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Introduction

Phylogeography of secondary contact zones

Speciation is the process during which one lineage (or species) becomes two lineages
(Darwin, 1859). The formation of new species is often classified into allopatric,
parapatric, and sympatric speciation. These are parts of the speciation continuum,
starting on the side of allopatric speciation with complete genetic isolation by an
external barrier (Butlin, Galindo, & Grahame, 2008). An example of an external
barrier is a mountain range which impedes dispersal for a low-land dwelling lineage.
The continuum ends with sympatric speciation, which takes place through genetic
isolation by an internal barrier, such as speciation by genome duplication. The process
of allopatric speciation starts with a split in the distribution of a lineage by a physical
barrier, followed by an increase in genetic differentiation through processes such as
mutation, natural selection and genetic drift (Mayr, 1942; Lande, 1980; Wu & Ting,
2004). Allopatric speciation is completed by reproductive isolation, when upon
renewed contact of the two diverged lineages (secondary contact) the exchange of
genetic material is inhibited (Rice, 1998).

Allopatric speciation was thought to be the most common type of speciation in
nature (Mayr, 1982; Coyne & Orr, 2004). Recent models are more nuanced in the paths
that speciation may follow. Ideally, speciation models allow the continuous variation of
the three components; spatial distribution of the diverging lineages, genetic diversity,
and reproductive isolation (Butlin et al., 2008). When strictly following the biological
species concept, two lineages can only be considered two species if no exchange of
genes (gene flow) exists between them (Dobzhansky, 1970; Ashlock & Mayr, 1991).
However, many biologists define species (and subspecies) as diverged lineages with
reduced fitness in hybrid offspring (Coyne & Orr, 2004; Gavrilets, 2004), as will I in
this thesis.

One excellent place to study the process of speciation is in hybrid zones (Hewitt,
1988), and recent developments in the field of biology and computer science are
offering new insights in hybridisation and speciation processes (Martin & Jiggins,
2017). In a hybrid zone, intermediates between two species are found, which may
show a considerable reduction in fitness (Mallet, 2005). The classic model of the origin
of genetic incompatibility is the Dobzhansky-Muller incompatibility model (Muller,
1942; Dobzhansky, 1947; Turelli & Orr, 2000; Bateson, 2002). During the isolated
stage of speciation the two genomes evolve independently, and once the two species
reproduce during secondary contact, two new variants of genes may be incompatible.
As aresult, the offspring of mixed ancestry is less fit than individuals of either parent
species. The deleterious effect of the alleles involved in the Dobzhansky-Muller
incompatibility may be expressed both in pre- or postzygotic life stages.

More general than Dobzhansky-Muller incompatibilities are the effects of barrier
genes, which are defined as “positions in the genome that contribute to barriers to
gene flow between populations” (Ravinet etal., 2017). These may include genes under
divergentecological selection, divergent mate choice, or post-zygoticisolation, and can
be neutral within a population. In the early stages of secondary contact between two
species, barrier genes may not have the same genomic and geographic distribution.



As time passes, the occurrence of barrier genes starts to coalesce, either because
selection on individual barrier genes or on population processes favours existing
barrier effects to co-occur, or as an indirect response to avoid cost of hybridisation
(Bierne, Welch, Loire, Bonhomme, & David, 2011; Butlin & Smadja, 2017). The barrier
effect can then be defined as “a reduction of effective migration rate relative to actual
migration between populations that occurs at the barrier locus (i.e. the direct effect)
but can also extend beyond it (i.e. the indirect effect)” (Ravinet et al., 2017).

Hybrid zones can be formed in numerous situations. An example is the genetic
isolation of taxa in refugia during glaciations, and subsequent dispersal which leads
to secondary contact zones (Hewitt, 2004, 2011a). In Europe, the Iberian and Italian
peninsulas are often found to have provided refugia during glaciations (Gémez & Lunt,
2007; Feliner, 2011). Subsequent dispersal during the current interglacial has led to
the formation of hybrid zones throughout Europe (Hewitt, 2011b). Much of the current
theory and methods for hybrid zone analyses are based on two well-studied hybrid
zones from Europe, the hybrid zone between two subspecies of the house mouse, Mus
mus musculus and M. m. domesticus (Forejt, 1996), and between two species of the fire-
-bellied toad, Bombina bombina and B. variegata (Arntzen, 1978). For regions studied
less than Europe, hybrid zones are starting to emerge whilst numbers of publications
increase. The Anatolian coasts, for example, provided refugia for several terrestrial
species during glacial periods, and hybrid zones on the crossings of routes of dispersal
from different refugia are common (Bilgin, 2011).

Two types of hybrid zones can be classified. First, in mosaic hybrid zones, one
species outcompetes the other, depending on which species has a higher fitness under
the local conditions, resulting in a fragmented transition from one species to the other
(Harrison & Rand, 1989). In tension zones, the transition of one species to the other
is not patchy, but the hybrid zone is narrow (Moore, 1977; Barton & Hewitt, 1985).
In the classic literature, hybrid zones are thought to stabilise soon after formation,
for example at an ecological barrier to dispersal or where population density is low
(Endler, 1977; Barton & Hewitt, 1985). In Australia the existence of a tension zone
between two subspecies of the red-backed fairy-wren, Malurus melanocephalus
melanocephalus and M. m. cruentatus, is well supported by multiple lines of evidence.
First, a narrow hybrid zone with intermediates of both subspecies was studied
using genetic markers, revealing a steep transition from one subspecies to the other
(Baldassarre, White, Karubian, & Webster, 2014). Second, males are more likely to
respond to their own subspecies’ song and the change in subspecies’ song is strongly
correlated to the change in the subspecies’ genetic markers (Greig & Webster, 2013;
Baldassarre et al., 2014). Third, the location of the hybrid zone coincides with the
Carpentarian barrier, where vegetation cover is low and floods frequently occur
(Chivas et al., 2001). The population density of red-backed fairy-wrens is low in this
area (Baldassarre et al., 2014). Together, these properties make the Mularus hybrid
zone a typical example of a tension zone.

An increasing amount of literature supports the idea that hybrid zone movement
is more common than previously assumed (Arntzen & Wallis, 1991; Buggs, 2007; Roy,
O’Connor, & Green, 2012; Leaché, Fujita, Minin, & Bouckaert, 2014; Taylor et al., 2014;
Wielstra, Burke, Butlin, & Arntzen, 2017; Wielstra, Burke, Butlin, Avci, et al., 2017;
Ryanetal., 2018). Hybrid zone movement can be seen as the replacement of one species
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by another, caused by a difference in fitness between the two, through a competitive
advantage, asymmetric hybrid fitness effect, or environmental change (Buggs, 2007).
The most reliable method of detecting hybrid zone movement is to monitor a hybrid
zone at multiple moments in time, and record the movement that has occurred (Buggs,
2007). For some species, for example if they have long generation times or disperse
slowly, observing hybrid zone movement over time may not be feasible. Secondly,
evidence of hybrid zone movement can be found in the presence of enclaves, or relict
populations (e.g. Wielstra et al., 2017a). Enclaves are patches of one species remaining
present after another species has replaced the former in the surrounding area. The
classic example of enclaves supporting hybrid zone movement can be found in Central
and Eastern Europe, where the mountain-dwelling B. variegata is surrounded by the
lowland species B. bombina (Arntzen, 1978). In other cases, introgression may also
provide evidence of hybrid zone movement, but they are hard to distinguish from
introgression of positively selected alleles (Buggs, 2007). To be able to distinguish the
effect of hybrid zone movement from the effect of positive selection I first discuss how
hybrid zones can be described using genetic data, and follow up with the hypotheses
available to distinguish introgression from hybrid zone movement from positive
selection.

Describing hybrid zones using genetic data

To be able to follow the transition from one species to the other, species specific (or
diagnostic) genetic markers are used (Haldane, 1948; Endler, 1977). These markers
ideally have one variant in one species, and another in the other species. The first
generation offspring of parents of both species then receives one allele of each parent
species, and therefore is heterozygote for any species specific marker. Backcrosses
will be heterozygote for some of these markers and homozygote for others. Measures
and tests for introgression all involve assumptions which influence the interpretation,
therefore measures and tests should be interpreted with caution (Martin & Jiggins,
2017). I thus combine several approaches. To investigate patterns of introgression,
[ use geographical clines (1). To investigate patterns of recombination between the
two species, I use admixture linkage disequilibrium and subsequent calculation of
effective selection against hybrids (2). To investigate barrier loci and other types of
outlier behaviour in the larger dataset, [ use Bayesian genomic clines (3).

To start, geographical clines are fitted to the species specific allele frequencies
obtained from populations in a transect (Fig. 1.1a), and describe the transition from
one species to the other (Schmickl, Marburger, Bray, & Yant, 2017). Such clines will
be informative of processes of selection and gene flow (Barton & Hewitt, 1985, 1989;
Szymura & Barton, 1986; Mallet et al., 1990; Barton & Gale, 1993; Porter, Wenger,
Geiger, Scholl, & Shapiro, 1997). Based on cline position and cline shape, two types
of cline variation are distinguished. Coincident clines share a cline centre, but do
not necessarily share the same cline shape, whereas displaced clines have a cline
centre away from the majority of the clines for other loci (Fig. 1.1b). Concordant
clines are similar in shape (width and tail shape; Szymura and Barton, 1991), but do
not necessarily share the same cline centre, whereas discordant clines have a shape
different from the majority of the clines (Fig. 1.1c). Concordant and narrow clines
(steep at the centre and with distinct tails) suggest that the hybrid zone is maintained
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Figure 1.1: Geographical cline (a) with distance on the x axis, allele frequency on the y axis, species 1 on
the left, and species 2 on the right. Left tail, centre and right tail are indicated by bars above the panel.
The hybrid zone centre is indicated with dashed lines. Coincident clines (b) share the same cline centre. A
displaced cline has a cline centre away from the majority of cline centres. Concordant clines (c) have the
same shape. A discordant cline has a cline shape different from the majority of clines.

by abalance between strong selection and dispersal, as opposed to displaced and wide
clines indicating that selection against hybrids is low (shallow slope without distinct
tails; Barton and Gale, 1993). To summarise the behaviour of many geographic clines,
one can use the expected frequency, which is based on a cline fitted to the average
allele frequency across the available loci. However, it has been shown that genetic
drift displaces clines, alters their width, and distorts their shape (Polechova & Barton,
2011).

Second, patterns of linkage disequilibrium and subsequent calculation of effective
selection against hybrids show evidence of recent changes in the hybrid zone dynamics
and the ‘amount’ of reproductive isolation of the two species. When using species
diagnostic markers, in first generation offspring the linkage disequilibrium will be
complete, as no crossing over of any of the species specific alleles has happened during
the meiotic phase. The type of linkage disequilibrium caused by the combination of
two divergent genomes is referred to as admixture linkage disequilibrium. During
subsequent backcrosses, linkage disequilibrium can be broken down by cross overs
(Barton & Gale, 1993; Baird, 2015). By using the admixture linkage disequilibrium in
the centre of the hybrid zone, one can also calculate the average effective selection,
which is the selection pressure on a locus at the zone centre due to direct selection or
association with other loci under selection (Barton & Gale, 1993). In other words, this
measure is indicative of the effect that barrier loci have on the ability to introgress for
other loci in the hybrid zone.

Third, Bayesian genomic cline analyses can be used to study genome-wide
variation of introgression among admixed individuals (Gompert & Buerkle, 2011,
2012; Gompert, Parchman, & Buerkle, 2012). The Bayesian genomic cline model uses
the probability that an individual with a certain hybrid index inherited a gene variant
at a locus from species one (denoted ¢) and compares this to the hybrid index (Fig.
1.2a). The hybrid index can be simplified as the proportion of alleles of a population
belonging to each species, and can be calculated using the following equation:

Hybrid index=p/N

allele

With p the frequency of the allele variants specific of one of the species across all
available loci, and Na“elethe number of alleles sampled (which translates to two times
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Figure 1.2: A Bayesian genomic cline plot (a) with on the x axis the hybrid index (HI), and on the y axis
the probability of ancestry (¢). The arrows in panel a show that in a population with a hybrid index of 0.5,
a neutral marker is expected to be present in a 1:1 ratio (frequency p=0.5). For outliers of introgression
(), the cline is moved away from the neutral expectation (b). When a > 0, introgression from an allele of
species 2 into species 1, and when a < 0 introgression of markers of species 1 into species 2. A marker can
be an outlier for the number of heterozygotes present for said allele when {3 deviates from 0 (c). When
> 0 for a marker, there are fewer individuals heterozygote for a marker than should be based on their ge-
neral genetic background, whilst if § <0, there are more individuals heterozygote for a marker than there
should be based on their general genetic background.

the number of (diploid) individuals sampled). In a genomic cline analysis, a population
of pure individuals of species 1, with only markers diagnostic of species 1, would have
both a hybrid index and a probability of ancestry of 0. A pure population of species
2, with only markers diagnostic of species 2, would have both a hybrid index and a
probability of ancestry of 1. For a population of individuals with a hybrid index of 0.5,
any marker would be expected to be present in a 1:1 ratio (frequency of 0.5), and any
neutral marker would thus yield a probability of ancestry of 0.5. The expectance for a
neutral marker is thus a diagonal cline across the plot (Fig. 1.2a, dashed line).

The parameters a and [3 can be used to describe the shape of the genomic cline,
and can be used to detect certain outlier behaviours. The probability of ancestry of
species 1 relative to expected, or the hybrid index, is described by cline parameter o
(Fig.1.2b). A positive aindicates an increase in the ancestry probability and a negative
a indicates a decrease. The biological interpretation is that if a is positive (a > 0),
there is introgression of the species 1 variant of the marker into species 2 compared



to the general genetic background, and if a is negative (a < 0) there is introgression
of the species 2 variant of the marker into species 1 compared to the general genetic
background. Cline parameter  measures the average pairwise linkage disequilibrium
based on ancestry between a locus and all other loci (Fig. 1.2c). A positive  indicates
an increase in the rate of transition from low to high probability of ancestry of species
one as a function of the hybrid index, whereas a negative {3 indicates a decrease
(Gompert & Buerkle, 2011; Parchman etal., 2013). The biological interpretation is that
if B is positive ( > 0), there are more heterozygotes than expected, and the marker
may be under positive selection when an individual is heterozygote (heterozygote
advantage). If B is negative ( < 0), there are less heterozygotes than expected,
and therefore this marker may be under negative selection when an individual is
heterozygote (heterozygote disadvantage). Markers which are significant outliers
below zero for 3, are thus possibly involved in, or situated close in the genome to, the
barrier effect.

Hypotheses of different hybrid zone scenarios

The null hypothesis of a tension hybrid zone is that it is stable. When a tension zone is
stable, geographic clines are symmetric, concordant, and steep, and thus the expected
frequency is symmetric and steep, and a peak of admixture linkage disequilibrium
is situated in the centre of the hybrid zone (Fig. 1.3a). The hybrid zone between B.
bombina and B. variegata displays such symmetric and steep clines in some sections of
the hybrid zone, and in those sections, admixture linkage disequilibrium is positioned
in the centre of the hybrid zone (Szymura & Barton, 1991).

Displaced and discordant geographic clines occur in many stable hybrid zones.
Displaced and discordant clines may be caused by sex-biased gene flow or adaptive
introgression (Mallet, 2005; Excoffier, Foll, & Petit, 2009; Toews & Brelsford, 2012;
While et al.,, 2015; Sloan, Havird, & Sharbrough, 2016; Bonnet, Leblois, Rousset, &
Crochet, 2017). Hybrid zone movement may also cause displaced and discordant
clines when a trail of genetic material from the overtaken species remains present
in the overtaking species (Rohwer, Bermingham, & Wood, 2001; Gay, Crochet, Bell, &
Lenormand, 2008; Excoffier et al.,, 2009; Arntzen, de Vries, Canestrelli, & Martinez-
-Solano, 2017; Wielstra, Burke, Butlin, Avci, et al., 2017). However, with hybrid zone
movement, this introgression occurs in many physically and functionally unlinked
markers, which are selectively neutral (Currat, Ruedi, Petit, & Excoffier, 2008;
Wielstra, Burke, Butlin, Avcy, etal., 2017). In addition, in the leading edge of the moving
hybrid zone centre a peak of admixture linkage disequilibrium is predicted, because
at the leading edge, individuals with the least history of recombination are involved
in reproduction (Gay et al., 2008; Wang et al., 2011). Combing these, the hypothesis
of hybrid zone movement encompasses a tail of introgression in the wake of the
moving zone combined with a shift of the peak in admixture linkage disequilibrium
towards the leading edge of the movement (Fig. 1.3b). A southward moving hybrid
zone between the gull species Larus glaucescens and L. occidentalis, was corroborated
by higher levels of introgression towards the north compared to the south, and a peak
of admixture linkage disequilibrium shifted towards south (Gay et al., 2008).

With the same measures, we can draw up the hypothesis of asymmetric
reproductive isolation. Asymmetric reproductive isolation occurs when an
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a) Stable hybrid zone (H,) b) Hybrid zone movement c) Asymmetric reproductive isolation
«— Peak shift

Peak in hybrid zone centre Peak shift —

'
'
|
Symmetric clines «— Introgression «— Introgression
T
'
'
'
0

Movement ===y

Reproduction

Expected frequency

Species 1

Distance

Figure 1.3: The null hypothesis of a stable hybrid zone (a), the hypothesis of hybrid zone movement (b),
and the hypothesis of asymmetric reproductive isolation (c). The y-axis on the top graphs shows admix-
ture linkage disequilibrium (D’), the y axis on the bottom graphs shows the expected frequency of species
diagnostic markers. The x-axis in all plots is distance. The dotted vertical lines indicate where the current
hybrid zone centre is situated.

asymmetry in the success of mating, or in the fitness of hybrid offspring, in the hybrid
zone exists (Devitt, Baird, & Moritz, 2011; Johnson, White, Phillips, & Zamudio, 2015;
While et al., 2015). When reproduction is more successful on one side of the hybrid
zone, introgression will be higher, and the peak of admixture linkage disequilibrium
will co-occur with the introgression (Fig. 1.3c). One such case is the asymmetry in
the plethodontid (lungless) salamander hybrid zone (Devitt et al., 2011). Hybrid
offspring nearly always possess mtDNA originating from one of the parent species,
and not the other. This is convincing evidence that only first generation offspring of
Ensatina ensatina klauberi females and E. e. eschscholtzii males or male hybrids can
produce viable offspring, and explains the pattern of high introgression on the E.
e. eschscholtzii side of the hybrid zone, with a coincident peak of admixture linkage
disequilibrium (Devitt et al., 2011).

Amphibian moving hybrid zones and big genomes

Amphibian species play an interesting role in the study of hybrid zones. However,
amphibians are hard to study compared to other vertebrates, due to their large and
complex genomes. I here give an overview of a few well known studies of hybrid zone
movement in amphibians, and further explain why their genomes are harder to study
than those of other vertebrate species.

One of the first well-described hybrid zones is that of B. bombina and B. variegata
(Arntzen, 1978), a tension zone with steep clines (Szymura & Barton, 1986, 1991).
Crosses of B. bombina and B. variegata produce egg batches with higher mortality
and offspring with higher frequencies of morphological abnormalities than crosses
within either species (Kruuk, Jason, & Barton, 1999), confirming the existence of a
tension zone. The presence of enclaves of B. variegata at higher altitudes, surrounded
by lowlands where B. bombina thrives, suggests that B. bombina displaced B. variegata
in the postglacial area (Arntzen, 1978).

Crested and marbled newts, Triturus cristatus and T. marmoratus, engage in a
reticulate (both clinal and mosaic) hybrid zone in western France, and the zone was
shown to have moved using distribution maps from different time points (Arntzen
& Wallis, 1991). Continued monitoring of this hybrid zone showed that it stabilised,
possibly by pond loss and decreased population density (Visser, Leeuw, Zuiderwijk,



& Arntzen, 2017). A hybrid zone between another pair of newts from the Triturus
genus, T. anatolicus and T. ivanbureschi, was confirmed to have moved after finding
asymmetric introgression of mtDNA and 50 nuclear markers (Wielstra, Burke,
Butlin, Avci, et al,, 2017). Discordance between geographic clines based on mtDNA
and geographic clines based on microsatellite loci showed one lineage of the spotted
salamander (Ambystoma maculatum) replaced another lineage, possibly due to
population expansion and asymmetric mate choice (Johnson et al., 2015).

Hybrid zone research in other vertebrate orders have benefited from the
availability of high quality reference genomes. The house mouse hybrid zone, Mus
musculus musculus and M. m. domesticus, is studied with probably the best available
genomic resources of vertebrate species, allowing studies with high-resolution
linkage maps (Wang et al., 2011). But there are also plenty high-resolution studies
of non-model species available, e.g. using whole genome sequencing in warblers,
Setophaga coronata auduboni and S. c. coronate (Brelsford, Toews, & Irwin, 2017). So
what makes it so difficult to apply similar approaches in amphibians?

The largest reported variation in genome size within the class of vertebrates
can be found in amphibians, with genome sizes varying from ~ 1 Gbp (the ornate
burrowing frog, Platyplectrum ornatum) to 117 Gbp (the Gulf coast waterdog Necturus
lewisi; Olmo, 1973; Liedtke et al., 2018). Based on a comparative quantitative analysis
of factors influencing genome size, it was found that genome size has evolved gradually
over time inamphibians, followinga Brownian motion, with asudden change occurring
on the branch towards the Caudata (Urodela and extinct salamander-like species,
Liedtke etal., 2018). The relative large size of genomes in salamanders was found to be
related to alower rate in deletions compared to insertions, high levels of long terminal
repeat retrotransposons, and a relative large genic component compared to humans,
mostly because amphibian genes have longer introns (Smith et al., 2009; Sun, Lépez
Arriaza, & Mueller, 2012; Sun, Shepard, et al., 2012; Sun & Mueller, 2014). In addition,
sex-chromosome turnover in Ranidae (true frogs) is the highest yet observed, and sex-
-chromosomes in amphibians diverge fast relative to other chromosomes, because of
low recombination rates in males (Jeffries et al., 2018).

