. teres appear as sister taxa in the latter.
However, this could be a consequence of methodological difficulties in resolving old divergences in the tree or
incomplete lineage sorting®, and it does not affect the conclusion that there has been no recent introgression in
Neomys. This reasonable mito-nuclear agreement enables the use of cytochrome b for species identification from
non-invasive samples in further ecological studies of this genus®.

Populations that have been isolated for a short period of time may not have accumulated enough mutations
to reflect phylogenetic separation, but, if the gene flow between them is low, differences in allele frequencies may
appear by genetic drift***!. To test the possibility that N. fodiens populations showed some degree of differentia-
tion, we computed Fgr statistics. No significant genetic differentiation was found. Thus, the increase in skull size
of N. f. niethammeri (Fig. 1¢) corresponded to neither a difference in shape (Fig. 2) nor mitochondrial (Fig. 3) or
nuclear genetic divergence (Fig. 4b), nor genetic differentiation of nuclear allele frequencies. In this respect, it is
interesting to note that fossil data of both forms have been found at ~40 kyr?***. This would suggest that a large
amount of gene flow must have occurred between the two forms to prevent genetic differentiation during all this
time, indicating the lack of reproductive barriers between them.
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Figure 4. Phylogenetic information derived from the 6 introns amplified in the Neomys samples. (a) Haplotype
genealogies where the size of the circles is proportional to the number of alleles detected. (b) Distance tree for
the concatenated introns with the scale in substitutions per position.

The populations of N. fodiens of the northern Iberian Peninsula are at the edge of the Palearctic range of the
species (Supplementary Fig. S1), which could lead to the hypothesis that this area was recently colonized from
the multiple European glacial refugia that have been described for various taxa*>*’. We found, however, that the
nuclear genetic diversity was higher in the Iberian samples than in the rest of the Palearctic samples analyzed here
(Fig. 5), something that is not consistent with the recent colonization of the Iberian Peninsula. The existence in
this area of fossil N. fodiens dated at ~40 kyr**?>* also supports the idea that the species was present in the Iberian
Peninsula long before the Last Glacial Maximum and, consequently, that these populations are not the product of
recent colonization. Instead, refugia in the Iberian Peninsula or nearby areas were likely to have been the source
for the recolonization of at least some parts of the western Palearctic*>*.

With regard to the taxonomic debate surrounding N. f. niethammeri, the phylogenetic analyses performed
here, using mitochondrial and intron sequences, indicate that N. f. niethammeri has not accumulated measurable
genetic divergence with respect to N. f. fodiens. There is also no significant genetic differentiation between them,
meaning that also allele frequencies are similar. Taking all this information into account, it is clear that N. f.
niethammeri cannot be considered an independent species, contradicting previous studies where it was suggested
that N. f. niethammeri might warrant species status'"'>!'%1°. An alternative suggestion is that N. f. niethammeri is
an ecotype, although further work would be required to corroborate this point.

Indeed, the lack of genetic divergence and differentiation revealed here suggests that the large skull of N. f.
niethammeri possibly arose as an adaptation to the environment. Two main hypotheses can be used to explain
this. Firstly, a previous hypothesis proposed that more calcareous substrates present in the central part of the
Cantabrian Range could have resulted in rivers richer in nutrients and a consequent selection of individuals with
better-developed mandibles to capture larger prey'”'s. However, N. fodiens lives in other areas with calcareous
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Figure 5. Map of color-coded individual heterozygosity rates in N. fodiens. (a) Map of all samples with the
main study area highlighted, and (b) enlargement of the northern Iberian Peninsula. The scale is in number of
heterozygous positions per base.

substrates where it displays no change in body size, so this is unlikely to have been the sole driver. Alternatively,
the size increase of N. f. niethammeri could have resulted from ecological displacement due to competition with
the Iberian endemic N. anomalus, similar to that observed in other mammals*#%. An increase in the size of N. f.
niethammeri could have favored access to new resources, for example larger prey, thus limiting competition with
N. anomalus. In principle, both species occupy the same aquatic habitat in the northern Iberian Peninsula and
most of the range of N. f. niethammeri overlaps with that of N. anomalus'>?!, making competition between the
two species possible. The interaction of N. fodiens with N. milleri has been studied in Europe, where both species
live sympatrically*’. However, the interaction of N. fodiens with N. anomalus when they live sympatrically has
never before been studied, and this may be totally different to that which occurs when it coincides with N. mill-
eri, so we do not know if and how this interaction could have stimulated a size increase in N. f. niethammeri. We
therefore suggest that future studies be directed at understanding the micro-habitat and inter-specific interactions
of these Neomys species. We hope that a combined genetic and ecological approach will help unravel why N. f.
niethammeri experienced an abrupt increase in skull size across a narrow strip in the Iberian Peninsula, and reveal
the evolutionary advantages and possible ecological consequences of this phenotypic novelty.