These genomic differences between closely related species causes the
comparability of genomes (genome synteny) to decrease relatively fast with respect
to phylogenetic distance in amphibians. Therefore the use of reference genomes from
even closely related species becomes problematic. To be able to sequence a large
genome without a reference genome (de novo), one needs to be able to achieve enough
read depth to cover the genome many times, and the data should allow to identify
gene duplicates and stretch across transposable elements, by employing methods
to obtain long read lengths (Jansen et al.,, 2017; Nowoshilow et al., 2018). Despite
recent advances in sequencing technologies, the sequencing of whole large amphibian
genomes is still costly (Smith et al., 2019).

A more practical approach to obtain genome wide information is to sequence
only a part of the genome, such as is the case in reduced genome representation
methods (Davey et al,, 2011; Matz, 2017). Many questions about the more general
evolutionary patterns in speciation may be answered using Restriction Associated
DNA (RAD) sequencing. This method has two advantages. First, it can be used without
prior knowledge of the genome, and second, it allows to take a random sample of the
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genome (Baird et al., 2008; Andrews, Good, Miller, Luikart, & Hohenlohe, 2016). Some
debate around RAD sequencing exists, for example, it potentially underestimates
the number of genes under adaptive selection (e.g. Hoban et al., 2016; Lowry et al,,
2016). However, for more general genomic patterns in closely related species, RAD
sequencing may be less prone to erroneous conclusions than other reduced genome
representation methods (Andrews et al.,, 2016; McCartney-Melstad, Mount, & Shaffer,
2016; McKinney, Larson, Seeb, & Seeb, 2017).

Thesis outline

This thesis focusses on hybrid zone dynamics. Two amphibian species pairs with
potentially moving hybrid zones were studied. Chapters two and three deal with
the first pair of species. The two northern species from the genus of banded newts,
Ommatotriton nesterovi and O. ophryticus, represent an understudied system in
Anatolia with great potential for the existence of a (moving) hybrid zone. Chapters
four and five deal with the second pair of species. The common and spined toads,
Bufo bufo and B. spinosus meet in a well-studied hybrid zone in France, but previous
studies employed a limited amount of genetic data. Both species pairs studied are
morphologically similar (cryptic species), but can be distinguished based on genetic
data.

Chapter 2

The two northern species of banded newt are morphologically similar, but appeared
as separate clades in various datasets (Arntzen & Olgun, 2000; Litvinchuk, Zuiderwijk,
Borkin, & Rosanov, 2005; Biilbiil & Kutrup, 2013; Arntzen, Beukema, Galis, & Ivanovic,
2015). These two species were not universally recognised, and it was not known what
their exact species distribution was (Fig. 1.4a). The location of a potential hybrid
zone was therefore also unknown. The phylogenetic relationship between the three
species is also unclear, as analyses of mitochondrial DNA (mtDNA), number of rib-
-bearing vertebrae (NRVB), and allozyme data resulted in different hypotheses (Fig.
1.4b; Arntzen and Olgun, 2000; Litvinchuk et al.,, 2005; Bilbil and Kutrup, 2013;
Arntzen etal., 2015).

An hybrid zone in crested newts (Triturus anatolicus and T. ivanbureschi) was
found to show extensive movement in the north of Turkey, by displacement between
mitochondrial and nuclear markers, and tails of introgression in the wake of the hybrid
zone movement (Wielstra, Burke, Butlin, Avci, etal., 2017). Asymmetric introgression
from Lissotriton vulgaris nuclear genes in L. kosswigi could be evidence of westward
movement of the hybrid zone (Nadachowska & Babik, 2009). Both these hybrid zone
systems are situated in the north of Turkey, where Ommatotriton also occurs. It could
therefore be expected that the hybrid zone between 0. nesterovi and O. ophryticus also
moves. The research questions dealt with in this chapter are:

Are O. nesterovi and O. ophryticus two well-diverged species?
Does a hybrid zone exist between these species, and if so, where is it situated?



The divergence of the mtDNA phylogeny showed two deeply diverged species, and
allowed to clearly line out the distributions of both northern species. Despite high
sequence similarity, the two nuclear markers also showed divergence between species.
Although the nuclear genetic networks were not clearly reciprocally monophyletic, it
did show that none of the nuclear haplotypes were shared between species, and no
introgression could be detected between both species. In other words, the nuclear
haplotypes perfectly matched the species distribution according to mtDNA. We thus
found no hybrid populations, but we could narrow down the area where a hybrid zone
could be expected to a 60 km gap between populations of both species.

Chapter 2 is published in Molecular Phylogenetics and Evolution as “The Near East
as a cradle of biodiversity: a phylogeography of banded newts (genus Ommatotriton)
reveals extensive inter- and intraspecific genetic differentiation” (2017, vol. 114, pages
73-81) by L. van Riemsdijk, ].W. Arntzen, S. Bogaerts, M. Franzen, S.N. Litvinchuk, K.
Olgun, and B. Wielstra.

Chapter 3

Aviable population of introduced individuals of Ommatotriton was found in an isolated
group of ponds in Spain, which is far outside the natural distribution of the genus. The
animals were probably released with the intention to breed and recapture them for
the pet trade. From photographs with individuals from these ponds, it appeared they
were intermediates of the two northern species, based on the lateral white band and
disruption of the lateral white band by large blue specks (Uzum et al. in publ). The
previously published mtDNA and nuDNA markers were used to determine the precise
origin of a dozen individuals. The research question dealt with in this chapter is:

Are O. nesterovi and O. ophryticus able to hybridise?

We found that indeed, 0. nesterovi and O. ophryticus are able to hybridise, and hybrid
offspring is able to successfully reproduce, too. It is however, as of yet unknown if the
two species also hybridise in nature.

Chapter 3 is published in Conservation Genetics as “Molecular data reveal the hybrid
nature of an introduced population of banded newts (Ommatotriton) in Spain” (2018,
vol. 19, pages 249-254) by 1. van Riemsdijk, L. van Nieuwenhuize, I. Martinez-Solano,
J.W. Arntzen, and B. Wielstra.

Chapter 4

The common and spined toads are morphologically similar, but genetically divergent,
and were not recognised as separate species for a long time (Recuero et al., 2012;
Arntzen, Recuero, Canestrelli, & Martinez-Solano, 2013). The hybrid zone, which runs
from the French Atlantic Ocean coast to the French Mediterranean coast, has been
investigated in multiple articles (Fig. 1.5; Arntzen et al., 2016, 2018; Trujillo et al.,
2017). A pendulum (back-and-forth) movement of the hybrid zone was hypothesised
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a) Map of the distribution of Ommatotriton b) Three phylogenetic hypotheses

O. vittatus

Figure 1.4: A map (a) of the distribution of the banded newt genus Ommatotriton, with O. nesterovi in
blue, 0. ophryticus in red, and 0. vittatus in green. Ommatotriton is known to occur in the grey area in the
north of Turkey, but itis not known which species. (b) Three different phylogenetic relationships between
the three Ommatotriton species were supported by mitochondrial DNA (mtDNA), number of rib-bearing
vertebrae (NRBV), and allozymes data. Colours indicate the three species as in the map, and the letters
represent first letters of the species name. (c) Photographs of males in breeding condition of the three
species of banded newt. Photographs are kindly provided by Michael Fahrbach, the late Max Sparreboom,
and Sergé Bogaerts.

in the southeast section of the hybrid zone, and was based on introgression of one
nuclear gene coding marker of four tested and discordance between nuclear, mtDNA
and morphologic clines (Arntzen et al., 2017). In the light of this result, a previous
publication on a transect in the northwest of France showed introgression towards



the north in two of four tested nuclear gene coding markers, which raised the
question whether the introgression may have resulted from hybrid zone movement,
too (Arntzen et al., 2016). The research questions dealt with in this chapter are:

Has the northwest section of the hybrid zone moved?

To gain resolution, the number of markers available was increased to 31 by designing
genetic markers based on transcriptome data. This article treated the hypothesis of
hybrid zone movementintermsofintrogressionand admixturelinkage disequilibrium,
and presented an R script for the calculation of admixture linkage disequilibrium and
effective selection against hybrids following Barton and Gale (1993), which is available
online. Based on literature research, [ established that the expected genetic patterns
of hybrid zone movement are unidirectional introgression in the wake of the hybrid
zone movement and a peak of admixture linkage disequilibrium at the leading edge
of the moving hybrid zone. Introgression from the southern B. spinosus into B. bufo
was not significantly asymmetric, and the peak of admixture linkage disequilibrium
appeared to coincide with the larger portion of introgression on the north side of the
hybrid zone. [ was therefore unable to establish whether the hybrid zone indeed has
moved.

Chapter 4 is published in Molecular Ecology as “Testing an hypothesis of hybrid zone
movement for toads in France” (2019, vol. 28, pages 1070-1083) by I. van Riemsdijk,
R.K. Butlin, B. Wielstra, and ].W. Arntzen.

Chapter 5

Despite the lack of proof for hybrid zone movement in the northwest section of
the Bufo hybrid zone from Chapter 4, two arguments could be made in favour of
suspecting hybrid zone movement. First, a previous article hypothesised movement
in the southeast section of the hybrid zone (Arntzen et al., 2017). Second, using the
same markers for toad samples from England, traces of B. spinosus in otherwise B. bufo
individuals were found (data unpublished), which would suggest southward movement
of the hybrid zone on a geological time scale since the hybrid zone was established ~
8,000 years ago (Arntzen et al., 2016). Replication of hybrid zone analysis in space
helps identify factors driving hybrid zone movement, it allows comparison on both
speed and direction of movement, and comparisons of environmental conditions and
genetic impact (Buggs, 2007). The hybrid zone of Bufo stretches across France (Fig.
1.5a), which makes it ideal to draw independent transects. Thus, in the next study we
included two transects, one in the northwest of France, and one in the southeast of
France.

The hypotheses of hybrid zone movement are based on the assumption that there
is no directional selection on the markers used. Because RAD sequencing involves
random generation of sequences throughout the genome, the chance of markers being
under directional selection is lower than when using markers based on gene coding
sequences. A bigger dataset also allowed to look for the occurrence of barrier effects.
The research questions dealt with in this chapter are:
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a) Map of the distribution of Bufo bufo and B. spinosus

N B B bufo

B 3. spinosus
[l hybrid zone
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Mediterranean
Sea <

b) Photo of B. bufo female ¢) Photo of B. spinosus female

Figure 1.5: Map (a) of the distribution of Bufo bufo (blue) and B. spinosus (red), and the hybrid zone bet-
ween the two species (purple). Photos of (b) a B. bufo female, and (c) a B. spinosus female. Photographs are
kindly provided by Ifiigo Martinez-Solano and Sergé Bogaerts.

Have either or both the northwest or southeast section of the hybrid zone moved?
If so, is movement the same in both?
Can barrier effects be detected using RAD data?

Introgression was asymmetric in northwest France, with higher levels of admixture
linkage disequilibrium towards the north of the hybrid zone. Introgression was
symmetric in southeast France, and higher levels of admixture linkage disequilibrium
in the centre of southeast France. The use of genomic cline analyses allowed us to find
barrier genes.

Chapter 5 is a draft manuscript, which we intend to publish as “Spatial variation in
introgression along the common toad hybrid zone in France” by I. van Riemsdijk, ].W.



Arntzen, R. K. Butlin, G. Bucchiarellj, E. McCartney-Melstad, M. Rafajlovic, P. Scott, E.
Toffelmier, B. Shaffer, and B. Wielstra.
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Abstract

The banded newt (genus Ommatotriton) is widely distributed in the Near East
(Anatolia, Caucasus and the Levant) - an understudied region from the perspective
of phylogeography. The genus is polytypic, but the number of species included and
the phylogenetic relationships between them are not settled. We sequenced two
mitochondrial and two nuclear DNA markers throughout the range of Ommatotriton.
For mtDNA we constructed phylogenetic trees, estimated divergence times using
fossil calibration, and investigated changes in effective population size with Bayesian
skyline plots and mismatch analyses. For nuDNA we constructed phylogenetic trees
and haplotype networks. Species trees were constructed for all markers and nuDNA
only. Species distribution models were projected on current and Last Glacial Maximum
climate layers. We confirm the presence of three Ommatotriton species: 0. nesterovi, O.
ophryticus and O. vittatus. These species are genetically distinct and their most recent
common ancestor was dated at ~ 25 Ma (Oligocene). No evidence of recent gene flow
between species was found. The species show deep intraspecific genetic divergence,
represented by geographically structured clades, with crown nodes of species dated
~ 8-13 Ma (Miocene to Early Quaternary); evidence of long-term in situ evolution and
survival in multiple glacial refugia. While a species tree based on nuDNA suggested
a sister species relationship between 0. vittatus and O. ophryticus, when mtDNA was
included, phylogenetic relationships were unresolved, and we refrain from accepting
a particular phylogenetic hypothesis at this stage. While species distribution models
suggest reduced and fragmented ranges during the Last Glacial Maximum, we found
no evidence for strong population bottlenecks. We discuss our results in the light of
other phylogeographic studies from the Near East. Our study underlines the important



role of the Near East in generating and sustaining biodiversity.

Keywords: Anatolia; historical biogeography; Levant; molecular dating; phylogeny;
species distribution modelling

Introduction

Phylogeography reconstructs phylogenetic patterns in space and time to identify the
drivers that shape biodiversity within taxa (Avise, 2000; Hickerson et al., 2010). The
Mediterranean Basin is considered a near-ideal laboratory for phylogeographical
studies (Hewitt, 2011). The collision of the Eurasian, African and Arabian tectonic
plates, from the Late Eocene (37-34 Ma) onwards, caused major geological changes in
the Mediterranean Basin, as marine barriers were re-arranged and mountains formed
(Meulenkamp & Sissingh, 2003; Popov et al. 2006). This process left its signature
in the phylogeography of the species inhabiting the region (Hewitt, 2011). While
the Quaternary (2.6 Ma - present) glacial cycles resulted in drastic climate shifts in
temperate Eurasia, the climate in the Mediterranean Basin remained relatively stable
(Stewart et al., 2009; Hewitt, 2011). As a consequence, many species had a continuous
presence within the Mediterranean Basin, while they only periodically colonized
more northern areas during interglacials - and subsequently were wiped out during
the next glacial cycle (Hewitt, 2000).

Because of the interaction of geographic instability and climatic stability, many
Mediterranean species are characterized by deep intraspecific lineages (Oosterbroek
& Arntzen, 1992; Bilgin, 2011). The Mediterranean Basin features a high concentration
of biodiversity and is considered a biodiversity hotspot (Myers et al., 2000). Complex
phylogeographic patterns are particularly well documented for the Iberian, Italian
and Balkan peninsulas (Hewitt, 2011). Despite the similar geologic and climatologic
background of the Near East, historical biogeographical studies of this region are
underrepresented in the phylogeographical literature (Beheregaray, 2008; Riddle,
2016).

Most amphibian species, especially salamanders, are particularly influenced
by geological disruptions and climate oscillations, due to their limited dispersal
capabilities and strong dependence on water, often resulting in a pronounced
phylogenetic structure (Vences & Wake, 2007). Seven Salamandridae genera
(Lissotriton, Lyciasalamandra, Mertensiella, Neurergus, Ommatotriton, Salamandra, and
Triturus) occur in the Near East. Phylogeographical studies of these genera revealed
long term in situ evolution and survival during glacial cycles (Steinfartz et al., 2000;
Tarkhnishvili et al., 2000; Veith et al., 2008; Wielstra et al., 2010; Hendrix et al., 2014;
Pabijan et al., 2015). However, banded newts (genus Ommatotriton) remain to be
studied in-depth. Because Ommatotriton is the most wide-spread salamander genus
within the Near East (Sparreboom, 2014), a phylogeographic survey is expected to be
insightful regarding the region’s historical biogeography.

Ommatotriton is endemic to the Near East (Fig. 2.1). The genus was considered a single
species, 0. vittatus (Gray, 1835), with a disjunct northern and southern distribution,
until Litvinchuk et al. in 2005 proposed that the northern banded newt range segment
should be regarded as a separate, distinct species, O. ophryticus (Berthold, 1846). This
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Figure 2.1: Distribution of and sampling scheme for banded newts (genus Ommatotriton). Coloured das-
hed lines roughly delineate the three species’ ranges and black dashed lines delineate mtDNA-based phy-
logeographical groups (A-M). Numbered dots (1-45) represent sampled localities and small dots additio-
nal localities used for species distribution modelling. Grey shading reflects elevation.

treatment is now generally accepted (e.g. Sparreboom, 2014; Frost, 2016). A recent
proposal by Biilbiil & Kutrup (2013) to split the northern banded newt range segment
into two species, 0. ophryticus in the east and O. nesterovi (Litvinchuk, Zuiderwijk,
Borkin and Rosanov, 2005) in the west, is not universally supported. For convenience
we refer to the three taxa as species from here on. The phylogeny of Ommatotriton is
unclear. Considering three Ommatotriton species, three branching orders are possible
and each is supported by existing data. Phylogenetic hypothesis I ((0. ophryticus,
0. vittatus), O. nesterovi) is supported by mtDNA data (Biilbiil & Kutrup 2013), II
((0. ophryticus, O. nesterovi), O. vittatus) by allozyme data (Arntzen & Olgun, 2000;
Litvinchuk et al., 2005), and III ((O. vittatus, O. nesterovi), O. ophryticus) by the number
of rib-bearing vertebrae (Arntzen & Olgun, 2000; Arntzen et al., 2015; Litvinchuk et
al., 2005).

Previous studies dealing with the inter- and intraspecific phylogenetic patterns of
Ommatotriton suffered from limited sampling. We here conduct range-wide sampling.
We use mitochondrial and nuclear DNA (mtDNA and nuDNA) markers to determine
inter- and intraspecific phylogenetic relationships, conduct fossil-based time
calibration and test for interspecific hybridization. Additionally, species distribution
models are constructed to evaluate the impact of the Quaternary climate oscillations,
and compared to historical demographic reconstructions. We identify interspecific
and intraspecific phylogeographical patterns of Ommatotriton and discuss our
findings in the context of a comparative phylogeography of the Near East. Our study
highlights the importance of the Near East as a biodiversity hotspot.



Materials and methods

mpling an ncin

We collected tissue samples of 1-3 individuals (average 2.6, total 106) from 40
localities (Fig. 2.1, Table A.1). The Thermo Scientific KingFisher Purification System
was used to extract DNA. Fragments of two mitochondrial protein coding markers
were sequenced: cytochrome b (cyt b, 786 bp) and cytochrome c oxidase I (COI, 658
bp). We added COI sequences for 13 individuals from five additional localities from
Smith et al. (2008). Fragments of two unlinked nuclear protein coding markers
(Hendrix et al., 2014; Shen et al., 2012), KIAA1239 (600 bp; hereafter KIAA) and SACS
(624 bp), were sequenced for a single individual per locality, but included all three
individuals for the three O. ophryticus and three O. nesterovi locations closest to their
parapatric contact zone as defined by the mtDNA data (see Results, total 47, Table A.1).

We adjusted the ‘universal’ cytb primers (MVZ-15-NP, MVZ-16-NP) from Moritz et
al. (1992) and COI primers (VF1-d, VR1-d) from Ivanova et al. (2006) to match the full
mitogenome of 0. nesterovi (Zhang et al., 2008; Table A.2). We designed Ommatotriton-
-specific primers based on a KIAA and a SACS (Shen et al., 2012) sequence for O.
nesterovi presented in Hendrix et al. (2014). In cases where no PCR product could
be obtained, presumably due to degraded DNA, internal primers were designed to
amplify stretches of 100-300 bp (three primer sets for COI, KIAA and SACS, and four
for cyt b; Table A.3).

PCR conditions for DNA amplification were: initial denaturation for 180 s at 94°C,
35 cycles with 30 s denaturation at 94°C, 30 s annealing at 58°C and 60 s extension at
72°C,anda240sfinalextensionstepat72°C.Sangersequencingwas done commercially
on an ABI 3730xI DNA analyser at BaseClear B.V,, Leiden, the Netherlands. Sequences
were assembled in Sequencher 4.10.1 (Gene Codes Corporation, MI USA) and aligned
in Mesquite 3.04 (Maddison & Maddison, 2015). Nuclear alleles were phased with the
Phase 2.1 algorithm (Stephens & Donnelly, 2003) implemented in DnaSP 5 (Librado &
Rozas, 2009). GenBank accession numbers are listed in Table A.1.

Phylogenetic analyses

The mtDNA alignment was divided into six partitions, by marker (COI and cyt b) and
by codon position (first, second and third). Lissotriton vulgaris and Neurergus strauchii
were added as outgroups (data from Zhang etal. 2008; Table A.2). Maximum likelihood
(ML) analysis was performed with RAxML 8.2.4 (Stamatakis, 2014), with 1000 rapid
bootstrap replicates and a search for the best scoring maximum likelihood tree. The
nucleotide substitution model GTR+G was used for each partition, as recommended
in the RAxML manual. Bayesian phylogenetic reconstruction was performed with
MrBayes 3.2.6 (Ronquist et al., 2012). We determined the best fitting models of
sequence evolution for each of the six partitions based on the Bayesian information
criterion (Guindon & Gascuel, 2003) injModelTest 2.1.7 (Darribaetal., 2012; Table A.4).
A Markov Chain Monte Carlo search was run for a million generations under default
parameters (two runs, four chains, with temperature 0.2), a sampling frequency of
0.001 and a burn-in of 25% of generations. State frequencies were unlinked and rates
were set to vary across each of six partitions. Tracer 1.6 (Rambaut et al., 2014) was
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used to confirm stabilisation within and convergence between runs (all ESS values
> 200). RAXxML and MrBayes were run on the Cipres Science Gateway (Miller et al.,
2010). Trees were also reconstructed for each mtDNA marker separately, following
the same procedure as for the concatenated mtDNA data.

Phylogenetic trees for nuDNA were constructed using the same approach as for
mtDNA, with Neurergus strauchii as outgroup (data taken from Hendrix et al., 2014).
Because jModelTest suggested two out of three substitution models to be identical
for codon positions within nuclear markers (Table A.4), each marker was analysed
unpartitioned to avoid over-parameterisation of the analysis. Because these trees
showed little divergence (Fig. B.7-B.10), we additionally constructed minimum
spanning haplotype networks (Bandelt etal., 1999) for each nuclear marker in PopArt
1.7 (Leigh et al., 2016).

*BEAST, implemented in BEAST 1.8.3 (Heled & Drummond, 2010; Drummond et
al., 2012), was used to construct a species tree for the nuDNA markers. Species were
set as operational taxonomic units. We selected the best fitting model per marker in
jModelTest (Table A.4). We performed a species tree analysis including all mtDNA
and nuclear DNA markers (two twenty million generation runs), and a species tree
analyses using only the two nuclear DNA markers (one ten million generation run)
with a sampling frequency of 0.001. Tracer 1.6 was used to confirm stabilisation and
convergence as for MrBayes. A burn-in of 10% was removed when combining log and
tree files in LogCombiner (BEAST 1.8.3). TreeAnnotator (BEAST 1.8.3) was used to
construct a maximum clade credibility tree with mean node height.

Molecular dating

COI and cyt b sequences for all Salamandridae genera (Table A.2) were taken from
Zhang et al. (2008). We included 14 Ommatotriton haplotypes, one randomly chosen
haplotype from each phylogeographical group (see Results, Fig 2a) and a distinct
haplotype found at a single locality only (Nes_08 from locality 4). We excluded the
cyt b sequence for Ichthyosaura alpestris, because it contained a large number of
unique non-synonymous substitutions suggestive of a pseudogene (see also Steinfartz
et al.,, 2007). BEAST 1.8.3 was used to generate a calibrated phylogeny, employing
seven fossil-based calibration points within Salamandridae, the family to which
Ommatotriton belongs, following the procedure outlined in Wiens et al. (2011; Table
A.5). To ensure that the calibration points fitted within the age constraints, we
constructed a starting tree adapted from a RAXML tree with the R package ‘APE’
(Paradis et al., 2004). Four runs of 20 million generations were executed on the
Cipres Science Gateway with nucleotide substitution models selected with jModelTest
(Table A.4) and a sampling frequency of 0.001. Log and tree files were combined and
convergence was checked as above.

Species distribution modelling

We combined our localities of species occurrence with those in Borkin et al. (2003).
This yielded 75 localities for O. vittatus, 53 for O. nesterovi and 233 for O. ophryticus.
Localities were assigned to species based on ranges suggested by our genetic analyses.
We used bioclimatic variables from the WorldClim database 1.4 (Hijmans et al., 2005)
as explanatory variables. Following Guisan & Thuiller (2005) and Peterson (2011), we



selected variables with a Pearson’s correlation < 0.7 that were considered biologically
meaningful: isothermality (bio3), temperature seasonality (bio4), mean temperature
of wettest quarter (bio8), mean temperature of driest quarter (bio9), precipitation of
wettest quarter (biol6) and precipitation of driest quarter (bio17).

We used Maxent 3.3.3k (Phillips et al., 2006) to construct species distribution
models for each Ommatotriton species. Because the area on which species distribution
models are calibrated influences model parameters considerably (Stokland et al.,
2011), we restricted sampling of pseudo-absence data to a 200 km buffer zone around
Ommatotriton localities (VanDerWal et al., 2009). Feature type was restricted to hinge
features for a smoother model fit, emphasising trends rather than idiosyncrasies of the
data (Elith et al., 2010). We confirmed that the models performed better than random
by testing them for significance against a null model derived from random localities,
following Raes & ter Steege (2007). Random point data (99 replicates per analysis)
were created with ENMTools 1.3 (Warren et al., 2010). Models were projected on
climate reconstructions for the Last Glacial Maximum (~ 21 ka), based on the MIROC
(Sueyoshi et al., 2013) and CCSM (Brady et al., 2013) climate simulations, available
from WorldClim.

P lation dynami

Bayesian skyline plots (Ho & Shapiro, 2011) were generated with BEAST for 40 O.
nesterovi, 40 O. ophryticus, and 39 0. vittatus mtDNA sequences with 6 million
generations. Parameters were kept at default except for the nucleotide substitution
models (selected with jModelTest; Table A.4) and the estimated total substitution
rate (4.802 x 1073 substitutions My™ from the molecular dating analysis). Mismatch
analyses were performed per species in DnaSP (Table A.6). We used COI data only
because DnaSP is unable to handle missing data, and several cyt b sequences were
not available (Table A.1). The observed haplotype frequencies were compared to
haplotype frequencies expected at constant population size. The statistics R2 and Fu’s
Fs (Ramos-Onsins & Rozas, 2002) were calculated to test for significance (R2 < 0.05
and Fu’s Fs < 0.02), using coalescent simulations with 1000 generations.

Results

For COI the number of segregating sites (S) is 214, nucleotide diversity (m) is 0.119,
and total number of mutations (0) is 71.26, for cyt b 100, 0.114, and 30.55, for KIAA
20, 0.007 and 4.11 and for SACS 17, 0.006 and 3.34. The mtDNA phylogenetic tree
revealed three monophyletic groups, corresponding to the three Ommatotriton
species (summarized in Fig. 2.2a, detailed MrBayes and RAxML trees in Fig. B.1 and
B.2). The most recent common ancestor of Ommatotriton was dated at 24.5 Ma [95%
HPD confidence interval (CI) 14.6-35.8 Ma, Fig. 2.2b]. Ommatotriton nesterovi, O.
ophryticus and O. vittatus crown nodes were estimated at 13.0 Ma (CI 4.9-22.3 Ma), 8.6
Ma (CI 2.1-17.2 Ma) and 12.5 Ma (CI 5.5-20.8 Ma). The phylogenetic tree based on both
mtDNA markers suggested 0. nesterovi and O. ophryticus as sister species, but with
low support, independent of the method used (Fig. 2.2a). Phylogenetic trees for the
individual mtDNA markers strongly supported the three monophyletic clades, while
relationships among clades were poorly supported (Fig. B.3-B.6). The species tree
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Figure 2.2: Mitochondrial DNA phylogenetic tree and dated tree for banded newts (genus Ommatotri-
ton). Panel a) Bayesian consensus tree with Bayesian posterior probability value above and Maximum
Likelihood bootstrap support value below branches. Asterisks indicate nodes supported with a posterior
probability > 0.95 and a bootstrap support value > 80 and (values below the crown nodes of phylogeo-
graphical groups are not shown). Tips are haplotypes with codes corresponding to Table A.1 and localities
in parentheses. Panel b) dated phylogeny with Bayesian posterior probability value left above branches
(asterisk indicates posterior probability > 0.95) and node age on the left below with 95% HPD confidence
interval in parentheses right of nodes. In a) and b) capital letters correspond to the phylogeographical
groups delineated in Fig. 2.1; the outgroup is not shown. Panel c¢) male banded newt species in breeding
condition.

based on nuDNA only suggested that O. ophryticus and O. vittatus are sister species,
with high support (posterior probability of 0.98; Fig. 2.3c), while adding mtDNA to the
*BEAST analysis resulted in a lower support for this clade (0.75).

For nuDNA phylogenetic trees (Bl and ML, Fig. B.7-B.10), weak support was found
for a monophyletic O. nesterovi. Ommatotriton vittatus was suggested, albeit with low
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Figure 2.3: Haplotype networks and species tree based on nuclear markers for banded newts (genus
Ommatotriton). In the haplotype networks for KIAA (a) and SACS (b) pie diameter represents the number
of individuals per haplotype and bars the number of inferred substitutions. Panel c) *BEAST species tree
with posterior values for all markers above, and only nuDNA markers below the branches. Colours indi-
cate species as in Fig. 2.1.

support, to be either monophyletic or paraphyletic and nested within 0. ophryticus,
reflecting the relationships found in the haplotype network. In the KIAA network
haplotypes for each species are clustered, while in the SACS haplotype network O.
nesterovi was split up in two groups (Fig. 2.3a, 2.3b). We found no evidence for nuDNA
haplotype sharing between species as defined by mtDNA (Fig. 2.2a, 2.3a, 2.3b).

Within species, 13 distinct monophyletic mtDNA clades representing
geographically coherent groups were found (Fig. 2.1 and Fig. 2.2a). The sole
exception was haplotype Nes_08 from locality 4, which is placed in a sister position
to phylogeographic groups A and B and occurs in the geographic range of group A.
Intraspecific phylogeographical groups were found to be more closely related to
geographically more closely located phylogeographic groups than to groups located
further apart, with the exception of the [+M-clade from Israel and the Adana Basin.
For nuDNA, intraspecific differentiation was low (Fig. 2.3 and Fig. B.7-B.10). For the
SACS gene, individuals from group I (localities 30 and 31) were relatively diverged
from other individuals of O. vittatus (groups J-M). The KIAA marker suggested
divergence of western (group E; localities 15-17) and eastern (groups F-H; localities
19-29) O. ophryticus, in line with the mtDNA-based phylogenetic tree. The mtDNA
phylogeographic groups, however, were not recovered in the nuDNA analyses.

Projections on Last Glacial Maximum climate reconstructions showed the
potential distribution for the three species was reduced and fragmented compared
to the present (Fig. 2.4 and Fig. B.11). For O. vittatus, the range reduction was less
pronounced than for O. nesterovi and O. ophryticus. The potential distributions of O.
nesterovi and O. ophryticus overlap considerably at the present day and much less so at
the Last Glacial Maximum. Unsuitable environmental conditions separated O. vittatus
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Figure 2.4: Species distribution models for banded newts (genus Ommatotriton). Model projections for
the three species are arranged from top to bottom, with projections on current (left) and MIROC-derived
Last Glacial Maximum (right) climate layers. Predicted suitability is reflected by a colour scale running
from deep blue (highly unsuitable) to deep red (highly suitable).

from the other two species during either period. Bayesian skyline plots based on
mtDNA indicated a more pronounced dip in effective population size for O. nesterovi
at ~0.5 Ma than for 0. ophryticus and O. vittatus at ~ 0.05 Ma and at ~ 0.5 Ma (Fig.
B12). Mismatch analyses indicated that allele frequencies did not differ from the allele
frequency expected for a stable population over time (Fig. B.11, Table A.6).

Discussion

Biogeographical scenario for three genetically distinct species

The mtDNA phylogeny for Ommatotriton reveals three genetically distinct clades,
which is in line with the proposal to recognize three banded newt species: O.
nesterovi, O. ophryticus and O. vittatus. While reciprocal monophyly is not significantly
supported for individual nuDNA markers, crucially none of the nuclear haplotypes are
shared between species, not even in the region where the ranges of 0. nesterovi and 0.
ophryticus approach one another, and where we sampled more densely (Fig. 2.1). On
the basis of these results we accept the three species treatment.



Hybridization is not a likely cause of the lack of reciprocal monophyly of O.
vittatus since it is separated from the remaining Ommatotriton range by the Anatolian
Diagonal (Fig. 2.1). This mountain range was formed at 30-25 Ma as a consequence
of the Arabia-Eurasia collision (Jolivet & Faccenna, 2000) and acts as a barrier for a
wide range of taxa (Kapli et al., 2013). Uplift of the Anatolian Diagonal likely isolated
the stock that would become O. vittatus at ~25 Ma (Fig. 2.2b). Last Glacial Maximum
conditions appear to have exacerbated this geographical isolation (Fig. 2.4).

The Arabia-Eurasia collision resulted in the uplift of the Anatolian Plateau (Hearn
& Ni, 1994), which likely initiated speciation of what would become O. nesterovi and O.
ophryticus at ~ 25 Ma (Fig. 2.2b). The two species were isolated during the Last Glacial
Maximum (Fig. 2.4), implying that the current contact is of secondary, postglacial
origin. Bilgin (2011) documented a north-south oriented suture zone, related to
postglacial expansion from refugia in western and eastern Anatolia for plants, insects
and vertebrates. The two other pairs of parapatric newt species distributed along the
southern Black Sea coast show evidence of hybridisation upon secondary postglacial
contact with pronounced mtDNA introgression, from the western (Lissotriton vulgaris
and Triturus ivanbureschi) to the eastern species (L. kosswigi and T. anatolicus;
Nadachowska & Babik, 2009; Wielstra etal., 2013,2017), but there is no such mismatch
between mtDNA and nuDNA for O. nesterovi and O. ophryticus. While we did not find
evidence of (recent) introgression between the two species, to be conclusive, a denser
sampling filling the 60 km gap between the closest O. nesterovi and O. ophryticus
localities (localities 14 and 15, Fig. 2.1) is required.

Ancient and rapid radiation

The fossil based time calibration suggests the Ommatotriton species radiated ~ 25
Ma during a short time span. The mtDNA phylogeny suggests the three species form
a polytomy. While our nuDNA species tree supported a ((0. ophryticus, O. vittatus), O.
nesterovi) phylogeny, support decreased when adding mtDNA. We conclude that our
data provide no convincing support of a particular branching order, and we consider
the Ommatotriton phylogeny unresolved.

Conflictingresultsamong markers canbe expected forancientand rapid radiations
because few informative substitutions accumulate along internal branches (Philippe
et al,, 2011), little time is available for lineage sorting, resulting in conflicting gene
genealogies (Pamilo & Nei, 1988) and uninformative substitutions accumulate along
terminal branches, causing long-branch attraction (Felsenstein, 1978). Although
comprehensive sampling of phylogenetic diversity can break up long branches
(Bergsten, 2005), our sampling is comprehensive. However, we merely employed
three unlinked genetic markers. Multispecies coalescence methods, as implemented
in e.g. *BEAST, explicitly take incomplete lineage sorting into account (Heled &
Drummond, 2010) and benefit from sampling more unlinked markers (Maddison &
Knowles, 2006). Hence, we suggest a phylogenomic approach is required to resolve
the phylogeny of banded newts.

Deep intraspecific phylogeographical structure
A deep genetic differentiation within Ommatotriton species is reflected by four to
five intraspecific mtDNA phylogeographical groups per species. Splits between O.
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nesterovi groups located southeast of the Sea of Marmara (A, B) and along the central
southern Black Sea shore (C, D), and between O. vittatus groups from the Adana Basin
and Israel (I, M) and Turkey east of the Amanus Mountains and Syria (], K, L; Fig. 2.1,
Fig. 2.2b), coincide with the Middle Miocene disruption, a sudden period of climate
cooling between 14.0 and 13.5 Ma (Flower & Kennett, 1994). This period is linked to
vicariance and genetic divergence in the Near East for skinks (Ablepharus; Skourtanioti
etal,, 2016), toads (Bufo; Garcia-Porta et al., 2012) and scorpions (Mesobuthus; Shi et
al,, 2013). The basal split between O. ophryticus groups located in central Turkey (E)
and north-eastern Turkey, Georgia and on the western side of the Greater Caucasus
(F, G, H) coincides with the uplift of the Armenian plateau during the Serravallian,
caused by the Arabia-Eurasia collision (13-11 Ma; Gelati, 1975). This event was also
inferred to have caused the split between the crested newts Triturus karelinii versus
T. ivanbureschi and T. anatolicus (Wielstra et al., 2010).

We observe further subdivision into O. nesterovi groups (A and B, C and D),
during the Late Miocene and Pliocene. This time period was associated with large-
-scale orogeny throughout the region (Oosterbroek & Arntzen, 1992; Bilgin, 2011).
The different 0. nesterovi groups are currently separated by protrusions of the Pontic
Mountains, but the presence of a distinct haplotype from inside the range of group A,
basal to the clade of groups A and B, shows the pattern is more complex. Divergence
of the three groups distributed in the eastern part of the 0. ophryticus range (F, G, H)
suggests the Quaternary climate oscillations (2.6 Ma - present) initiated increased
population fragmentation.

For O. vittatus we observe two allopatrically distributed groups that, even though
they are sister clades, occur in the Adana Basin (I) and Israel (M). The Adana Basin
is isolated from the remainder of the Ommatotriton range by the Amanus Mountains
lifted during the lower-middle Miocene (~ 23 - 11 Ma; Aksu et al., 2005). Desiccation
of the Mediterranean Sea during the Messinian salinity crisis (~ 5.96 - 5.33 Ma)
would have established a direct connection allowing colonization of the Adana Basin
(Duggen et al., 2003). Subsequent expansion of the stock that became groups ], K
and L would explain the disjunct distribution pattern observed today. Interpreting
the phylogeographical pattern of groups ], K, and L is difficult based on the current
sampling. Wider sampling in this presently hostile area would be required to further
elucidate the historical biogeography of 0. vittatus. Deep phylogenetic splits and
complex phylogeographical patterns caused by the uplift of the Amanus Mountains and
dispersal routes facilitated by the Messinian salinity crisis in southern Anatolia and
the Levant were previously suggested for amphibians (Akin et al., 2010; Skourtanioti
etal,, 2016) and reptiles (Guicking et al., 2009; Kapli et al., 2013).

Multiple intraspecific glacial refugia

The species distribution models for O. vittatus suggest relatively little range
contraction during the Last Glacial Maximum (Fig. 2.4), supported by the Bayesian
skyline plot suggesting a relatively small population decrease during the Quaternary
(Fig. B.12). The deep phylogeographical structure suggests multiple glacial refugia
(i.e. “refugia-within-refugia”) were present within the current range of O. vittatus.
Multiple refugia within the current range of O. vittatus have been found for reptiles
(Kornilios et al., 2011; Stiimpel et al., 2016), insects (Simonato et al., 2007) and plants



(Médail & Diadema, 2009).

Compared to O. vittatus, a more pronounced habitat reduction at the Last Glacial
Maximum was suggested by the species distribution models for 0. ophryticus and,
especially, O. nesterovi (Fig. 2.4). This is supported by the reduced population size
indicated by the Bayesian skyline plots (Fig. B12). The deep genetic structure within
the two northern species also survived the Last Glacial Maximum in multiple glacial
refugia, located south of the Marmara Sea, and various locations along the southern
Black Sea shore and in the Colchis (Fig. 2.1). The Marmara region acted as a glacial
refugium for newts (Wielstra et al., 2010; Pabijan et al., 2015), multiple glacial refugia
along the southern Black Sea coast were found for amphibians (Wielstra et al., 2010;
Dufresnes et al., 2016), reptiles (Guicking et al., 2009) and mammals (Dubey et al.,
2006, 2007; Bilgin et al., 2008) and multiple glacial refugia in the Colchis were found
for plants, insects and snails (Tarkhnishvili et al., 2012), amphibians (Tarkhnishvili et
al., 2000; Veith et al., 2003), lizards (Freitas et al., 2016), and mammals (Seddon et al.,
2002; Tarkhnishvili et al., 2012).

Conclusions

The genus Ommatotriton represents a rapid radiation, initiated by orogeny associated
with the Arabia-Eurasia collision during late Oligocene. Lack of gene flow supports the
recognition of three species of banded newt, but relationships among these species
remain unresolved. Each species is composed of distinct, geographically coherent
mtDNA clades, with splits dated from the onset of the Quaternary to as far back in
time as the Middle Miocene. Multiple glacial refugia per species are positioned along
the coasts of the Black and Mediterranean Seas, suggesting a refugia-within-refugia
scenario for the Near East, as has been previously inferred for the Iberian (Gémez &
Lunt, 2007), Italian (Canestrelli et al.,, 2012) and Balkan peninsulas (Poulakakis et al.,
2015). Ommatotriton is exemplary for co-distributed taxa and the overarching pattern
emerging from cumulative phylogeographical studies underlines the Near East as an
important biodiversity hotspot, on par with hotspots revealed through comparative
phylogeography for the better studied Mediterranean peninsulas (Riddle, 2016).
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Abstract

The three species of banded newt (genus Ommatotriton) are endemic to the Near
East. Recently an introduced banded newt population was discovered in Catalonia,
Spain. To determine the species involved and the geographical source, we genotyped
11 individuals for one mitochondrial and two nuclear genetic markers, and compared
the observed haplotypes to a range-wide phylogeography of Ommatotriton. All
haplotypes identified in Spain are identical to haplotypes known from the native
range. The mitochondrial haplotypes derive from O. ophryticus and were originally
recorded in northeast Turkey. The nuclear haplotypes reveal that all individuals are
genetically admixed between O. ophryticus and O. nesterovi. While the geographical
resolution for the nuclear markers is low, the source of the 0. nesterovi ancestry must
be Turkey, as this species is a Turkish endemic. Species distribution models suggest
a large potential distribution for the two Ommatotriton species, extending over
northern Iberia and southern France. The ecology of hybrids can differ substantially
from that of the parent species, making the impact of the Spanish hybrid banded newt
population difficult to predict.

Keywords: Amphibia; exotic species; genotyping; hybridisation; invasive species;
species distribution modelling

Introduction

Human activities are causing a worldwide mass extinction of amphibians (Wake and
Vredenburg 2008). Next to habitat destruction, the most important anthropogenic
factor causing species extinctions is the introduction of exotic species (Sax and
Gaines 2003). While many exotic species disappear quickly after introduction, some



occasionally become invasive and threaten local wildlife (Pimentel et al. 2001).
Competition with and predation by exotic taxa can cause major declines in native
taxa (Kats and Ferrer 2003). Introduced species may also carry alien pathogens
against which native species do not have an adequate immune response (Martel et al.
2014). Moreover, introduced species may threaten the genetic integrity of natives by
hybridisation (Fitzpatrick and Shaffer 2007; Meilink et al. 2015).

In May 2011, an introduced population of banded newts (Ommatotriton sp.), a
genus endemic to the Near East (c. 3000 km eastwards), was discovered in two adjacent
ponds near Lleida in Catalonia, Spain (Fontelles et al. 2011, Fig. 3.1). The newts were
found in an area with many ponds and watering holes for cattle. Efforts to eradicate
the population are underway, including the direct removal of adults and larvae, and
desiccation of ponds (Fontelles et al., 2011; D. Martinez, pers. comm). In October 2016,
after the peak of emergence of juveniles, few metamorphic individuals were recorded
in the vicinity of the ponds, suggesting a successful population reduction.

The genus Ommatotriton comprises three species: 0. nesterovi, 0. ophryticus, and
0. vittatus. The number of rib-bearing vertebrae (NRBV) can be used to distinguish
0. ophryticus (NRBV=13) from the other two (NRBV=12: Arntzen & Olgun, 2000;
Litvinchuk et al., 2005; Kutrup & Biilbiil, 2011). Based on X-Rays of a single individual
with NRBV=13, the Spanish population was identified as O. ophryticus (Fontelles et
al. 2011). However, NRBV is known to be environmentally plastic in salamanders
(Arntzen et al. 2015). Furthermore, pictures of Spanish banded newts show features
reminiscent of O. nesterovi, in particular the lateral white band that continues from
the front limbs up to the eye and is interrupted by large blue specks on the tail (B.
Wielstra, unpublished data).