Methods
Sample collection. A total of 79 samples from the Palearctic range of the genus Neomys, with special empha-
sis on N. f. niethammeri and N. f. fodiens from the Iberian Peninsula, were analyzed (Fig. 1 and Supplementary
Table S1). These included 68 skull samples from barn owl pellets collected in the field, of which 65 could be used
for genetics and morphometry, and 3 could only be used for genetic analysis. Some of these samples had been
analyzed in a previous morphological study of N. f. niethammeri"’. In addition, 9 tissue samples were loaned from
museums and colleagues, and 2 tissue samples were taken from our own collection.

To complete the phylogenetic analysis, cytochrome b and nuclear sequences of 18 Neormys samples were taken
from Igea et al."® and 39 cytochrome b sequences were downloaded from GenBank™. Two of the N. fodiens skull
samples available from Igea et al."® were used for morphometry.

Ethics statement. No live animals were collected for this study and therefore no ethics permit was necessary.

Measurements and geometric morphometric analysis.  After cleaning the skulls extracted from the
owl pellets, we used only one lower mandible per skull and the rest was stored. Images of the 67 mandibles,
together with a scale, were taken with a Canon 100D camera and a Canon EF-S 60 mm f/2.8 macro objective. The
Image] 1.50i°! program was then utilized to take 16 landmarks from each sample (Supplementary Fig. S2 and
Supplementary Table S2). Many of the mandibles were partially broken or without teeth due to the digestion pro-
cess so that no landmarks were taken in teeth. Landmarks 1 and 7 were used to calculate the coronoid height (for
six partial mandibles, only these two landmarks could be obtained). According to previous works, the coronoid
height ranges considered to discriminate the different taxa were: <4.70 mm for N. anomalus; 4.80-5.35 mm for N.
f fodiens; and >5.35mm for N. f. niethammeri'®**. With the coordinates of the 16 landmarks, and using Morpho]
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version 1.06d°%, we made a Procrustes fit, calculated the centroid size, and performed a principal components
analysis from the covariance matrix. Landmark coordinates of the mandibles used in this study are available in
TPS format in Supplementary Appendix 1.

DNA extraction, PCR amplification and sequencing. The photographed mandibles were then used
for DNA extraction. They were first powdered using liquid nitrogen and a mortar after which genomic DNA
was extracted with a QIAamp DNA Micro kit. In the case of tissues, DNA was extracted with a DNeasy Blood &
Tissue Kit (QIAGEN) following the recommended protocol. Extractions of all degraded samples were performed
in a separate room with UV irradiation to avoid contamination. Extraction blanks were always present in order to
detect any possible contamination at each step. Additionally, pre-PCR procedures were developed in a dedicated
UV-hood, in a controlled, sterile room.

Complete cytochrome b sequences (1140 bp) from N. fodiens samples were amplified in three fragments
using already published primers'? with slight modifications to improve amplification (Supplementary Table S3).
In addition, primers for a smaller fragment of 226 bp were developed with the purpose of amplifying DNA
from the most degraded samples (Supplementary Table S3). The length amplified in each sample is shown in
Supplementary Table S1.

For the nuclear markers, a set of six new primer pairs were designed starting from intron markers previously
developed for Neomys'>. The primers were placed in conserved intronic regions or exons that spanned small frag-
ments (between 153 and 229 bp) and flanked the highest possible number of polymorphic sites. Some markers
were amplified with more than one primer pair in various samples, as we reduced the amplified intron length dur-
ing the work to enable the amplification of degraded samples that failed with the initial primers (Supplementary
Table S4). PCR reactions were performed in a final volume of 25 pl with 2-6 ul genomic DNA, 0.15 ul of Promega
GoTaq DNA polymerase, and 1 uM of each primer. The cycling conditions included an initial denaturation step
of 30s at 95 °C, followed by 40 cycles of denaturation (30s at 95°C), annealing (60's at 54 °C for cytochrome b
and 65 °C for introns), and extension (60s at 72 °C), as well as a final extension of 5 min at 72 °C. For the most
degraded skull samples, an alternative protocol using the QTAGEN Multiplex PCR was performed in a final vol-
ume of 50 pl with 4 ul of genomic DNA, 0.3 uM of each primer, and 25 pl of PCR Master Mix. In this case, there
was an initial heat activation step of 15min at 95°C, the denaturation step was at 94 °C, the annealing temperature
was lowered to 63 °C for the introns, and the annealing time was extended to 90s. PCR products were purified
using ExoSAP-It (Affymetrix) and sequenced at Macrogen Inc. Sequences were assembled using Geneious Pro
5.1.7 (https://www.geneious.com).