Considering the uncertainty regarding specific identity and hence the geographic
origin of the introduced banded newt population, we genotyped 11 Spanish
individuals for one mitochondrial and two nuclear markers and compared the results
to a rangewide Ommatotriton phylogeography (van Riemsdijk et al.,2017). We also
used species distribution modelling to investigate the potential of the Spanish banded
newts to spread over Iberia.

Materials and methods

Tail and toe tips from 11 Spanish Ommatotriton individuals were collected with
permission from the Servicio de Fauna y Flora, Generalitat de Catalunya, Spain.
Samples are stored in the Museo Nacional de Ciencias Naturales Tissue and DNA
Collection in Madrid, Spain (Online Resources 1). DNA was extracted with the Qiagen
DNeasy Blood & Tissue Kit. Fragments of one mitochondrial (COI, 658 bp) and two
nuclear markers (KIAA, 600 bp and SACS, 624 bp), all nuclear markers for which
reference data from the natural range are available, were amplified following van
Riemsdijk et al. (2017). Sanger sequencing was done commercially at BaseClear B.V,,
Leiden, the Netherlands. Sequences were edited in Sequencher 4.10.1 (Gene Codes
Corporation, MI USA) and nuclear alleles were phased with the PHASE 2.1 algorithm
(Stephens and Donnelly 2003) in DnaSP 5 (Librado and Rozas 2009). Sequences were
combined with the dataset of van Riemsdijk et al. (2017) in Mesquite (Maddison and
Maddison 2015) and collapsed into unique haplotypes (Online Resources 1). For the
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. O. ophryticus
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Figure 3.1: Distribution map of the three banded newt Ommatotriton species, native to the Near East. The
inset shows the position of the introduced population in Spain (black dot). On the main map, large dots are
populations for which genetic data are available and small dots are additional locations used for species
distribution modelling (Riemsdijk etal. 2017). Dots are coloured according to species. Letters correspond
to phylogeographic clades in Fig. 3.2. Spanish mitochondrial haplotypes were previously reported from
localities 18 and 19.

nuclear markers, haplotype networks were built using PopArt 1.7 (Bandelt et al. 1999;
Leigh et al. 2016). Species distribution models for 0. ophryticus and O. nesterovi, based
on bioclimatic values and presented in van Riemsdijk et al. (2017), and an additional
model combining distribution data for both species were projected onto current
climate layers of northern Iberia, to approximate the suitable area in the introduced
range and the invasive potential of the exotic population.

Results

All mitochondrial and nuclear haplotypes observed in the Spanish population
were identical to haplotypes from the native range (van Riemsdijk et al. 2017). The
two mitochondrial haplotypes found in the Spanish population were identical O.
ophryticus haplotypes from the Trabzon Province in north-eastern Turkey (Fig. 3.1,
Fig. 3.2a, localities 18 and 19 in van Riemsdijk et al., 2017). The Bayesian phylogenetic
tree for COI in Fig. 3.2a is adapted from van Riemsdijk et al (2017). For both nuclear
markers two haplotypes were recovered, one previously found in O. nesterovi and
one in O. ophryticus (Fig. 3.2b, 3.2c, 3.2d). All Spanish individuals show ancestry of
both species. Linking nuclear haplotypes to particular native localities is impossible
as both nuclear markers show little intraspecific phylogeographic structure. Species
distribution models suggest that conditions at the Spanish introduction site are
unfavourable for O. nesterovi, but favourable for O. ophryticus (Fig. 3.3). A ‘hybrid
model’ based on distribution data for both species suggests that conditions in and
around the introduction site are more suitable for admixed newts than for the
individual parental species.
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Figure 3.2: Haplotypes identified in introduced Spanish banded newt Ommatotriton samples in the con-
text of a range-wide phylogeography. A Bayesian phylogeny for COI (a). Asterisks indicate posterior pro-
bability values > 0.95 and letters correspond to clades indicated in Fig. 3.1. Haplotype networks of KIAA
(b) and SACS (c). Haplotypes are coloured according to the species of origin and Spanish ones are shown
as purple pie slices. (d) Overview of all haplotypes found in Spain. Haplotype codes correspond to van
Riemsdijk et al. (2017).
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Figure 3.3: Species distribution models for two banded newt species, O. nesterovi (upper left) and O.
ophryticus (upper right), and a ‘hybrid model’ based on distribution data for both species (bottom left),
projected on the Iberian Peninsula. The black dot indicates the introduction site.

Discussion

Mitochondrial DNA suggests that the introduced banded newt population in Spain
concerns O. ophryticus, in line with the number of rib-bearing vertebrae (Fontelles et
al. 2011). However, the nuclear markers show all individuals are genetically admixed
between 0. ophryticus and a second species, O. nesterovi, the presence of which was
hypothesized based on pictures. Species identification based on mitochondrial data
alone has proven, once again, to be misleading (Vences et al. 2005). As all sampled
newts are hybrids, the individuals initially introduced in Spain must have been either
amix of pure individuals of O. nesterovi and 0. ophryticus, or hybrids themselves. This
is the first evidence that hybrids between these two species are viable.

While the lack of geographic resolution for the nuclear haplotypes prevents us
to identify a detailed geographical origin of the source for O. nesterovi ancestry, the
country of origin is clear as this species is endemic to north-west Turkey. While for
0. ophryticus the nuclear markers also lack geographic resolution, the mitochondrial
marker pinpoints the origin of 0. ophryticus ancestry to north-east Turkey. Considering
that the contact zone between 0. ophryticus and O. nesterovi is positioned c. 400 km
to the west of the inferred region of origin of 0. ophryticus, the Spanish population
cannot derive from natural hybrids. Rather, taking into account that 0. ophryticus and
0. nesterovi have only recently been recognized (van Riemsdijk et al. 2017; Litvinchuk
etal. 2005; Biilbiil and Kutrup 2013), the two species likely interbred in the pet trade.

The main impacts of invasive species on natives are competition, predation,
transfer of alien pathogens, and hybridisation. The introduced banded newts are likely
to compete for resources with native newts and prey on eggs and larvae of native



amphibians to some degree (Borkin et al. 2003). A chytrid fungus, Batrachochytrium
salamandrivorans, which has proven highly lethal to European Salamandridae, was
introduced via the salamander pet trade (Martel et al. 2014). While no elevated
amphibian mortality has been reported at the introduction site, monitoring should
include screening for chytrid fungus and other pathogens (four introduced alpine
newts, Ichthyosaura alpestris, in Catalonia were infected with a Ranavirus, see
Martinez-Silvestre et al. 2017). Hybridisation with native newt species, like Triturus
marmoratus or Lissotriton helveticus seems a negligible risk, as Ommatotriton is not
closely related (Arntzen et al. 2015).

The intermingled genomes in the hybrid banded newt population make it hard
to approximate the actual niche (Canestrelli et al. 2016). Hybridisation is known to
potentially speed up the evolutionary process, leading to increased potential to adapt
to new conditions (Allendorf et al. 2001; Dittrich-Reed and Fitzpatrick 2013). Species
distribution models highlight the potential of the introduced population to colonize
northern Iberia and adjacent France. However, expansion beyond the introduction
site might be slowed down because of a low density of suitable breeding ponds
surrounding it and an extirpation effort in place (D. Martinez, pers. comm.). However,
a contained introduced population could still negatively affect the native amphibian
community locally.

The hybrid nature of the Spanish introduced banded newt population makes their
impact on native species harder to predict. When the genomes of hybridising species
are complementary, the resulting offspring may have a higher fitness than either of
the parent species, resulting in a population of ‘hopeful monsters’ (Fitzpatrick and
Shaffer 2007; Dittrich-Reed and Fitzpatrick 2013). Tangible proof of this theory was
found for Ambystoma salamanders in California, where hybrid larvae between a
native and an invasive species show a higher survival rate than either parent species
(Fitzpatrick and Shaffer 2007).

Considering the unpredictability of hybrids, we urge the relevant authorities
to treat the biological control of the Spanish introduced banded newt population
with caution. The efficiency of current measures such as the continued removal of
individuals and pond drying should be closely monitored. Even if complete eradication
might prove impossible, these measures are likely to reduce the negative effects of the
exotic hybrid Ommatotriton population in Spain.

Acknowledgements

D.Herrero,D.Martinez, F. Stanescu, D. Székelyand A. Tarragé helped collect or provided
samples. The PhD position of IvR is supported by the ‘Nederlandse organisatie voor
Wetenschappelijk Onderzoek’ (NWO Open Programme 824.14.014). This project has
received funding from the European Union’s Horizon 2020 research and innovation
programme under the Marie Sktodowska-Curie grant agreement No. 655487.

Compliance with ethical standards

Collection of tissue samples for molecular analyses was authorized by the Servicio de
Faunay Flora, Generalitat de Catalunya, Spain.

55



56

References

Allendorf FW, Leary RF, Spruell P, Wenburg JK (2001) The problems with hybrids: setting
conservation guidelines. Trends Ecol Evol 16:613-622. doi: 10.1016/50169-5347(01)-
02290-X

Arntzen JW, Beukema W, Galis F, Ivanovi¢ A (2015) Vertebral number is highly evolvable in
salamanders and newts (family Salamandridae) and variably associated with climatic
parameters. Contrib Zool 84:85-113.

Arntzen JW, Olgun K (2000) Taxonomy of the banded newt, Triturus vittatus: morphological
and allozyme data. Amphibia-Reptilia 21:155-168.

Bandelt HJ, Forster P, Rohl A (1999) Median-joining networks for inferring intraspecific
phylogenies. Mol Biol Evol 16:37-48. doi: 10.1093/oxfordjournals.molbev.a026036

Borkin L], Litvinchuk SN, Zuiderwijk A (2003) Triturus vittatus (Gray, 1835) - Bandmolch. In:
Grossenbacher K, Thiesmeier B (eds) Handbuch der Reptilien und Amphibien Europas.
Aula-Verlag, Wiebelsheim, pp 555-605

Biilbiil U, Kutrup B (2013) Morphological and genetic variations of Ommatotriton in Turkey.
Anim Biol 63:297-312. doi: 10.1163/15707563-00002413

Canestrelli D, Porretta D, Lowe WH, et al (2016) The tangled evolutionary legacies of range
expansion and hybridization. Trends Ecol Evol. doi: 10.1016/j.tree.2016.06.010

Dittrich-Reed DR, Fitzpatrick BM (2013) Transgressive hybrids as hopeful monsters. Evol Biol
40:310-315. doi: 10.1007/s11692-012-9209-0

Fitzpatrick BM, Shaffer HB (2007) Hybrid vigor between native and introduced salamanders
raises new challenges for conservation. Proc Natl Acad Sci 104:15793-15798. doi: 10.1073/
pnas.0704791104

Fontelles F, Guixé D, Martinez-Silvestre A, et al (2011) Hallada una poblacién introducida de
Ommatotriton ophryticus en el Prepirineo catalan. Boletin la Asoc Herpetoldgica Espafiola
22:153-156.

Kats LB, Ferrer RP (2003) Alien predators and amphibian declines: review of two decades
of science and the transition to conservation. Divers Distrib 9:99-110. doi: 10.1046/j.
1472-4642.2003.00013.x

Kutrup B, Biilbiil U (2011) Comparison of skeletal muscle protein bands and trunk vertebrae
count between Ommatotriton ophryticus nesterovi and O. o. ophryticus populations in
Turkey. Turk ] Zool 35:579-584. doi: 10.3906/z00-0904-6

Leigh ], Bryant D, Steel M (2016) PopArt 1.7.

LibradoP,Rozas] (2009) DnaSPv5:asoftware for comprehensive analysis of DNA polymorphism
data. Bioinformatics 25:1451-1452. doi: 10.1093/bioinformatics/btp187

Litvinchuk SN, Zuiderwijk A, Borkin LJ, Rosanov JM (2005) Taxonomic status of Triturus
vittatus (Amphibia: Salamandridae) in western Turkey: trunk vertebrae count, genome
size and allozyme data. Amphibia-Reptilia 26:305-323.

Maddison WP, Maddison DR (2015) Mesquite: a modular system for evolutionary analysis.
Martel A, Blooi M, Adriaensen C, et al (2014) Recent introduction of a chytrid fungus endangers
Western Palearctic salamanders. Science 346:630-631. doi: 10.1126/science.1258268
Martinez-Silvestre A, Montori A, Oromi N, et al (2017) Detection of a Ranavirus in introduced

newts in Catalonia (NE Spain). Herpetol Notes 10:23-26.

Meilink WRM, Arntzen JW, van Delft JJCW, Wielstra B (2015) Genetic pollution of a threatened
native crested newt species through hybridization with an invasive congener in the
Netherlands. Biol Conserv 184:145-153. doi: 10.1016/j.biocon.2015.01.022



Pimentel D, McNair S, Janecka ], et al (2001) Economic and environmental threats of alien
plant, animal, and microbe invasions. Agric Ecosyst Environ 84:1-20. doi: 10.1016/
S0167-8809(00)00178-X

Sax DF, Gaines SD (2003) Species diversity: from global decreases to local increases. Trends
Ecol Evol 18:561-566. doi: 10.1016/S0169-5347(03)00224-6

Stephens M, Donnelly P (2003) A comparison of Bayesian methods for haplotype reconstruction
from population genotype data. Am ] Hum Genet 73:1162-1169. doi: 10.1086/379378

van Riemsdijk I, Arntzen JW, Bogaerts S, Franzen M, Litvinchuk SN, Olgun K, Wielstral
B (2017) The Near East as a cradle of biodiversity: a phylogeography of banded newts
(genus Ommatotriton) reveals extensive inter- and intraspecific genetic differentiation.
Mol Phylogenet Evol 114:73-81. doi: 10.1016/j.ympev.2017.05.028

Vences M, Thomas M, Bonett RM, Vieites DR (2005) Deciphering amphibian diversity through
DNA barcoding: chances and challenges. Philos Trans R Soc Lond B Biol Sci 360:1859-1868.
doi: 10.1098/rstb.2005.1717

Wake DB, Vredenburg VT (2008) Are we in the midst of the sixth mass extinction? A view from
the world of amphibians. PNAS 105:11466-11473. doi: 10.1073/pnas.0801921105

57



58

Chapter 4

Testing an hypothesis of hybrid zone movement for toads in France
Published in Molecular Ecology, 2019

I. van Riemsdijk'?", R. K. Butlin®*, B. Wielstra1,%35, ]. W. Arntzen'!

!Taxonomy and Systematics, Naturalis Biodiversity Center, Leiden, The Netherlands

Institute of Biology Leiden, Leiden University, Leiden, The Netherlands

3Department of Animal and Plant Sciences, University of Sheffield, Sheffield, The United Kingdom
“Department of Marine Sciences, University of Gothenburg, Gothenburg, Sweden

*Department of Ecology and Evolutionary Biology, University of California, Los Angeles, USA
“Correspondence: I. van Riemsdijk isolde.vanriemsdijk@naturalis.nl

Abstract

Hybrid zone movement may result in substantial unidirectional introgression of
selectively neutral material from the local to the advancing species, leaving a genetic
footprint. This genetic footprint is represented by a trail of asymmetric tails and
displaced cline centres in the wake of the moving hybrid zone. A peak of admixture
linkage disequilibrium is predicted to exist ahead of the centre of the moving hybrid
zone. We test these predictions of the movement hypothesis in a hybrid zone between
common (Bufo bufo) and spined toads (B. spinosus), using 31 nuclear and one mtDNA
SNPs along a transect in the northwest of France. Average effective selection in Bufo
hybrids is low and clines vary in shape and centre. A weak pattern of asymmetric
introgression is inferred from cline discordance of seven nuclear markers. The
dominant direction of gene flow is from B. spinosus to B. bufo and is in support of
southward movement of the hybrid zone. Conversely, a peak of admixture linkage
disequilibrium north of the hybrid zone suggests northward movement. These
contrasting results can be explained by reproductive isolation of the B. spinosus
and B. bufo gene pools at the southern (B. spinosus) side of the hybrid zone. The joint
occurrence of asymmetric introgression and admixture linkage disequilibrium can
also be explained by the combination of low dispersal and random genetic drift due to
low effective population sizes.

Keywords: Admixture linkage disequilibrium, asymmetric reproductive isolation,
Bufo bufo, Bufo spinosus, cline coupling, hybrid zone movement

Introduction

During allopatric speciation, a taxon’s range is split by a physical barrier, and the
vicariant populations gradually diverge through processes such as mutation, natural
selection, and genetic drift (Mayr, 1942; Lande, 1980; Wu & Ting, 2004). Diverged
taxa may later meet in secondary contact and form a hybrid zone, for example



when taxa expand their ranges from glacial refugia in the postglacial era (Barton
& Hewitt, 1985; Hewitt, 1988, 2011). Upon secondary contact the two populations
may have established reproductive isolation, inhibiting exchange of genetic material
(Rice, 1998). Conversely, when the fitness of hybrid populations is equal or increased
compared to the fitness of parental populations, gene flow is extensive, and the
two populations will merge (Anderson & Stebbins, 1954; Arnold, 2004; Seehausen,
2004; Hedrick, 2013). In between these extremes, a reduced hybrid fitness precludes
merging and facilitates limited introgression (Mallet, 2005).

When hybrid fitness is reduced independent of the environment, a narrow tension
zone exists between the two species (Moore, 1977; Barton & Hewitt, 1985). In the
classical hybrid zone literature such tension zones are thought to stabilise where
population density is low, or at an ecological barrier to dispersal (Endler, 1977;
Barton & Hewitt, 1985). Recent studies suggest that hybrid zone movement is more
common than previously thought (Arntzen & Wallis, 1991, 1999; Buggs, 2007; Roy,
O’Connor, & Green, 2012; Taylor et al., 2014; Leaché, Grummer, Harris, & Breckheimer,
2017; Wielstra, Burke, Butlin, & Arntzen, 2017; Wielstra, Burke, Butlin, Avc, et al.,,
2017; Ryan et al.,, 2018). Hybrid zone movement occurs when one parent species has
a higher fitness than the other, such as through a competitive advantage, asymmetric
hybrid fitness effects, or environmental change (Buggs, 2007). Introgression caused
by hybrid zone movement is thought to affect selectively neutral markers distributed
randomly across the genome, resulting in genetic traces of the displaced species in
populations of the advancing species (Moran, 1981; Currat, Ruedi, Petit, & Excoffier,
2008). In contrast, under adaptive introgression, alleles from one species with a
positive effectin the other species may introgress through the hybrid zone, regardless
of whether the zone is stable or moving (Seehausen, 2004; Mallet, 2005; Hedrick, 2013;
Schmickl, Marburger, Bray, & Yant, 2017). Adaptive introgression affects only the
selected marker and markers that are nearby on the chromosome (physical linkage),
or markers that interact functionally with the marker under selection (functional
linkage; Barton & Hewitt, 1985; Baird, 2015; Sedghifar, Brandvain, & Ralph, 2016).
Only a fraction of the genome is involved in adaptive introgression, whereas hybrid
zone movement results in genome-wide introgression (Currat et al., 2008; Wielstra,
Burke, Butlin, Avcy, et al., 2017).

The transition from one species to the other through the hybrid zone can be
described by a set of allele frequency gradients, i.e. geographical clines (Schmickl etal.,
2017). The positions and shapes of geographical clines are indicative of evolutionary
processes involved in hybrid zone formation (Barton & Hewitt, 1985). Two types of
cline variation are distinguished based on cline position (coincident or displaced) and
cline shape (concordant or discordant). Coincident clines share the same cline centre,
whereas displaced clines have a cline centre away from the majority of the clines for
other loci. Concordant clines are similar in shape (described by e.g. width and tail
shape; Szymura & Barton, 1991), whereas discordant clines have a shape divergent
from the majority of the clines. Coincident clines are considered evidence of a hybrid
zone in a stable position over time (Abbott et al., 2013). Concordant and narrow clines
(steep at the centre and with distinct tails) suggest that the hybrid zone is maintained
by abalance between strong selection and dispersal, as opposed to displaced and wide
clines indicating that selection against hybrids is low (shallow slope without distinct
tails; Barton & Gale, 1993). Displaced and discordant clines exist in many species,
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Figure 4.1: Schematic representation of an hypothesis of hybrid zone movement. In contrast to a stable
hybrid zone (a) where the peak of admixture linkage disequilibrium (D’, y-axis, top plot) is situated in the
hybrid zone centre and clines are symmetric (frequency, y-axis, bottom plot, x-axis both plots is distance
alongatransect),amoving hybrid zone (b) is expected to have a peak of admixture linkage disequilibrium
shifted ahead of the hybrid zone and a tail of introgression in the wake of the hybrid zone (t, is the previ-
ous hybrid zone position, t, the current position). Dashed lines indicate the hybrid zone centre.

both for nuclear and mitochondrial markers, and may be caused by sex-biased gene
flow or by adaptive introgression (Mallet, 2005; Excoffier, Foll, & Petit, 2009; Toews &
Brelsford, 2012; While etal., 2015; Sloan, Havird, & Sharbrough, 2016; Bonnet, Leblois,
Rousset, & Crochet, 2017). However, displaced and discordant clines may also be
caused by hybrid zone movement, when a trail of genetic material from the overtaken
species remains present in the overtaking species (Rohwer, Bermingham, & Wood,
2001; Gay, Crochet, Bell, & Lenormand, 2008; Excoffier et al., 2009; Arntzen, de Vries,
Canestrelli, & Martinez-Solano, 2017; Wielstra, Burke, Butlin, Avc, et al., 2017).

Whether or not markers reflect past or ongoing demographic processes, including
hybrid zone movement and adaptive introgression, is dependent on factors such as the
number and genomic distribution of barrier loci, mutation rate, and recombination
(reviewed in Ravinet et al., 2017). Barrier loci are genes which inhibit the merging
of two diverged populations (Abbott et al., 2013; Barton, 2013). A stronger overall
barrier to gene flow is established when multiple barrier effects become coincident
by processes summarised as coupling (reviewed in Butlin & Smadja, 2017). If genome-
-wide coupling of barrier effects occurs, the geographic clines for markers are
expected to be coincident even if they are not physically or functionally linked to a
barrier gene (Barton, 1983; Barton & Gale, 1993; Bierne, Welch, Loire, Bonhomme, &
David, 2011; Vines et al., 2016). To overcome the coupling effect of multiple barrier
genes and so to cause gene flow across the hybrid zone, the positive selection on a
single gene will have to be disproportionally strong (e.g. Vines et al., 2016).

In addition to physical and functional linkage, associations between markers in
hybrid zones can be caused by common descent. This is reflected by an increase in
admixture linkage disequilibrium in the hybrid zone as alleles originating from the
same parent species tend to be found together within the genomes of early generations
of hybrid offspring. Recombination during subsequent backcrossing breaks down
admixture linkage disequilibrium (Barton & Gale, 1993; Baird, 2015). However, when
the hybrid zone is moving, the peak of admixture linkage disequilibrium is predicted
to be positioned just ahead of the hybrid zone centre, where individuals with little
history of recombination are involved in reproduction (Gay et al., 2008; Wang et al.,,
2011). This allows us to make predictions based on the hypothesis of hybrid zone
movement: there will be a tail of introgression in the wake of the moving zone
combined with a shift of the peak in admixture linkage disequilibrium ahead of the



movement. This contrasts with the predictions for a stable situation, where clines are
symmetric and the peak of admixture linkage disequilibrium appears in the centre of
the hybrid zone (Fig. 4.1).

We test for a genetic footprint of movement in a hybrid zone in northwest France
between two morphologically similar but genetically distinct species of toad, the
common, Bufo bufo (Linnaeus, 1758) and the spined toad B. spinosus Daudin, 1803
(Recuero etal., 2012; Arntzen, Recuero, Canestrelli, & Martinez-Solano, 2013; Trujillo,
Gutiérrez-Rodriguez, Arntzen, & Martinez-Solano, 2017). While B. bufo survived the
last glacial maximum in Italy and the Balkans, B. spinosus survived in southern France
and Spain (Arntzen et al., 2017). Based on four nuclear gene coding markers, twelve
microsatellites, and two mitochondrial SNP markers, the width of the hybrid zone (30
km) compared to the dispersal distance (1.3 km generation®) suggested that selection
against hybrids restricts gene flow through the hybrid zone (Arntzen et al., 2016). In
the southeast of France, the Bufo hybrid zone was hypothesised to move southwards
based on traces of introgression of one nuclear gene coding marker (of four tested),
and discordance between nuclear, mtDNA, and morphologic clines (Arntzen et al,,
2017). In the northwest of France, a similar dataset including microsatellite data,
showed introgression towards the north in two nuclear markers out of four, but was
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Figure 4.2: Map of Western Europe (a) with reference populations to determine diagnostic nature of mar-
kers for Bufo bufo (blue circles) and B. spinosus (red circles), and transect populations (grey circles). Panel
b details the transect orientation (dashed line) and the position of hybrid zone populations. Panel ¢ shows
bar plots with individual admixture proportion (Structure Q scores) on the left and mtDNA allele frequen-
cy per population on the right. The grey bar refers to one missing mtDNA data point.
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not analysed from the perspective of hybrid zone movement at the time (Arntzen et
al., 2016). This scenario provides the opportunity to test for the hypothesis of hybrid
zone movement in the northwest of France. We improve the resolution using 31 gene
coding markers and one mtDNA marker to interpret interspecific gene flow in the
light of the average effective selection on a locus, and place our findings in the context
of results from the literature.

Materials and Methods

Sample collection and preparation

All DNA extracts were available from previous studies (Arntzen, Wilkinson, Butét,
& Martinez-Solano, 2014; Arntzen et al.,, 2016, 2017; Arntzen, McAtear, Butot, &
Martinez-Solano, 2018). Eight individuals from four B. bufo reference populations and
twelve individuals from seven B. spinosus reference populations, all positioned > 500
km away from the centre of the hybrid zone (blue and red circles in Fig. 4.2a, 4.2b),
served to identify species diagnostic single nucleotide polymorphisms (SNPs) in a test
run. Another 268 individuals from 29 populations, including transect populations
(grey circles in Fig. 4.2a, 4.2b) and additional samples from the reference populations
were genotyped and included in the dataset, to a total of 306 individuals. Distances
between transect populations were measured in a straight line, which follows the
Table 4.1: Overview table with the number of individuals sampled per population, the distance in kilome-

tres (km), and the mean hybrid index, pooled for the reference populations (1-4 for B. bufo and 23-29 for
B. spinosus), and for each transect population (5-22).

Population Individuals Distance (km) Hybrid index (HI)

sampled

1 10

2 10

3 7 0 0.03
4 6

5 20 174 0.06
6 18 335 0.03
7 12 468 0.16
8 10 469 0.17
9 20 508 0.28
10 10 530 0.38
11 18 530 0.39
12 20 541 0.50
13 20 555 0.74
14 20 561 0.79
15 19 571 0.86
16 12 648 0.96
17 8 644 0.96
18 10 689 0.97
19 8 680 0.98
20 8 695 0.96
21 10 705 0.99
22 18 791 100
23 2

24 2

25 2

26 1

27 2 1222 1.00
28 1

29 2




direction of the transect in Arntzen et al. (2016), using a custom R script. Distances
for reference populations were measured with Google Earth Pro v.7.3.0 (Table 4.1 and
Table S.1).

P ign n transcriptom

Two transcriptomes from liver tissue of a B. bufo individual from population 6
(Audresselles, France), and a B. spinosus individual from population 18 (Jublains,
France) were sequenced commercially by ZF Screens, Leiden, on the Illumina HiSeq
2000 platform. The data were filtered with Trimmomatic v.0.35 software (Bolger,
Lohse, & Usadel, 2014), and assembled with Trinity v.2.1.1 (Grabherr et al., 2011;
Haas et al.,, 2013). When using exons from transcriptome data for SNP design in
expressed genes, paralogs (gene copies) should be excluded to avoid interpreting
SNPs between paralogs as SNPs within orthologues (e.g. Ryyndnen & Primmer,
2006). Exon boundaries need to be taken into account, as primers designed across
exon boundaries are the main cause of genotyping assay failure (Wang et al., 2008).
First, a BLAST search (Altschul, Gish, Miller, Myers, & Lipman, 1990) was used to
identify paralogs within the B. bufo transcriptome assembly. Next, a pipeline for
exon boundary identification (Niedzicka, Fijarczyk, Dudek, Stuglik, & Babik, 2016)
was used, employing the well-annotated Xenopus tropicalis (Gray, 1864) genome
(genome version JGI4.2). The X. tropicalis genome was also used to annotate markers
(after testing for diagnostic differences between the two species, 30 of 31 markers
eventually used were annotated, one remained unidentified and was named exon_1).
Finally, a second BLAST of the selected exons against the transcriptome of B.
spinosus was used to exclude potentially undetected paralogs and to identify SNPs.
A detailed description of the SNP design from transcriptome data is presented in the
Supplemental Information text.

SNP validation

Fluorescence-based genotyping (Semagn, Babu, Hearne, & Olsen, 2014) was used in
the Kompetitive Allele-Specific PCR (KASP) genotyping system at the SNP genotyping
facility of the Institute of Biology, Leiden University. Primer design, PCR setup, and
data visualisation followed Arntzen et al. (2016). For 96 exon sequences, primers
were designed with the Kraken software (LGC genomics, UK). After a first run, three
SNPs were excluded as they failed for all individuals of one species, presumably due
to a mutation at a primer binding site. Markers were initially considered diagnostic
if they showed species-specific alleles in the test dataset. This resulted in 32 nuclear
DNA SNPs (Table S.2). Because of limitations due to plate dimensions in the KASP
system, the remainder of the samples was analysed with 31 SNPs (by excluding the
least well performing marker in the test dataset, scaf4, for which 6 out of 20 reference
individuals had missing data) and we added one previously published diagnostic
mtDNA SNP (16S; Arntzen et al., 2016). We excluded five individuals from the final
dataset with more than ten SNPs missing (presumably because of low quality DNA).
After assessment of the final dataset of 306 individuals, 29 of 31 nuclear SNPs were
considered species-diagnostic, defined by minor allele frequencies of < 5.0 % in
reference populations in the final dataset (Table S.3). Missing data amounted to 5.2%
(Table S.4).
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Hardy-Weinberg proportions and marker linkage

Because SNPs in genes are more prone to be under direct or indirect selection than
non-coding DNA, we were cautious to exclude any markers showing outlier behaviour.
Signals of non-random mating or survival were tested for by calculating the Hardy-
-Weinberg proportions (heterozygote deficit and excess) with the R package genepop
based on the program GENEPOP v.1.0.5 (Rousset, 2008). As the Bonferroni correction
(Rice, 1989) can be overly conservative (e.g. Narum, 2006), we chose to account
for independence of tests within markers (Pc for N = 31). Deviations from Hardy-
-Weinberg proportions by heterozygote excess were not significant (Pc > 0.05; Table
S.5). Deviations by heterozygote deficit were significant for the marker egflam in five
populations (Pc < 0.05), hence this marker was excluded in the HZAR cline fitting
analysis and admixture linkage disequilibrium calculations (see below).

To infer independence of introgression, close physical or functional linkage of
markers should be investigated. As some of the 31 nuclear markers are bound to be
on the same chromosome (Bufo has 22 chromosomes; Olmo, Gargiulo, & Morescalchi,
1970; Olmo, 1973), we used a test of pairwise linkage disequilibrium (LD), indicative
of close physical linkage of markers, based on the log likelihood ratio statistic (G-test)
with the R-package genepop (Rousset, 2008). One pair of markers, exon_1 and ttc37,
was found to be in significant pairwise LD in two populations (Pc < 0.05; Table S.6).
As these populations were located in the hybrid zone, where we expect the effect of
admixture linkage disequilibrium to increase the number of markers in pairwise LD,
we kept the two markers in downstream analyses, but we checked that this marker
pair did not distort the general patterns described below. To investigate functional
linkage, a protein-interaction network was analysed with STRING v.10.5 (Szklarczyk
etal., 2015) on the basis of the X. tropicalis genome, and 30 out of 31 annotated nuclear
markers. A protein function description was recorded for each annotated marker
(Table S.7). The markers brca2 and rfcl were found to be functionally linked. As these
markers were neither deviating from Hardy-Weinberg proportions nor in pairwise
linkage disequilibrium within populations, they were included in all downstream
analyses but, again, we checked that this marker pair did not distort the general
patterns described below. Note that it remains possible that individual markers are
under direct or indirect selection, and the current and future analyses using these
markers need to take this into account.

Population structure

Allocation of individuals to genetically defined groups was done using all 31 nuclear
markers in Structure v.2.3.4 (Pritchard, Stephens, & Donnelly, 2000) with ten
independent chains of one up to ten genetic clusters (K), a burn in of 10,000, and a
chain length of 25,000 under the admixture model following recommendations
of Benestan et al. (2016). Other settings were left at default. Credibility intervals
(95%) were estimated and convergence was checked comparing log likelihood and
similarity of admixture proportion (Structure Q scores) between runs. The results
were summarized with CLUMPAK (Kopelman, Mayzel, Jakobsson, Rosenberg, &
Mayrose, 2015). The best value of K was determined using the Evanno method
(Evanno, Regnaut, & Goudet, 2005; Table S. 8), and results were visualised using the R



package POPHELPER (Francis, 2017). The admixture proportions are used in the cline
analysis (see below) to approach an overall cline shape and position that summarizes
all nuclear clines.

line anal

Classic equilibrium cline models, describing a sigmoid change in allele frequency or
phenotype across the hybrid zone, were fitted with the R package HZAR (Derryberry,
Derryberry, Maley, & Brumfield, 2014) for 30 nuclear markers, mtDNA, and admixture
proportion (K = 2), using a set of custom R scripts provided by G. Derryberry. Marker
egflam was not analysed with HZAR as it was not behaving according to Hardy-
-Weinberg proportions. First, 30 maximum likelihood estimation searches were
performed with random starting parameters, followed by a trace analysis of 60,000
generations on all models with a delta Akaike Information Criterion corrected for
small-sample-size (AAICc) below ten. Fifteen model variants can be fitted in HZAR,
based on all possible combinations of trait interval (allele frequency at the transect
ends; three types) and cline shape. The different cline shapes represent either a single
sigmoid curve, or a combination of (1) the central sigmoid portion and (2) shallower
exponential decay curves at one or both ends (tails) with slopes shallower than
expected from the central portion. We refer to these alternatives as ‘tail types’ (five
types). Tail types were fitted as an exponential tail to the left (L), exponential tail
to the right (R), both tails exponential with independent parameters (B), both tails
exponential but with the same parameters mirrored on the cline centre (M), and no
exponential tails fitted (N). For cline tails estimated separately (B), we assessed tail
slope (t; shallow tails reflected by low parameter values) and distance from the cline
centre where a tail started (§; short distances reflected by low parameter values).
When t and § are both low on one side and both high at the other side of the hybrid
zone, introgression is asymmetric. Convergence of the HZAR analysis was visually
assessed in trace plots. Significance of cline model fits was determined by calculating
AAICc for each best model (AAICc > 2 compared to the second best model; Table S.9,
S.10, Fig. S.1). Deviation from an equal frequency of left and right tails (as expected in
astable hybrid zone) was tested for all markers with a coincident cline centre with the
chi-square test for equal probabilities.

Admixture linkage disequilibrium

Using variance in hybrid index (HI, see also Table 4.1), admixture linkage
disequilibrium (D’) can be calculated, and subsequently lifetime dispersal distance
(o) weighted for individuals in aquatic (pre-) and terrestrial (post-metamorphosis)
life stages, expected cline width under neutrality, and average effective selection on
a locus (s*) can be calculated following Barton & Gale (1993). This was done using
29 nuclear markers, excluding marker egflam, which was not within Hardy-Weinberg
proportions and marker banp, for which the cline centre was displaced compared
to other clines (Fig. S.2). Average effective selection is the selection pressure on a
locus at the zone centre due to direct selection or association with other loci under
selection. A few input parameters were needed for these calculations (Table S.11). A
mean recombination rate between marker pairs of 0.4997 was calculated following
formula (6) from Macholan et al. (2007), using the number of chiasmata per bivalent
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for Bufo bufo (1.95; Wickbom, 1945), and the number of chromosomes for B. bufo (N
= 22). A generation time of 2.5 years for Bufo toads at the latitude of the hybrid zone
(mean of three years in females and two years in males; Hemelaar, 1988), and initial
secondary contact at 8,000 years ago following Arntzen et al. (2016) were used as
input parameters. The width of the hybrid zone was derived from a general sigmoid
cline model following the ‘no-tails’ formula in HZAR (Derryberry et al., 2014) fitted to
the HI. At the cline centre, D’ was estimated from its regression on p*(1-p), where p is
the average over loci of the frequency of the B. bufo allele at a sample location. Means
and 95% confidence intervals (CI) for cline width, D’ at the centre, dispersal distance,
expected cline width under neutrality, and effective selection were based on 1,000
bootstrap replicates of the original genotype dataset (with replacement, maintaining
original sample size; Table S.11), using custom R scripts. The amplitude and position
of the peakin D’ were estimated by fitting a Gaussian curve following Gay et al. (2008).

Hybrid index analysi

Tovisualise potential unequal contribution of both species to the genomic composition
of admixed individuals, we used the R package Hlest (Fitzpatrick, 2012). This analysis
scales the number of markers derived from each parental species (S) to heterozygosity,
which is calculated as the fraction of heterozygous markers with variants inherited
from both parent species, within an individual (HI). We used 29 markers with an allele
frequency difference between species more than 0.8 (Larson, Andrés, Bogdanowicz,
& Harrison, 2013). To assess unequal inheritance of mtDNA in hybrid offspring, we
coloured the data points by mtDNA type.

Results

The number of genetic clusters (K) supported by Structure was two, concordant with
the two toad species (Table S.8). Species admixture was recorded in populations 7-15.
Individuals of populations 7-9 north of the hybrid zone centre were hybrid populations
with a relatively high frequency of B. spinosus nuclear alleles when compared to
the number of B. spinosus mtDNA haplotypes (Fig. 4.2c). Credibility intervals of the
admixture proportion estimates are shown in Fig. S.3.

HZAR clines were partitioned according to tail type (Fig. 4.3, for a plotincluding all
clines see Fig. S.2, Tables S.9, S.10). Eight nuclear marker clines best fitted a left tail of
introgression (northwards into B. bufo) and for seven markers the fit was significantly
better than alternative models (Fig. 4.3a). Two nuclear marker clines had a right tail
of introgression (southwards into B. spinosus), of which one had a significantly better
fit than alternative models (Fig. 4.3b). For four nuclear marker clines, both tails were
exponential with independent parameters, of which three had a significantly better
fit than alternative models (Fig. 4.3c). For these clines, tail slope (t) and distance from
the cline centre where the tail started (6) showed an increase in one parameter (e.g.
6) and a decrease in the other (e.g. T) in all cases. Such results are not straightforward
to interpret in terms of directional introgression and these clines were not taken into
account when assessing unidirectional introgression. For eleven nuclear markers,
clines had mirrored tails of which six had a significantly better fit than alternative
models (Fig. 4.3d). For three nuclear markers, clines had no tails, and one marker had
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Figure 4.3: Best fitting clines for 30 nuclear markers and the mtDNA marker determined with HZAR.
Frequencies of 0 and 1 represent pure Bufo bufo and B. spinosus genotypes. Left tail clines are in panel (a),
right tail clines are in (b), both tail clines in (c), mirror tail clines in (d), and no tail clines are in (e). Panel
f shows the mtDNA cline with a significant right tail and the nuclear marker banp with a significantly
displaced cline centre and a non-significant left tail. Cline models that fit significantly better than the
nextbest model (AAICc > 2) are shown by green lines and the others by grey lines. Sample localities on the
transect are shown on the x axis by inside ticks and the arrow (*) indicates the position of the hybrid zone
centre based on the admixture proportion cline (dashed line).

a significantly better fit than alternative models (Fig. 4.3€). All nuclear markers had
cline centres within 30 km of the admixture proportion cline centre (positioned at
539 km) except for banp, with a cline centre > 300 km to the south, inside the range of
B. spinosus (Fig. S.2). This cline had a non-significant left tail into B. bufo (Fig. 4.3f).
The mitochondrial marker had a significant right tail into B. spinosus (Fig. 4.3f). The
functionally linked markers brca2 and rfcl had similar cline models with mirrored
tails and overlapping 95% credible cline regions for centre and width, and showed no
pattern of introgression deviating from the admixture proportion cline. In summary,
seven nuclear markers showed significant introgression of B. spinosus into B. bufo by
cline discordance, whereas two nuclear markers showed significant introgression the
other way around, one by cline discordance and one by displacement. The inequality
of introgression was non-significant (Chi-square test for equal probabilities, Chi2 =
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Figure 4.4: Admixture linkage disequilibrium (D’) recorded over a transect from the north (Bufo bufo,
populations 1-4) to the south (B. spinosus, populations 23-29). Note that the horizontal axis does not re-
present linear geographical distance. The dotted vertical line is the position of the hybrid zone centre
inferred from the admixture proportion cline. Estimates for D’ are obtained by bootstrap analysis and
shown by box-and-whisker plots.

2.78,df=1,P =0.096).

Populations 9-15 within the hybrid zone had higher values of D’ than populations
outside the hybrid zone (Fig. 4.4). This is reflected by an increase in pairwise linkage
disequilibrium amongloci (Table S.6). Populations 7, 8, and 10 north of the hybrid zone
centre, and beyond the area of rapid allele frequency change, had larger D’ with larger
positive deviations from zero than other populations. However, it was not possible to
fita Gaussian curve through these data points, probably because of the large variation
in D’, and the position and amplitude of the peak of D’ remain undetermined.

Estimated lifetime dispersal (o), based on D’ at the cline centre, was 2.2 km
generation/? (95% CI 0.6-3.7). The observed cline width based on Hl was 114 km (95%
CI 103-132). Assuming no selection against hybrids, the expected cline width would
be 312 km (95% CI 91-532; Table S.11). The average effective selection on a locus (s*)
was 0.0017 (95% CI 0.0001-0.0040). Despite variation among clines suggesting weak
coupling, the presence of an admixture linkage disequilibrium peak supports the
use of s* as an average value to describe the hybrid zone. Hlest showed a continuum
of B. bufo to B. spinosus genotypes in which hybrids possessing mtDNA haplotypes
typical of either B. bufo or B. spinosus were about equally frequent (Fig. S.4). The peak
of ancestry is at 50% heterozygosity, indicating no asymmetry in the contribution of
both species to the hybrid population.

Discussion

The features describing the Bufo hybrid zone in northwest France in the current
study are broadly in line with previous descriptions, but provide more resolution and



estimates of key parameters. We found that individual marker cline positions and
shapes vary (e.g. Fig. S.2), widening the admixture proportion cline. We inferred weak
effective selection per locus against hybrids (s*=0.0017), but with low precision of the
estimate. Even when effective selection is low and clines are wide, a moving hybrid
zone may stagnate at an ecotone, limiting further movement of the zone (Endler, 1977;
Moore, 1977; Barton & Hewitt, 1985; Buggs, 2007; Gompert, Mandeville, & Buerkle,
2017). The section of the Bufo hybrid zone studied here appears to be located ata weak
ecotone in a hilly landscape formed by the ‘Collines de Normandie’, with B. bufo at a
lower and B. spinosus at a higher altitude (Arntzen et al., 2016). The genetic estimate
of lifetime dispersal of 2.2 km generation'/? diverges from the average maximum
observed in field studies, but the field estimate is within the CI for the genetic estimate
(1.3 km; Smith & Green, 2005; Daversa, Muths, & Bosch, 2012; Trochet et al., 2014). In
amphibians, dispersal distance based on genetic data is more often found to be higher
compared to field studies, because mark-recapture, seasonal, or field studies covering
a small area are at risk of underestimating (rare) long-distance dispersal (Smith &
Green, 2005).