In introns where two or more variable sites were present in a sample, PHASE version 2.1.1°* with a threshold
of 0.9 was used to phase the alleles. When the program did not produce results or length-heterozygous alleles
were present, allele-specific primers were used to independently amplify the two alleles. Allele-specific primers
consist of two primers that are identical to one another except for the last nucleotide, which is situated over a pol-
ymorphic position of the sequence to be phased. The use of this type of primers was suggested for the sequencing
reaction®, although in this work we used them both for amplifying and sequencing. To design them, a polymor-
phic position was selected and two 19-20 nucleotide primers were synthetized, each of which had one of the two
possible nucleotides placed at the 3’ end. Then, two independent PCR reactions were performed, one for each
allele-specific primer, and using the opposite original primer at the other side of the polymorphic region for
amplification. In this way, two PCR products, corresponding to the two alleles, were obtained. Finally, each PCR
product was sequenced with the corresponding allele-specific primer to obtain the resolved partial allele, which
was then assembled with the original PCR sequence to obtain the complete allele®*. The primers used for PCR
allele-specific resolution are shown in Supplementary Table S5.

Phylogenetic analyses of cytochrome b.  Since some cytochrome b sequences were completely amplified
whereas others were only partial (Supplementary Table S1), they were aligned using MAFFT version 7.130% with
the maxiterate option enabled.

A Bayesian tree of the cytochrome b sequences was built using BEAST version 2.5.0°. To select a statistically
appropriate model, a Bayes factors approach based on path sampling®” was used with 96 complete sequences.
Markov chain Monte Carlo analyses were based on 100 steps of 10,000,000 generations sampled each 1,000 gen-
erations, 10% preburn-in, 10% burn-in, and an alpha parameter of the Beta distribution to divide steps of 0.3.
The convergence of each tree was checked in Tracer v1.7.1, from the same software package. Different priors were
tested for each parameter category, and a more complex model was selected only if it converged and improved
the log marginal likelihood by more than 5, as reccommended®. Using these criteria, the selected model was the
following: HKY substitution model with estimated base frequencies and Gamma site heterogeneity for each par-
tition (unlinked substitution models); a strict clock model for all partitions (linked clock model); and a coalescent
constant size tree model. Once the best model had been selected, it was applied to the sequences of either all
Neomys species or only N. fodiens. In these cases, 50,000,000 generations were run. Consensus trees were calcu-
lated using the TreeAnnotator program (BEAST2 package) with median heights.

For comparison, a maximum-likelihood tree of all sequences was reconstructed with RAXML version 8.0.19%
using a GTR substitution model (as recommended in the manual of this program), rate heterogeneity modeled
with a Gamma distribution, and 100 randomized maximum-parsimony starting trees. Mid-point rooting was
used to represent the tree.

Multilocus analyses. The Neomys alleles showed some differences in length due to small indels. They were
aligned with MAFFT version 7.130> with the maxiterate option enabled. Then, a few gap positions as well as a few
positions with unknown nucleotides were removed from each alignment. The six final alignments are available in
FASTA format in Supplementary Appendix S2.
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A maximum-likelihood tree was reconstructed with RAXML®® from each alignment as before. For each of
these trees, haplotype genealogies were constructed using Haploviewer™.

In addition, we reconstructed a phylogenetic distance tree from the intron alignments, as in Igea et al.'.
First, pairwise distances were calculated in such a way that the two alleles of each sequence were taken into
account by making all possible comparisons between alleles®, and correcting for multiple substitutions using the
Jukes-Cantor formula. The pairwise distance matrix was then utilized to construct a tree with the Fitch program
of the Phylip software package®'. Mid-point rooting was used to represent the tree.

Genetic differentiation. Intron alignments were converted to a diploid multi-allelic data format by assign-
ing a number to each allele. Then, pairwise Fg; for all populations was calculated with the R package hierfstat
version 0.04-22%? using the genet.dist function with the WC84 method. Significance of the observed Fg; values
was estimated by bootstrapping over loci using the boot.ppfst function of the same package with 100,000 repli-
cations and calculating the 95% confidence intervals. Significance was inferred if the confidence interval did not
overlap zero.

Genetic diversity. Nuclear genetic diversity (= and ) was calculated using the Bioperl library PopGen ver-
sion 1.6924%. The number of heterozygous positions in each sample were counted across the different nuclear
markers and divided by their respective lengths. A map of heterozygosity values was then represented with
QGIS*.

Data availability

A total of 611 new sequences were deposited in EMBL/GenBank with Accession Numbers LR585354-LR585964,
using the European Nucleotide Archive. For introns amplified using various primer pairs, only the shortest
sequence was deposited for all samples.
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