The hybrid zone was calculated to be 114 km wide, based on the hybrid index
for 30 nuclear markers, and width was 63 km based on the cline of the admixture
proportion for 31 nuclear markers. A narrower width (30 km) was earlier recorded
based on the first PCA axis of 12 microsatellites, whilst in the same study cline width
for four nuclear markers ranged from 27 to 91 km, and morphological cline widths
exceeded 200 km (Arntzen et al,, 2016). Microsatellites are noncoding, have higher
mutation rates, and they are more suitable for investigating small scale evolutionary
processes, therefore they may reflect more recent demographic processes (Ellegren,
2000). This poses the question what is causing a more spatially restricted transition in
the microsatellite markers as opposed to a wider transition in nuclear gene markers,
as one would expect stronger selection against hybrids and thus narrower clines in
markers from coding regions than in microsatellites. Including more markers would
cause the hybrid index or admixture proportion clines to get wider, because drift
causes the centres of individual marker clines to vary. The larger number of markers
in this paper may thus explain the wider zone currently reported compared to the
previously reported width based on less markers. Confidence intervals overlap for
many of these width estimates and all widths are large relative to dispersal. This
indicates the general conclusion of weak selection is robust.

We examined patterns of gene flow and admixture linkage disequilibrium to test
the hypothesis of movement of the hybrid zone in two common toad species (B. bufo
and B. spinosus) in northwest France. Introgression from B. spinosus into B. bufo was
more frequent than introgression the other way around, a result that was found before
with four nuclear markers (Arntzen et al., 2016, 2017). Disregarding whether cline
model fits are significant, eleven markers show introgression from B. spinosus into B.
bufo and two show introgression the other way around, a significant difference (Chi-
-square test for equal probabilities, Chi?= 6.23, P = 0.013). Cases where introgression
is not explicit can also point out methodological difficulties, such as determining
unidirectional introgression from cline shape parameters. To better compare the
asymmetry of introgression between individual markers, future methods could
compare e.g. the area underneath and above the geographic cline on both sides of the
cline centre. Further simulations are needed to provide clear expectations for stable
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and moving hybrid zones.

Three populations with elevated admixture linkage disequilibrium (D’) suggest a
peak of early-generation hybrid offspring north of the hybrid zone. Fitting a Gaussian
curve through D’ proved impossible, as there was too much variance within the data,
especially in populations 5, 9 and 11. The Gaussian curve is the shape of the peak
expected under a symmetrical cline model (Gay et al., 2008). The absence of a clear
peak can be caused by asymmetry in the cline model or insufficient sample size of
individuals, populations, or markers, or a combination of both. More data should be
generated to be able to determine the shape and position of the peak with higher
precision. While the unidirectional introgression is in line with southward movement
of the hybrid zone (Buggs, 2007), the northern position of a peak in D’ is in line with
movement in the opposite direction (Gay et al., 2008; Wang et al., 2011). Since our
results do not fully support the original hypothesis of (southward) hybrid zone
movement in Bufo, alternative explanations have to be considered, in particular for
the position of the peak in admixture linkage disequilibrium, for which we compare
our result with other case studies.

Concordant and narrow clines suggest that a hybrid zone is maintained by a
balance between strong selection and dispersal, as opposed to wide and displaced
clines indicating that selection against hybrids is low (Barton & Gale, 1993). By
surveying the hybrid zone literature, we found eight studies with empirical data on
effective selection (i.e. s*) and cline centre and shape in a wide variety of organisms
(Table S.12; Mallet et al.,, 1990; Szymura & Barton, 1991; Phillips, Baird, & Moritz,
2004; Macholan etal., 2007; Kawakami, Butlin, Adams, Paull, & Cooper, 2009; Carneiro
et al,, 2013, Baldassarre, White, Karubian, & Webster, 2014; Hollander, Galindo, &
Butlin, 2015; Wielstra, Burke, Butlin, & Arntzen, 2017). Six studies report substantial
effective selection (0.19 - 0.37) with mostly concordant, coincident and steep clines,
and three studies report low average effective selection (0.007 - 0.011) with multiple
discordant and displaced clines. Our results for Bufo, with low effective selection and
substantial cline variability, fall into the latter category.

We also consulted the literature on the direction of introgression and the
location of elevated levels of admixture linkage disequilibrium in hybrid zones. Two
studies document a peak in admixture linkage disequilibrium opposite to where
introgression takes place (Fig. 4.5a), and one study documents a peak of admixture
linkage disequilibrium and introgression on the same side (Fig. 4.5b). In the hybrid
zone of the gull species Larus glaucescens (Naumann, 1840) and L. occidentalis
(Audubon, 1839), genotypic and phenotypic clines showed introgression towards the
north, and a peak in admixture linkage disequilibrium towards the south, indicating
a southward movement of the hybrid zone (Fig. 4.5a; Gay et al., 2008). In the hybrid
zone of the house mouse subspecies Mus musculus musculus Linnaeus, 1758 and M.
m. domesticus Schwarz & Schwartz, 1943 introgression to the east and a peak of
admixture linkage disequilibrium to the west, supported a westward movement of
the hybrid zone (Fig. 4.5a; Wang et al., 2011). Conversely, in the hybrid zone of the
salamander subspecies Ensatina eschscholtzii eschscholtzii Gray, 1850 and E. e. klauberi
Dunn, 1929, unidirectional introgression coincides with a peak of admixture linkage
disequilibrium (Fig. 4.5b; Devittetal., 2011). This result was explained by asymmetric
pre- or postzygotic isolation. On the side of the hybrid zone where reproduction is
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Figure 4.5: Schematic representation of inferred hybrid zone movement in (a) the gulls Larus glaucescens
and L. accidentalis (Gay et al., 2008), and the house mice Mus musculus musculus and M. m. domesticus
(Wang et al.,, 2011), and asymmetric reproductive isolation in (b) the salamanders Ensatina eschscholtzii
eschscholtzii and E. e. klauberi (Devitt et al., 2011), and possibly also in the toads Bufo bufo and B. spinosus
in the present study. In panel b, the tick mark shows where reproduction can take place and the cross
shows where reproduction cannot take place. The y-axis of the top plot shows admixture linkage dise-
quilibrium (D’), the y-axis of the bottom plot shows frequency, and the x-axis of both plots show distance
along the transect. Cardinal directions are given by N, E, S and W. The question mark in panel b refers to
the uncertainty of unidirectional introgression and of the magnitude and position of the peak of D’ in the
Bufo hybrid zone.

reduced, introgression and admixture of genetically distinct individuals are absent,
whereas at the other side where hybridisation succeeds, introgression and admixture
of genetically distinct individuals occur. A deficit of hybrids with E. e. eschscholtzii
mtDNA confirms that offspring of female E. e. klauberi and male E. e. eschscholtzii
are successfully reproducing, whilst offspring of other parental combinations occur
rarely.

When comparing patterns of introgression between hybrid zones of different
biological systems, dispersal rate and effective population size need to be taken
into account (Canestrelli et al., 2016; Ravinet et al., 2017). Introgression generally
increases when dispersal rate is high, because more genetically distant populations
interbreed (Nichols & Hewitt, 1994). The effect of a higher dispersal on introgression
is greater for a narrow hybrid zone where selection against hybrids is high, than for
a wide zone where selection against hybrids is low, because in a narrow zone the
distance between genetically distinct individuals is smaller (Barton & Gale, 1993).
Therefore, we chose to express dispersal in terms of the number of generations
needed to cross the hybrid zone, as this summarises width in relation to dispersal,
and thus also in relation to selection against hybrids. To include the effect of genetic
drift in the comparison of hybrid zones, effective population size can be used. When
effective population size is low, an increase in the effect of random genetic drift
obscures genetic patterns of demographic and evolutionary history, and clines are
predicted to be more randomly distributed in the landscape and vary in shape,
despite a high selection against hybrids (Polechova & Barton, 2011). The Larus hybrid
zone would take five generations of unimpeded dispersal to cross (Fig. 4.5a; Gay et
al., 2008). Populations consist of 10,000 - 100,000 individuals (Crochet et al., 2003).
The Mus hybrid zone would take about 60 generations to cross (Fig. 4.5a; Raufaste
et al, 2005; Macholan et al.,, 2007; Wang et al., 2011). The effective population size of
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mice is 500 to 5,000 individuals (Pocock, Hauffe, & Searle, 2005). The Ensatina hybrid
zone would take seven generations to cross (Fig. 4.5b; Staub, Brown, & Wake, 1995;
Devitt et al., 2011). In high quality habitat Ensatina population density may be 1,300
individuals ha' with effective population size unknown (Stebbins, 1954; Rosenberg,
Noon, Megahan, & Meslow, 1998).

The Bufo hybrid zone would take about 60 generations to cross, and dispersal
capacity seems comparable to Mus. However, the effective dispersal distance in Mus is
thought to be underestimated by population structure and migration studies, because
effective genetic dispersal in mice is inflated by (human mediated) long-distance
movements and frequent extinction-recolonization effects (Barton & Hewitt, 1985;
Slatkin, 1985; Macholan et al., 2007). Compared to Bufo, the effective population
sizes in Larus and Mus are one to three orders of magnitude higher. Toads breed in
large water bodies, and adult Bufo population sizes regularly consist of 2,500 - 5,000
individuals, but effective population sizes are about two orders of magnitude lower
(Scribner, Arntzen, & Burke, 1997). Population sizes in Bufo may be more comparable
to Ensatina, considering that effective population sizes are often much smaller than
census population sizes in amphibians (Funk, Tallmon, & Allendorf, 1999; Zeisset
& Beebee, 2003; Vences & Wake, 2007). A combination of low dispersal and small
population sizes may impede introgression and cause patterns of admixture linkage
disequilibrium to be less pronounced in Bufo than in the other hybrid zones.

Drift is strong in populations with low dispersal and small population sizes,
generatingrandomvariationinallele frequencyin different populations. This variation
causes clines to differ in shape and position more than would be predicted based on
the width of clines of individual alleles (cline wobbling; Polechova & Barton, 2011).
Cline wobbling increases the width of the hybrid index (or admixture proportion)
cline. A low number of markers, sampling a small portion of the variation in cline
shapes and position, may therefore be insufficient to assess patterns of admixture
linkage disequilibrium. Further increasing the number of individuals sampled and
the number of markers employed would increase our ability to test the hypothesis
of hybrid zone movement. It is not currently known how sensitive the methods
employed here are to the numbers of individuals or markers included in the dataset.
Further investigation through simulations could help to improve our understanding
of the limitations of these methods. It will be interesting to see if a higher number of
markers generated randomly across the genome, such as RAD sequencing data (Baird
et al,, 2008), will behave similar or different to these gene-coding markers, as gene-
-coding markers may be more prone to local selection forces in small populations.

Asymmetric pre- or postzygotic isolation, such as displayed in Ensatina, seems
most congruent with the co-occurrence of introgression and a peak of admixture
linkage disequilibrium seen in Bufo (Fig. 4.5b). However, we find only slight evidence
for pre- or postzygotic isolation in the Bufo hybrid zone. First, we find marginally
higher introgression from B. spinosus into B. bufo than the other way around. Second,
hybrids with both parental types of mtDNA are about equally frequent, and the
peak of ancestry is symmetric and centred at 0.5 heterozygosity (Fig. S.4), whereas
in Ensatina almost all hybrid individuals carried mtDNA of only one parental type.
Third, low effective selection within the Bufo hybrid zone allows the unimpeded
exchange of genes and previous studies showed no indication of asymmetric



incompatibility (Arntzen et al., 2016; Trujillo et al., 2017). The only evidence in favour
of asymmetric isolation besides the position of the admixture linkage disequilibrium
peak, is the relatively high introgression of B. bufo mtDNA into B. spinosus (e.g. right
tail of introgression in mtDNA). Therefore, asymmetric pre- or postzygotic isolation
might be weak, with hybridisation inhibited slightly more on the B. spinosus side. But
this result can also be explained by other processes, such as sex-biased dispersal or
adaptive introgression (Currat & Excoffier, 2005; Toews & Brelsford, 2012).

In conclusion, we cannot reject the null hypothesis of a stable Bufo hybrid zone in
northwest France, and low levels of dispersal and random genetic drift due to small
population sizes are important in shaping the patterns of introgression. Based on
earlier studies, this hybrid zone was predicted to move southwards (Arntzen et al.,
2016, 2017). Our dataset shows similar characteristics to those of previous studies
(e.g. northward introgression), but with additional analyses we showed asymmetric
reproductive isolation may provide a more important driver of asymmetric
introgression than hybrid zone movement. However, multiple processes appear
to be at play in shaping the Bufo hybrid zone. One might imagine a situation where
asymmetric reproductive isolation and hybrid zone movement co-occur where the
strongest process may overrule any genetic patterns related to the other process.
In addition, small population sizes and other demographic factors such as dispersal
distance per generation may cause patterns to become obscured. With 31 nuclear
SNPs, we sampled only a tiny portion of the 6 Gbp B. bufo genome (Vinogradov, 1998).
Further increasing the number of individuals sampled and the number of markers
employed can possibly increase our ability to test the hypothesis of hybrid zone
movement. It is not currently known how sensitive the methods presented here are to
the number of individuals or markers included in the dataset. Further investigation
through simulations could help improve our understanding of the limitations of
these methods. Looking back on past literature on hybrid zone movement in various
organisms, it will be interesting to see if the hypotheses previously inferred still stand
with new data and new analytical approaches. The Bufo hybrid zone exemplifies the
complex influences of interspecific hybridization on genomic composition and can be
used to test various hypotheses of introgression and speciation.
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Abstract

Consistent patterns of gene flow in multiple transects of a hybrid zone provide strong
evidence of universal evolutionary processes. The hybrid zone between the recently
recognized common toad species, Bufo bufo and B. spinosus, runs from the Atlantic
to the Mediterranean coast across France, and allows independent replication of
transects. We test consistency of patterns of introgression and linkage disequilibrium
in two transects, positioned in the northwest and southeast of France, with RAD
sequencing data. Genomic and geographic clines are used to identify outlier markers,
e.g. with relatively restricted introgression (barrier markers). In the northwest
transect, high introgression of neutral markers towards the B. bufo side of the zone
coincides with a northward shift in the peak of admixture linkage disequilibrium
(D’), consistent with asymmetric reproductive isolation. In the southeast transect,
introgression is symmetric and a peak of D’ coincides with the centre of the hybrid
zone, consistent with a stable hybrid zone. Barrier markers were twice as abundant
in southeast as in northwest France. However, the proportion of markers identified
as barrier markers in both transects was high, suggesting a similar barrier to gene
flow. These results are best explained by divergence of genetic groups on the B. bufo
side of the zone, as suggested by a previous mitochondrial DNA phylogeography. The
underlying mechanism may be a difference in sex chromosome morphology driving
both the differences and similarities between transects, but remains to be tested. We
find the common toad hybrid zone is more complex than previously appreciated.

Keywords: asymmetric reproductive isolation; barrier genes; Bufo bufo; Bufo spinosus;
genomic cline; geographic cline; RAD sequencing; replicate transects



Introduction

Barrier genes restrict gene flow between populations. The effect of barrier genes
is differential across the genome, and changes the structure of the genome during
hybridisation (Abbott et al.,, 2013; Barton, 2013; Ravinet et al., 2017). The barrier
effect is a reduction of effective migration rate of genetic material, relative to the
dispersal of individuals between populations (Ravinet et al., 2017). The barrier effect
is reinforced when multiple barrier genes become geographically coincident and fixed
in a hybrid zone, referred to as cline coupling (Butlin & Smadja, 2017). When barrier
genes are coupled, the remainder of the genome tends to become co-distributed, even
though parts of the genome are not physically or functionally linked to a barrier gene,
ultimately leading to complete reproductive isolation (Barton, 1983; Barton & Gale,
1993; Bierne, Welch, Loire, Bonhomme, & David, 2011; Vines et al., 2016). Barrier
genes and coupled genes are expected to show relative steep transitions and tend to
be located together in the hybrid zone (Gompert, Parchman, & Buerkle, 2012; Butlin
& Smadja, 2017). Consistent patterns of restricted introgression in the same genes
across multiple transects are indicative of a universal species boundary (Teeter et
al., 2009; Larson, Andrés, Bogdanowicz, & Harrison, 2013; Larson, White, Ross, &
Harrison, 2014; Harrison & Larson, 2014).

Asymmetric introgression in hybrid zones, when gene flow is more prominent
in one direction than in the other, can be caused amongst others by hybrid zone
movement and asymmetric reproductive isolation. Hybrid zone movement occurs
when one species has a competitive advantage over the other. Hybrid zone movement
can cause unidirectional introgression from the overtaken species into the overtaking
species, reflected by an increase of introgression of neutral markers in the wake of the
movement (Barton & Hewitt, 1985; Gay, Crochet, Bell, & Lenormand, 2008; Excoffier,
Foll, & Petit, 2009; Taylor, Larson, & Harrison, 2015; Arntzen, de Vries, Canestrelli, &
Martinez-Solano, 2017; Wielstra, Burke, Butlin, & Arntzen, 2017; Wielstra, Zielinski, &
Babik, 2017). Asymmetric pre- or postzygotic isolation occurs when only particular
combinations of individuals are successful in reproduction (Hewitt, 1975). Most of
the introgression takes place on the side of the hybrid zone where reproduction is
the most successful (Haldane, 1922; Barton, 2001; Devitt, Baird, & Moritz, 2011). As
hybrid populations receive higher amounts of gene flow from the side of the hybrid
zone where reproduction is most successful, asymmetric reproductive isolation can
lead to hybrid zone movement (Buggs, 2007).

To be able to assess patterns of introgression, the behaviour of many geographic
clines can be summarised using the expected frequency based on the average allele
frequency across loci (e.g. hybrid index; Polechova & Barton, 2011). To further assess
the direction of gene flow, admixture linkage disequilibrium can be used. The first
generation offspring of two diverged species will be heterozygous for all fixed
differences, causing full admixture linkage disequilibrium, rather than the usual
linkage disequilibrium caused by physical or functional linkage (Barton & Gale, 1993;
Baird, 2015). During backcrossing, recombination breaks down admixture linkage
disequilibrium and deflates the peak, whereas migration supplies un-admixed
material to the hybrid zone and inflates the peak (Barton & Gale, 1993).

When gene flow into the hybrid zone is symmetric, admixture linkage
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Figure 5.1: Hypotheses of expected allele frequency, which can be represented by the hybrid index (left
y-axis, solid line), and a peak in admixture linkage disequilibrium (D’, right y-axis, dotted line), against
geographic scale (x-axis, distance), under (a) hybrid zone stability (H,), (b) hybrid zone movement, (c)
asymmetric reproductive isolation.

disequilibrium is highest in the centre of the hybrid zone and the peak is shaped
following a Gaussian curve (Fig. 5.1a; Gay et al., 2008). The peak is predicted to shift
ahead of movement to the side of the hybrid zone where relatively little backcrossing
has taken place yet (Fig. 5.1b; Gay etal., 2008; Wang etal., 2011). The peakis predicted
to be coincident with the tail of introgression in the case of asymmetric reproductive
isolation, because backcrossing allows neutral markers to recombine on both sides of
the hybrid zone (Fig. 5.1c; Devitt et al., 2011). What happens to the shape of the peak
of admixture linkage disequilibrium during hybrid zone movement or asymmetric
reproductive isolation has not received much attention yet (but see Gay et al., 2008).
Neither is there a clear hypothesis of what happens to the position of the peak when the
hybrid zone moves due to asymmetric reproductive isolation. Sometimes additional
evidence may further support hybrid zone movement or asymmetric reproductive
isolation, such as a deficit of hybrids with mitochondrial DNA from one of the species
supports asymmetric reproductive isolation (Devitt et al., 2011). Again, consistent
patterns of such asymmetric introgression across multiple transects are indicative of



a) Transect 1 (T1)

theast France (T2, population 6-17), and c) inset with an overview map. Small black dots are transect po-
pulations, large blue dots are reference populations for Bufo bufo (population 1-5), and large red dots are
reference populations for B. spinosus (population 18-22). The purple dashed line indicates the position of
the Bufo hybrid zone. Base map for panels a, and b was downloaded from https://www.mapsland.com

universal evolutionary processes (Harrison & Larson, 2016).

We study a hybrid zone in France between the common toad, Bufo bufo (Linnaeus,
1758) and the spined toad, B. spinosus Daudin, 1803, stretching from the coast of the
Atlantic Ocean to the coast of the Mediterranean Sea (Fig. 5.2; Arntzen et al., 2018).
The length of the hybrid zone allows to test the consistency of patterns of restricted
gene flow, asymmetric introgression, and admixture linkage disequilibrium.
Previous studies on this hybrid zone reported asymmetric introgression (Arntzen et
al., 2017; van Riemsdijk et al., 2019). To infer genome wide patterns of introgression
we generated ~ 1,200 diagnostic markers with RAD sequencing. The aim is to test
consistency of barrier markers, patterns of asymmetric introgression, and the
position of a peak of admixture linkage disequilibrium.

Materials and Methods

3RAD sequencing

DNA extracts of 387 individuals were reused from previous research (Arntzen et al.,
2016, 2017, 2018, in prep.). We included five reference populations for B. bufo, five
reference populations for B. spinosus, eleven populations in transect one in northwest
France, and twelve populations in transect two in southwest France (Table S.1.; Fig.
5.2). For three pure individuals of each species, libraries were prepared in triplicate
(6 individuals x 3 = 18) to assess data error rate, which was estimated to be 0.5 %
(Appendix 1). The 3RAD method (Graham et al,, 2015; Glenn et al., 2016; Hoffberg
et al., 2016) was used to obtain reduced representation genomic libraries. Two
restriction enzymes (CLA-I and Sbf-I) were used to cut 50 ng of genomic DNA. A third
enzyme (MSP-I) is added to cleave phosphorylated adapter-adapter dimers, avoiding
the presence of unwanted adapter or DNA dimers in the library. Internal barcodes
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were ligated to the resulting ‘sticky ends’. Then external Illumina iTru5 and iTru7
primers, differing by = 3 bp, were ligated to the internal barcodes, in order to trace
reads to individuals after pooling (Glenn et al., 2016; Hoffberg et al., 2016).

To 5 pL of DNA extract, 1.5 pL of Cutsmart buffer (New England Biolabs, Ipswich,
MA; NEB), 0.5 pL of each digestion enzyme, and 5 pL of purified water were added.
Digestion took place for 3h at 37 °C. For internal primer ligation, 1 puL of 100 units/
uL DNA ligase, 0.5 pL of ligase buffer (NEB), 1.5 pL of rATP and 2 pL of purified water
were added and the samples were heated for two cycles of 20 min on 22 °C and 10 min
on 37 °C, and ending with 20 min at 80 °C. The ligated DNA product was purified with
diluted SpeedBeads (GE Healthcare Bio-Sciences, Marlborough, MA; see Glenn et al,,
2016 and Appendix 2 for details). The external dual index primers were ligated by
adding 15 pL of Kapa HiFi HS RM (Kapa Biosystems, Wilmington, MA), 2.5 pl of each
iTru5 and iTru7 primer to 5 ul of purified DNA from the previous step (end volume: 25
uL), and a PCR programme of 95 °C for 2 min, and 20 cycles of 98 °C for 20 sec, 60 °C
for 15 sec, 72 °C for 30 sec, ending with 72 °C for 5 min, and hold at 15 °C.

After a second purification step, libraries were quantified using the Victor. The
DNA concentration of seven libraries contained less than the required concentration
after two repeats, thus the total volume was pooled. All other libraries were pooled
equimolar. The fragments in the pooled library were size selected for a range of 340-
440 bp using a Pippin Prep (Sage Science Inc. Beverly, MA) and quantified using the
Victor. The pooled libraries were sequenced on two lanes of an Illumina HiSeq 4000
PE100 at the Vincent ]. Coates Genomics Sequencing Laboratory in Berkley, USA.

Data clean-up and assembly

The reads were demultiplexed by the sequencing facility. The average read count per
sample was 1.5 million reads, with a maximum of 4.2 million reads and 11 samples
had read counts below 0.5 million reads, including the samples which didn’t contain
the required concentration of DNA at the pooling stage (Table S.2). Twelve samples
had low raw read quantities and were excluded (file size <10.000 kb). Cutadapt v.
1.14 (Martin, 2011) was used in three steps to (1) remove 5’ primers for each internal
barcode combination, (2) remove 3’ primers for each internal barcode combination,
and (3) remove the [llumina standard adapter and do a quality control. Subsequently,
ipyrad v. 0.7.3 (Eaton, 2014) was used to assemble the reads. Settings were: a
minimum depth of six at which statistical base calls are made, a maximum of eight
heterozygous bases allowed in consensus sequences, and a maximum proportion of
shared polymorphic sites in a locus of 0.5 (details in the online supplements). The
minimum number of individuals that must have data at a given locus for it to be
retained in the final dataset (387 samples, including all triplo samples) varied with
194 (50%), 291 (75%) and 349 (95%) individuals to generate matrixes with different
densities for program requirements in downstream analyses. After assembly two
more individuals had a very low amount of data present and were excluded from the
dataset. The 50% dataset contained 4,863 markers and 39,750 SNPs.

Population structure
First, we assessed the 50% dataset with a single randomly selected SNP per RAD
fragment for populations from both transects in a principle component analysis



(PCA), to identify genomic variance in the dataset. We used the package adegenet
v. 2.1.1 in R (Jombart, 2008; Jombart & Ahmed, 2011), and based the PCA on allele
frequencies whilst replacing missing data with the mean. Population structure was
then analysed with Structure v.2.3.4 (Pritchard, Stephens, & Donnelly, 2000) with the
same dataset, but for each transect separately. Preliminary results showed that using
a dataset with a different amount of missing data (75% or 90%) gave similar results
(not shown). Structure was run with ten replicates of two to ten genetic clusters (K)
with a burn in of 10,000 and a chain length of 25,000 under the admixture model
using StrAuto (Chhatre & Emerson, 2017). Convergence of the results was checked
by investigating log likelihood and parameter stability (Benestan et al., 2016). The
results were summarized with CLUMPAK (Kopelman, Mayzel, Jakobsson, Rosenberg,
& Mayrose, 2015). The best value of K was determined with the Evanno method
(Evanno, Regnaut, & Goudet, 2005). Structure results were visualised using the R
package POPHELPER (Francis, 2017).

Diagnosti P selection

Diagnostic SNPs were determined based on genotypes of 37 B. bufo and 20 B.
spinosus individuals from reference populations (Table S.1, custom R script in online
supplements). First, we selected all SNPs for which a maximum of 70% of the data was
missing in each species to avoid selecting null alleles. Then, all bi-allelic SNPs with
only homozygotes of one variant in the reference populations of one species, and vice
versa were selected. As sometimes multiple diagnostic SNPs were detected per RAD
fragment, we subsequently selected one random SNP per fragment. This resulted in
1,189 diagnostic SNPs.

Hardy-Weinberg and pairwise linkage disequilibrium

We tested for signals of non-random mating success in the dataset containing only
diagnostic SNPs, by calculating heterozygote excess and deficit from Hardy-Weinberg
equilibrium with the R package ‘genepop’ based on the program GENEPOP v.1.0.5
(Rousset, 2008). Instead of the conservative Bonferroni test, which accounts for the
number of tests performed in total, independence of tests was accounted for within
markers (Pcfor N=1,189; Rice 1989; Narum 2006). No deviations from Hardy-Weinberg
equilibrium with a significant heterozygote excess were present, 14 markers had a
heterozygote deficit (Table S.3). These markers were excluded in the HZAR geographic
cline fitting analysis and admixture linkage disequilibrium calculations (see below).

BGC outlier detection

To study genome-wide variation of introgression among admixed individuals we used
the Bayesian genomic cline model as implemented in the software BGC (Gompert &
Buerkle, 2011, 2012; Gompert et al., 2012). The Bayesian genomic cline model is based
on the probability that an individual with a certain hybrid index (HI) inherited a gene
variant at a locus from one species (¢; in this case B. bufo), and the probability of
inheriting the other variant from the other species (1 - ¢; B. spinosus). The probability
of B. bufo ancestry relative to expected (represented by the HI) is described by cline
parameter a. A positive o indicates an increase in the ancestry probability and a
negative a indicates a decrease. The cline parameter 3 measures the average pairwise
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linkage disequilibrium based on ancestry for each locus. A positive 8 indicates an
increase in the rate of transition from low to high probability of B. bufo ancestry as
a function of the HI, or heterozygote disadvantage, whereas a negative 3 indicates a
decrease in the rate of transition, or heterozygote advantage (Gompert & Buerkle,
2011; Parchman et al., 2013). The input files for parental genotypes included only
individuals from the reference populations, and the input file for admixed genotypes
included individuals with an average admixture proportion (Structure Q score)
between 0.05 and 0.95, treated as a single admixed population (Fig. S.1). A single
MCMC chain was run for 75,000 steps and samples were taken from the posterior
distribution every fifth step following a burn-in of 25,000 steps. Convergence was
assessed (Fig. S.2), and we tested for outlier loci using ‘estpost’ (Gompert & Buerkle,
2011).

Geographic cline analysis

Geographic classic equilibrium cline models were fitted using the R package ‘HZAR’
(Derryberry, Derryberry, Maley, & Brumfield, 2014) for all diagnostic RAD SNPs.
For transect one, populations 6 and 16, which are distant from the ‘real’ transect,
were removed from the dataset. To determine distance between the populations,
a custom R script was used, and the direction of the transects was used conform
previous publications (Arntzen et al., 2016, 2017). The shape and position of many
clines can be summarised in the expected cline (Polechova & Barton, 2011), e.g. the
HI cline (Fitzpatrick, 2012). We calculated the HI of all non-outlier markers, and
the HI of all heterozygote disadvantage outliers ( > 0) as determined by BGC, and
fitted a cline. Thirty maximum likelihood estimation searches were performed with
random starting parameters, followed by a trace analysis of 60,000 generations on
all models with a delta Akaike Information Criterion corrected for small-sample-
-size (dAICc) < 10. Fifteen model variants based on all possible combinations of trait
interval (allele frequency at the ends of the transects; three types) and tail shape (five
types). Convergence was visually assessed in trace plots (online supplements). We
used a custom R script to estimate the surface underneath the cline tail towards the
left (Q,,) and theright (Q, ) side of the hybrid zone centre until the equation reached
an allele frequency of 0.05 or 0.95 (online supplements, Fig. S.3).

Admixture linkage disequilibrium

Admixture linkage disequilibrium (D’) based on the variance in hybrid index, lifetime
dispersal distance weighted for pre- and post- metamorphosis (o) and average
effective selection on a locus (s*) were calculated following Barton & Gale (1993)
using scripts from van Riemsdijk et al. (2019). Average effective selection on a locus
(s™) is the selection pressure on a locus at the zone centre due to association with
other loci. The data contained only markers in Hardy-Weinberg equilibrium and
markers not indicated as outlier in BGC (832 and 652 loci) for each transect (Table
5.1). The analysis was repeated using only the markers which were found to be
heterozygote disadvantage outliers (8 > 0; 56 and 121 loci) for each transect. Fixed
parameters were: a recombination rate of 0.4997 was calculated following formula
(6) from Macholan et al. (2007), using the number of chiasmata per bivalent for B.
bufo (1.95; Wickbom, 1945), and the number of chromosomes for B. bufo (N = 22), a



Table 5.1: Bayesian genomic cline (BGC) results comparison of significant outliers for transect one (T1)
and transect two (T2), and the markers which were outliers in both transects (overlap), where signifi-
cance of outliers is based on the exclusion of 0 in the 99.9% confidence interval (CI). The total number of
markers analysed was 1,189.

Outlier Biological interpretation T1 T2 Overlap
a>0 Directional introgression from B. bufo into B. spinosus 110* 174+ 49
a<0 Directional introgression from B. spinosus into B. bufo 151* 185* 92
B>0 Heterozygote disadvantage 56 123 26
B<0 Heterozygote advantage 50 105 11

* Significant Chi-squared with 6.4406,df=1,P =0.0112
*Not significant Chi-squared with 0.3371,df=1,P =0.5615

generation time of 2.5 years for Bufo toads at the latitude of the hybrid zone (mean of
3yearsin females and 2 years in males; Hemelaar, 1988) and initial secondary contact
8,000 years ago following Arntzen et al. (2016). The width of the hybrid zone was
derived from a general sigmoid cline model following HZAR (Derryberry et al., 2014),
fitted to the HI. Mean and 95% confidence interval (CI) were based on 1,000 bootstrap
replicates of the original genotype dataset (with replacement, maintaining original
population size). A Gaussian curve was fitted through the estimates of D’ following
Gay et al. (2008), and 95% confidence intervals (CI) for the calculated parameters
were derived from the bootstrap data.

Results

The first axis (x-axis) of the PCA appears to reflect genetic variance over geographical
latitude, ranging from pure B. bufo in the north (right side of the PCA plot), to pure
B. spinosus in the south (left side of the PCA plot; Fig. S.4). The second axis (y-axis)
appears to reflect the genetic variance between both transects. The best number
of genetic clusters for transect one is K=3, and for transect two K=2 (Fig. S.1). Two
genetic clusters correspond to the expectation of two species. A third genetic group
identifies the hybrid population in both transects.

The number of individuals representing different hybrid indices in the BGC
analysis is well-spread (Fig. S.5). Transect one has a significant higher number of
markers with a decrease in the probability of B. bufo ancestry relative to the hybrid
index (a < 0, n = 151), compared to the number of markers with an increase in the
probability of B. bufo ancestry relative to hybrid index (o > 0, n = 110, x2 test P =
0.0112; Table 5.1, Fig. S.5). Transect two has a close to equal number of markers with
raised and lowered probability of B. bufo ancestry (o > 0, n = 174; a < 0, n = 185, x2
test P = 0.5615). The number of markers with an outlier 8 in transect one (>0, n =
56 and 3 < 0, n = 42) is about half the number in transect two (> 0,n=123,and § <0,
n =105). About 20 to 40 % of RAD markers which are outlier in transect one, are also
outlier in transect (last column Table 5.1). Such overlap would not be likely when the
two transects were evolutionarily independent. For example, under random sampling
with replacement, the chance of selecting the same 26 markers in both transects to be
a barrier marker is close to zero (2.948e™!, calculated using the R function dbinom(),
with y=26, n=56, and p=132/1,189).

We verify that outlier markers for a or  in the BGC analysis reflect outlier
behaviour in the shape and position of the geographic cline. For example, markers
which are outlier of heterozygote disadvantage (f > 0) in the Bayesian genomic
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Figure 5.3: Geographic clines for the hybrid index (HI) and admixture linkage disequilbirium peaks (D")
for (a) neutral markers according to the genomic clines analysis for transect one and (b) transect two, and
(c) for heterozygote disadvantage markers (p > 0) for transect one and (d) for transect two. The x-axis
shows distance along the transect. The y-axis on the left shows the HI (solid line), and the y-axis on the
right shows D’ (dotted line and dots). Note that for transect one, the x-axis is twice as long as for transect
two, and the right y-axis for transect one is five times smaller than for transect two. Solid dots show D’
significantly different from zero, whilst open dots are not significantly different from zero, based on 95%
confidence intervals.

clines analysis also show steep and coincident geographic clines (Fig. S.6). From here
onwards, an outlier marker of heterozygote disadvantage is termed a ‘barrier marker’,
and a marker which is not an outlier is a ‘neutral marker’. The hybrid index cline
based on neutral markers in transect one shows a high level of introgression from B.
spinosus into B. bufo (Q_, = 15.0, Quigne = 8.8), and shows symmetric introgression in
transect two (Qleft =11.0, Qright = 11.0; Fig. 5.3, Table S.4, Fig. S.7). The cline widths for
neutral markers in both transects are similar (47 km and 49 km), and the cline shape
is generally steep (stepped clines). The hybrid index clines for barrier markers are
symmetrical in both transects.

In both transects, admixture linkage disequilibrium (D’) for neutral markers
shows peaks in the centre of the hybrid zone. The peak in transect one is about five
times lower than the peak in transect two (Fig. 5.3). In transect one, barrier markers
show a peak of D’ on the B. bufo side of the hybrid zone, and barrier markers show a
peak of D’ in the centre of transect two. Population 14 in transect two has a relative
high B. bufo genetic contribution compared to neighbouring populations in Structure,
and shows high D’ for both neutral and barrier markers. The lower peaks in transect
one underlie the lower estimates of effective selection against hybrids (o) and lifetime
dispersal compared to transect two. The effective selection based on neutral markers
(s*) for transect one is 0.0022 (95% CI 0.0012-0.0034) and for transect two 0.0195
(95% CI 0.0143-0.0252; Table S.5). The effective selection based on barrier markers
(s*) for transect one is 0.0101 (95% CI 0.0054-0.0152) and for transect two 0.0344



(95% CI 0.0220-0.0470). The lifetime dispersal distance for transect one and two is
estimated at 1.8 and 4.0 km per generation, respectively. These results are similar to
the previously published values based on 32 diagnostic SNPs (van Riemsdijk, Butlin,
Wielstra, & Arntzen, 2019).

Discussion

We studied a hybrid zone between two Bufo species to test consistency of barrier
markers, patterns of asymmetric introgression, and the position of a peak of
admixture linkage disequilibrium (D’). Bayesian genomic cline (BGC) outliers
of parameter o indicate directional introgression, and outliers of [ indicate
heterozygote disadvantage or advantage. Outlier behaviour was verified by assessing
the geographic cline shapes, and the terms presented in Table 5.1 are used to identify
outlier types. Markers which were not an outlier in the BGC analysis are referred to as
‘neutral markers’, and heterozygote disadvantage outliers are referred to as ‘barrier
markers’. These identifications may be false in individual cases, but we assume the
larger portion of outliers are indeed linked to markers under selection.

In transect one, directional introgression of markers (a < 0) is higher from
B. spinosus into B. bufo than the other way around (a > 0). This supports positive
selection on a part of the B. spinosus genome to replace B. bufo variants, or negative
selection on B. bufo variants to be replaced by B. spinosus variants. Neutral markers
show unidirectional introgression towards the north, with a peak of admixture
linkage disequilibrium (D’) at the centre of the hybrid zone. Barrier markers ({3 > 0)
have a symmetric cline, but the peak of D’ is situated north of the hybrid zone. The
asymmetries towards the north of the hybrid zone are in agreement with previous
results (Arntzen et al., 2017, van Riemsdijk et al., 2019). In transect two, selective
introgression of markers is equal on both sides of the hybrid zone. For both neutral and
barrier makers the geographic clines are symmetric and the peaks of D’ are situated in
the centre. The only aspect of asymmetry is one population with an unexpected high
frequency of B. bufo alleles and two populations with unexpected high D’ south of the
hybrid zone. A recent dispersal event of B. bufo may have occurred near population
14. The results for transect one are in support of asymmetric reproductive isolation,
whilst the results for transect two are in support of the null hypothesis of a stable
hybrid zone.

The two transects thus do not show the same patterns ofasymmetricintrogression
and linkage disequilibrium. The pattern we find in transect one suggests asymmetric
reproductive isolation, but does not exclude the possibility that the hybrid zone is also
moving (Buggs, 2007). Transect two shows no signs of asymmetry, even though on a
longer time scale it is thought to have moved a considerable distance (Arntzen et al.,
2017). How long such movements leave traces in neutral or barrier markers depends
on the effective selection against hybrids, but may vary depending on other factors
related to hybrid zone movement as well (Currat, Ruedi, Petit, & Excoffier, 2008). The
distance a peak of D’ can be displaced from the hybrid zone centre is by definition
restrained to the area in which introgression occurs. This distance is rather small if
the hybrid zone is represented by a steep (stepped) cline, which is the case here. In
both transects, the shape of the peak of D’ is not well described by a Gaussian curve.
A simulation study is required to refine the expectations of the peak of D’, or other
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related measures (Gay et al.,, 2008; Wang et al., 2011), under different hybrid zone
movement scenarios.

Another difference between both transects is that the number of barrier markers
in transect one is about half the number in transect two. However, a number of
markers are found to be outliers in both transects by the Bayesian genomic cline
analysis, which is unlikely to be the result of random resampling of the same markers
(Table 5.1). Markers which show the same barrier behaviour across multiple transects
of the hybrid zone indicate a universal species boundary (Harrison & Larson, 2014).
We are thus looking for an explanation that unifies asymmetry and symmetry of
introgression and the difference in the number of barrier markers in both transects,
and explains the overlap of outlier markers in both transects.

Divergence of genetic groups involved in both sections of this Bufo hybrid zone
could explain these differences. The B. bufo in northwest France are part of only one
mitochondrial lineage originating from a refugium from the last glacial maximum
in the Balkans, whilst the B. bufo in southeast France are, in addition, part of two
lineages originating from refugia in Italy and the northern Balkans (Garcia-Porta et
al., 2012; Recuero et al., 2012; Arntzen et al., 2017). Individuals of B. spinosus from
France belongto alineage from an Iberian refugium (Garcia-Portaetal., 2012; Recuero
et al.,, 2012; Arntzen et al.,, 2017). The reason why additional genetic B. bufo clusters
in southeast France are not detected in Structure, may be due to the absence of un-
-admixed individuals of the less widespread lineages in our dataset. An additional
genetic cluster for which no un-admixed individuals are included, a “ghost lineage”,
may remain undetected in population demographic analyses (Rogers & Bohlender,
2015). We assume deep mitochondrial substructure related to geography within B.
bufo is reflected by nuclear genetic substructure.

Genetic subgroups of B. bufo do not yet explain the differences and similarities
between the transects. The underlying mechanism may be a difference in (sex)
chromosome morphology between the geographic B. bufo groups. The B. bufo in
northwest France are presumably homomorphic for both sexes for all chromosomes,
whilst B. bufo females in an Italian mitochondrial subclade are heteromorphic
for chromosome 6 (Morescalchi, 1964; Birstein & Mazin, 1982; Pisanets et al,,
2009; Skorinov et al., 2018). Heteromorphic chromosome 6 in female B. bufo are in
contrast to the situation in B. spinosus from (amongst others) Spain, where males
are heteromorphic for chromosome 6 (Skorinov et al., 2018). In northwest France,
B. bufo with homomorphic chromosome 6 in both sexes are meeting with B. spinosus
with heteromorphic chromosome 6 in females. In general, taxa with homomorphic
chromosomesshowalowerlevelofreproductiveisolationthantaxawithheteromorphic
chromosomes (Lima, 2014). This would explain the increase of introgression on the
side of B. bufo in northwest France. In southeast France, B. bufo with heteromorphic
chromosome 6 in males are meeting B. spinosus with heteromorphic chromosome 6 in
females. A switch of heteromorphic chromosomes from male to female between the
two taxa, as could be the case in southeast France, may result in a symmetrical fitness
effect depending on dominance of the sex determining genes (Nishioka & Hanada,
1994).

Switches of heteromorphic chromosomes from males to females or vice versa
have also been found within other Anuran genera (Hillis & Green, 1990; Uno et al.,



2008; Stock et al., 2011; Jeffries et al., 2018). Instead of the usual decay which leads to
heteromorphic sex chromosomes, homomorphic sex chromosomes in anuran species
are maintained by either or both recombination between sex chromosomes and
sex chromosome turnover (Perrin, 2009; Stock et al., 2013; Dufresnes et al., 2015;
Rodrigues, Studer, Dufresnes, & Perrin, 2018). If different chromosome morphologies
are present within B. bufo, this could explain the asymmetry and symmetry in the
different transects, and the different number of barrier markers between transects.
If indeed a single chromosome is involved, it could also explain the overlap of barrier
markers between both transects, as they may be linked to this chromosome. A genetic
difference between both transects is thus likely to be found within B. bufo, and less
likely in B. spinosus, but remains to be tested. First, the presence of intraspecific B.
bufo groups can be studied by using sequence capture or RAD sequencing in multiple
sections of the hybrid zone and the wider distribution of B. bufo. Laboratory crosses
of individuals from the resulting intraspecific B. bufo groups and B. spinosus should
further verify the modes of reproductive isolation.

The differences between both transects could also (partially) be attributed to
a difference in the environment. Especially along a long hybrid zone, such as is the
case for Bufo, the environment will differ. The landscape near transect one is rather
homogeneous, whilst the landscape near transect two is more structured (Fig. 5.2). In
northern France a tail of introgression to the north could alternatively be interpreted
as a tail of introgression in the wake of hybrid zone movement. The occurrence of B.
spinosus is linked to higher elevation in this section of the zone (Arntzen et al., 2016).
Tension zones tend to become trapped at such ecological transitions (Endler, 1977;
Barton & Hewitt, 1985). In southeast France the zone appears to be stable. In such a
patchy landscape, barrier genes may be coupled to a steep gradient of locally adaptive
genes and stabilise the hybrid zone, even when local adaptive selection is moderate
(Bierne etal., 2011). The hybrid zone in northwest France may thus be less restricted
in terms of introgression because the environment is more homogeneous, whilst
the hybrid zone in southeast France may be trapped at a gradient of locally adaptive
markers in a heterogeneous environment. Further testing of a relation between
elevation and additional environmental gradients could be based on more transects
with more similar elevation in different parts of the hybrid zone.

We have highlighted differences and similarities between two transects of the
hybrid zone of B. bufo and B. spinosus using ~1200 nuclear markers. Genomic cline
analysesenabled theidentification of differentoutlier groups. Patternsofintrogression
and admixture linkage disequilibrium suggest asymmetric reproductive isolation in
northwest France and a stable hybrid zone in southeast France. We suggest several
research avenues to study the geographical variation in the French Bufo hybrid zone.
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Discussion

This thesis focusses on hybrid zone dynamics. I will highlight important results that
apply specifically to the genera studied. Using the effective selection against hybrids
to compare the barrier effect between taxa is a promising new lead. The shape of a
peak of D’ may provide a further avenue to investigate the underlying mechanisms of
asymmetric introgression in dynamic hybrid zones. Future perspectives of research
on dynamic hybrid zones are discussed.

Specific findings

In Chapter 1 I show that the banded newts (Ommatotriton) represents three distinct
species, rather than two as in previous treatments. A phylogenetic tree based on
mitochondrial DNA reveals high divergence between the species and they do not share
nuclear DNA genotypes. As the morphology of O. nesterovi and O. ophryticus is highly
similar, they were considered cryptic species. However, building on the information
from Chapter 1, a recent publication supports the species status of O. nesterovi and O.
ophryticus by subtle divergence in phenotype (Uzum et al., 2019).

In Chapter 2, hybrid offspring of O. nesterovi and O. ophryticus were found in
Spain. All Spanish individuals possessed mitochondrial haplotypes of O. ophryticus,
which was in line with the identification of one introduced Spanish individual as O.
ophryticus based on the number of rib-bearing vertebrae (Fontelles, Guixé, Martinez-
-Silvestre, Soler, & Villero, 2011). However, the nuclear markers showed all individuals
contain both 0. nesterovi and O. ophryticus haplotypes. Hybrid offspring is able to
successfully reproduce as eleven out of twelve individuals from Spain were not
first generation offspring. The geographic origin of the 0. ophryticus mitochondrial
haplotypes, which occur 400 km eastward from the species boundary. This implies
that the hybridisation has not happened in a natural population, but must have taken
place during or after captivity.

Finding hybrid offspring was surprising, because we found no admixture in the
natural range of Ommatotriton (Chapter 1). We could narrow down the area of an
expected hybrid zone to a 60 km gap (Fig. 6.1a). The possibility remains that low levels
of introgression near this gap remained undetected, as only two nuclear markers
were used. Two other newt genera with distributions similar to that of Ommatotriton,
however, have shown considerable movement of up to 600 km (Nadachowska & Babik,
2009; Wielstra et al.,, 2017). If there is a hybrid zone present between 0. nesterovi and
0. ophryticus, selection against hybrids may be very high, or the hybrid zone may be
trapped in an area with low population density (Endler, 1977; Barton & Hewitt, 1985).
Therefore I developed a set of ~ 200 nuclear markers based on transcriptome data
(data unpublished).

In Chapter 3 [ address the hypothesis of movement in a common toad hybrid zone
by employing 31 nuclear gene based markers. Introgression from the southern B.
spinosus into B. bufo is not significantly asymmetric, and the peak of admixture linkage
disequilibrium appears to coincide with the larger portion of introgression. If this
pattern was significant, it would rather point to asymmetric reproductive isolation,
with hybridisation more successful north of the hybrid zone than south of the hybrid
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Figure 6.1: Map (a) showing northern part of the Ommatotriton distribution, with the 60 km gap between
0. nesterovi and O. ophryticus. (b) Photograph of an O. ophryticus male in breeding season from Trabzon
(Turkey). Photograph kindly provided by Michael Fahrbach.

zone. In Chapter 3 I propose an alternative explanation of low population sizes and
slow dispersal, which would have increased genetic drift and obscured patterns of
asymmetry.

The data for Chapter 3 is gene-coding, which may be more prone to selective
pressures. In addition, the length of the Bufo hybrid zone makes it ideal to draw
multiple transects. In Chapter 4 a replicate transect was thus included to test
consistency of barrier genes (genes restricting introgression) and patterns of
introgression and admixture linkage disequilibrium using a RAD dataset. [ show
asymmetricintrogression in northwest France, with higherlevels of introgression and
admixture linkage disequilibrium coincident at the northern side of the hybrid zone,
following predictions of asymmetric reproductive isolation. This strengthens the
non-significant patterns found in Chapter 3. Introgression is symmetric in southeast
France, and a peak of admixture linkage disequilibrium is found in the centre of the
hybrid zone, following the prediction of a stable hybrid zone. The number of genomic
outliers suggestive of heterozygote advantage and disadvantage is about half in
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Figure 6.2: Hypothesis (a) for the shape of a peak of admixture linkage disequilibrium (D’; y-axis) under
hybrid zone movement, with the position of the hybrid zone centre at four different time points (starting
at t0 and ending at t3) indicated between dotted lines, distance on the x-axis. The peaks of D’ under a
stable situation, are expected to quickly disappear when migration no longer adds unadmixed individuals
to the location. These peaks are drawn as dashed lines. The peak of D’ expected during movement at time
point t3 is drawn as a solid line. (b) Photograph of a B. bufo pair in amplexus with the male on top, from
Cerna Sat (Romania). Photograph is kindly provided by loan Ghira.

northwest France compared to southeast France, and is in support of a difference
in the number or strength of barrier genes between both transects. However, more
markers are behaving as barrier markers in both transects than would be expected
from random resampling. This suggests at least part of the barrier effect is shared
between both transects.

Any explanation of these results should unify asymmetry and symmetry in
different transects, explain the difference in the number of barrier markers in
both transects, and explain the overlap of outlier markers in both transects. The
involvement of divergent genetic groups involved in the hybrid zone may be underlying
the differences between the transects. Only one mitochondrial lineage, originating
from a refugium from the last glacial maximum in the Balkans, is involved on the B.
bufo side of the zone in transect one, whilst three different mitochondrial lineages,
originating from refugia in Italy, the northern Balkans and the Balkans, are involved
in transect two (Fig. 6.2a; Garcia-Porta et al,, 2012; Recuero et al., 2012; Arntzen et



al., 2017). The lineage of B. spinosus involved in the hybrid zone originated from the
same Iberian refugium (Garcia-Porta et al., 2012; Recuero et al., 2012; Arntzen et al,,
2017). This indicates that a deeper genetic structure can be found on the B. bufo side
of the hybrid zone.

To explain our results, however, an underlying mechanism is needed. This
mechanism might be found in a change in chromosome morphology related to the
intraspecific variation in B. bufo. In northwest France, B. bufo with presumably
homomorphicsex chromosomes are meeting with B. spinosus with a heteromorphicsex
chromosome in females (Birstein & Mazin, 1982; Pisanets et al., 2009; Skorinov et al.,
2018). In southeast France, B. bufo with presumably heteromorphic sex chromosome
in males are meeting B. spinosus with a heteromorphic sex chromosome in females
(Morescalchi, 1964; Skorinov et al., 2018). These different sex chromosome systems
explain the different introgression patterns in the two transects, and a lower amount
of barrier markers found in northwest France than in southeast France. Because the
same chromosome is involved in all interactions, this would also explain the overlap
between the barrier markers found in both transects.

The spatial variation in introgression, potentially related to intraspecific
variation in sex-determination system, shows that the common toad hybrid zone is
more complex than previously appreciated.

The role of sex chromosomes in Anuran speciation

A pair of chromosomes with a difference in morphology, are usually the sex
chromosomes. Homomorphy of sex chromosomes and changes of sex chromosome
systems (when the heterozygosity of sex chromosomes switches from male to female
or vice versa), are well studied in amphibians. In XY systems where males are the
heterogeneous sex, the genes causing ‘maleness’ are situated on the Y chromosome.
Recombination between Y and X chromosomes are predicted to become suppressed.
Genes on the Y chromosome that are not related to male development will be lost
(Mueller’s ratchet), and the Y chromosome will degenerate, making its’ morphology
visibly different from the X chromosome. Homomorphic sex chromosomes, such as is
the casein B. bufo in northwest France, are thought to be maintained by recombination
in phenotypic females with a male sex chromosome combination (phenotypic female
with both Xand Y chromosomes) which generates new Y haplotypes and thus prevents
evolutionary decay of the Y chromosome (Perrin, 2009).

Changes in sex chromosome system occur exceptionally often in Anurans, even
within genera (Hillis & Green, 1990; Uno et al.,, 2008; Stock et al., 2011; Jeffries et
al., 2018; Skorinov et al., 2018). In Rana temporaria, it has been shown that, indeed,
recombination between sex chromosomes is not dependent on the genetic sex of an
individual, but on the phenotypic sex (Rodrigues, Studer, Dufresnes, & Perrin, 2018).
In the Bufo viridis subgroup recombination between sex chromosomes is also linked
to sex chromosome homomorphy (Stock et al., 2013). In the Eurasian Hyla radiation,
homomorphy of the sex chromosomes was driven by both recombination between the
sex chromosomes and by sex chromosome turnover (Dufresnes etal., 2015).

The possibility of a chromosome turnover still needs to be verified for the Bufo
hybrid zone. Having both homomorphic and heteromorphic sex chromosome systems
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within the same species complex may make Bufo a great system to study the role of
sex chromosomes in Anuran speciation.

Effective selection against heterozygotes

The average effective selection against hybrids on a locus (s*) can be calculated using
a few markers. However, since the introduction of s* in 1993 by Barton and Gale, the
amount of genetic data available greatly increased, which would make the estimate
more precise. [ developed a script to calculate s* for many markers in a reproducible
manner. Chapter 3 compares s* from hybrid zones in various taxa (Table 6.1). When
s*is lower, it appears individual clines are more often displaced. This makes sense as
with the alleviation of selection against hybrids, clines are free to move away from the
hybrid zone centre. In hybrid zones where drift causes variation in the position of the
individual (narrow) clines by locally driving alleles to fixation, such as I suggest may
be the case in the Bufo hybrid zone, the cline of the expected frequency becomes wider
(Polechova & Barton, 2011). This means that s* will, in general, be underestimated in
hybrid zones where the effect of drift is high.

On the other hand, Table 6.1 shows that when the amount of markers used for
the calculations increases, s* appears to decrease. This may be because using more
markers makes the estimate more precise. It was possible to compare the effective
selection against heterozygotes estimated using both the 32 nuclear marker dataset
from Chapter 3 and the 1,189 nuclear marker dataset from Chapter 4 for the transect
in northwest France. We show that the estimated s* is similar when expanding the
dataset from 31 loci to 1,189 loci. For the Bufo system, apparently, tens of loci already
capture the variability well enough to estimate s*. However, the confidence interval is
narrower with 1,189 loci than with 31 loci.

To test if increasing amounts of markers decreases s* larger datasets can be
generated for earlier published hybrid zones with high estimates of s*. Such datasets
probably do not need to contain more than a hundred markers.

Table 6.1: Estimated effective selection against heterozygotes (confidence intervals for s*). The table is
ordered from low to high s* and a line is drawn between low estimates of s* in studies which also report
displaced clines, and high estimates of s* reporting only coincident clines.

Comon name Estimated s* Displaced No.loci Citation

Bufo bufo and B. spinosus 0.0001-0.004 Yes 31 van Riemsdijk, et al. (2019)
Bufo bufo and B. spinosus 0.001-0.003 Yes 1,189 van Riemsdijk, et al. in prep.
Malurus melanocephalus subsp. 0.002-0.03 Yes 103  Baldassarre, etal. (2014)
Two ecotypes of Littorina saxatilis 0.005-0.32 Yes 57 Hollander, et al. (2015)

riturus anatolicus & T ivanbureschi || 0.004-0019 _ _ Yes - 49 Wielstra etal (2017) ______.
Vandiemenella viatica sp. 0.058-0.405 No 11 Kawakami, et al. (2009)
Two lineages of Carlia rubrigularis 0.22-0.49 No 8 Phillips, et al. (2001)
Heliconius melpomene & H. erato 0.23 No 4 Mallet, et al. (1990)

Mus m. musculus & M. m. domesticus 0.28-0.48 No 7 Macholan, et al. (2007)
Bombina bombina & B. variegata 0.15-0.58 No 6 Szymura & Barton (1991)
Pontia daplidice & P. edusa 0.47-0.64 No 17 Porter, et al. (1997)
Oryctolagus c. cuniculus & O. c. algirus 0.5-0.64 No 17 Carneiro, et al. (2013)




Asymmetric introgression & admixture linkage disequilibrium

Alleles originating from the same parent species are found together within the
genomes of hybrid offspring, causing admixture linkage disequilibrium. The benefit
of plotting the admixture linkage disequilibrium (D’) is that it shows where most
recently fresh genetic material from one of the parent species, which has not had the
chance to recombine during backcrossing, has come into the hybrid zone. This peak
is hypothesised to be shifted ahead of the hybrid zone movement, to the opposite
side of the trail of introgression (Gay, Crochet, Bell, & Lenormand, 2008; Wang et al.,
2011). During asymmetric reproductive isolation the peak is hypothesised to be more
coincident with the tail of introgression (Devitt, Baird, & Moritz, 2011). However,
the distance a peak of D’ can move within the hybrid zone centre is per definition
restrained to the area in which introgression occurs. If the hybrid zone is a stepped
cline, this distance becomes rather small, and the highest D’ may be coincident with
the place where the expected frequency cline is most steep, regardless of what process
occurs.

In a neutral situation, the peak of D’ is expected to follow a Gaussian curve. What
shape would be expected during movement or asymmetric reproductive isolation is
not clear yet. In a hybrid zone between two gull species, it appears however that the
peak of D’ is not following a Gaussian curve, but rather a Gaussian curve with a tail,
a type of (3 distribution (Gay et al., 2008; Fig. 6.2). The further the hybrid zone has
moved away from its original position, the longer recombination has taken place to
decrease the effect of D’, and the lower the local D’ will be. In both transects from
Chapter 4, the shape of the peak of D’ is not very well described by a Gaussian curve,
either. I would argue the shape of the peak under asymmetric reproductive isolation
could be highly dependent on where the clines of the barrier genes are located. As
barrier genes are causing the incompatibility between the species, the place where
the cline centres of the barrier genes coincide is the place where most likely highest D’
will be measured. What will happen to the shape of the peak of D’ during hybrid zone
movement caused by asymmetric reproductive isolation, is not clear yet either.

The concept of a peak of D’ was more nuanced in the paper by Gay et al. (2008), as
they described an excess of intermediates in the tail of the hybrid zone movement and
a deficit of intermediates ahead of the hybrid zone movement. The two gull species
have different morphologies and intermediates were defined by the morphology in the
hybrid populations. The observation supporting this concept was (1) that an excess of
individuals with intermediate morphology were found in the tail of the movement, and
(2) a deficit of intermediates was found at the leading edge of the hybrid zone where
only individuals with a morphology of either species (and no individuals of hybrid
morphology were present) were found. In absence of morphological differences, other
measures are available to assess both excess and deficit of intermediates, besides the
measure of D’ we used for the Bufo hybrid zone. For example, the squared correlation
of alleles at two sites (r?) could be used, which shows less inflation than D’ in small
samples (Weir, 1996; Ardlie, Kruglyak, & Seielstad, 2002; Weiss & Clark, 2002; Wang
etal,, 2011).

The shape of the peak of D’ may be indicative of different processes, but to
hypothesise without further evidence would be pure conjecture. Extensive simulations
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may provide a first step on the way to be able to clearly outline the expectations of a
peak of D’ under different scenarios.

Future perspectives

This thesis contributed to our knowledge of the Ommatotriton and Bufo systems.
Many new questions have arisen for both these systems, and for the study of dynamic
hybrid zones in general.

For Ommatotriton, the question remains if there is introgression between O.
nesterovi and O. ophryticus. More populations may be sampled in the 60 km gap
between the two species distributions, and I developed a set of ~ 200 nuclear markers
based on transcriptome data to asses introgression (data unpublished).

The existence of intraspecific B. bufo groups can be studied using many nuclear
markers. A possible setup would be to use sequence capture or RAD sequencing in
samples from different sections of the hybrid zone and include samples covering the
wider distribution of B. bufo to study nuclear phylogeographic patterns. This allows
to determine the genetic groups involved in the hybrid zone first, and then determine
diagnostic markers based on reference populations. After establishing which genetic
groups are involved in the hybrid zone, one can also make an informed decision about
the setup of a chromosome study by karyotype analyses, linkage map, or genome
sequencing. Crossings within and between B. bufo groups and B. spinosus can be used
to investigate mechanisms involved in genetic sex determination and patterns of
reproductive isolation.

The expectations about the shape of a peak of D’ in a dynamic hybrid zone remain
speculative. Two lines of investigation can be set out to determine the shape of
this peak in more detail. The first is to simulate different scenarios of hybrid zone
movement and asymmetric reproductive isolation and test for different variables,
such as selection against hybrids, dispersal, and recombination rate. The other is to
gather some published datasets, which show asymmetric introgression and for which
good additional evidence for the cause of the asymmetry is available. Both simulations
and published datasets can further inform expectations of the shape of the peak of D’,
or expectations of other measures such as r2.

Instead of estimating measures of linkage disequilibrium it is possible to directly
infer linkage of markers if reliable genome resources such as dense linkage maps or
genome assemblies are available. Chromosome or ancestry blocks are stretches of
chromosomes which can be assigned to the parent species and reflect inheritance
patterns (Fisher, 1954; Baird, Barton, & Etheridge, 2003; Luikart, England, Tallmon,
Jordan, & Taberlet, 2003; Wall & Pritchard, 2003; Gravel, 2012; Harris & Nielsen,
2013; Hellenthal et al., 2014; Sedghifar, Brandvain, Ralph, & Coop, 2015; Sedghifar,
Brandvain, & Ralph, 2016). A junction, the border of two chromosome blocks, is a
break in a chromosome caused by a recombination event, and is inherited as a point
mutation (Fisher, 1954; Baird, 2006). The more generations of backcrossing occur,
the more recombination has taken place, the more junctions will be present, and the
smaller the genome blocks will become. The size of chromosome blocks can thus
be used to investigate the amount of time passed since hybridisation first occurred
(Baird, 1995; Chapman & Thompson, 2002; Pool & Nielsen, 2009).



Where chromosomes contain barrier genes, such as heterozygote disadvantage
or Dobzhansky-Muller incompatibilities, chromosome blocks are predicted to be
long and junctions few (Barton, 1983; Sedghifar et al., 2016; Hvala, Frayer, & Payseur,
2018). For example, a linkage map based on a single cross of two divergent lineages of
Rana temporaria showed low recombination rate linked to genetic incompatibilities
between the parental populations (Palomar et al., 2016). When a hybrid zone has
moved, longer chromosome blocks can be found at the leading edge (Wangetal., 2011;
Seixas, Boursot, & Melo-Ferreira, 2018).

These chromosome block studies all have one thing in common; the availability of
genomic resources. During the last years, sequencing methods have become cheaper,
more advanced, and more reliable. It is now possible to complete a full-scale genomic
analysis within a PhD project for many non-model organisms (Matz, 2017). Amphibian
genomes vary widely in size and contain many repetitive regions, which has made
it more difficult to accumulate genomic resources for amphibians (Liedtke, Gower,
Wilkinson, & Gomez-Mestre, 2018; Nowoshilow et al., 2018). Long reads (> 10,000
base pairs [bp]) can be used to bridge repetitive regions, and reliably assemble such
large genomes.

Two well-known methods are available for sequencing long reads; Pacific
Biosciences (PacBio), and Oxford Nanopore Technologies (ONT) platforms (Matz,
2017). The accuracy for PacBio has improved from 82% to 87%, and maximum read
length is 50,000 bp (Koren and Phillippy, 2015, and references therein; Watson and
Warr, 2019). The accuracy of ONT has improved from 70-80% to over 85%, and
maximum read length is up to 800,000 bp (Quick, Quinlan, & Loman, 2014; Risse et
al., 2015; Michael et al., 2018; Watson & Warr, 2019). For chromosome block analysis
it is not necessary to have a highly accurate reference genome. As polymorphism in
non-model populations is usually higher than 1%, the reference based on a single
individual is inaccurate with respect to the genomes of the rest of the population, no
matter how accurate the reference genome is (Matz, 2017; Koren, Phillippy, Simpson,
Loman, & Loose, 2019).

At the start of 2019, five genome assemblies of considerable quality have been
published for amphibians (Table 6.2). The Xenopus tropicalis genome is the most
complete assembly available for amphibians. The genome was originally sequenced
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Figure 6.3: Plot for average read quality (phred) and read length (bp) of the raw reads obtained from a
single MinION flow cell run for liver tissue of B. bufo.
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Table 6.2: Amphibian genome assemblies available in February 2019, ordered by scaffold N50. The N50 is
ameasure of assembly quality, and represents the minimum contig length of the contigs covering half the
total genome assembly length.

Species (Genome size) Scaffold N50 (kbp) Reference

Xenopus tropicalis (1.4 Gbp) 135,000 Hellsten et al. (2010)
Ambystoma mexicanum (32 Gbp) 3,000 Nowoshilow et al. (2018)
Nanorana parkeri (2.3 Gbp) 1,050 Sun et al. (2015)
Rhinella marina (2.5 Gbp) 168 Edwards etal. (2018)
Rana catesbeiana (6 Gbp) 69 Hammond et al. (2017)

with short read sequences and transcriptome data, and has been updated and
improved onsince publication (Table 6.2: Hellsten etal., 2010; Vizeand Zorn, 2016). The
Nanorana parkeri and Rana catesbeiana genomes have, too, been sequenced with short
reads and transcriptome data but are much less complete than the Xenopus assembly
(Sun et al.,, 2015; Hammond et al., 2017). For the Ambystoma mexicanum and Rhinella
marina genome assemblies, PacBio long read sequencing and short read sequencing or
transcriptome data were used. This resulted in more complete assemblies than for N.
parkeriand R. catesbeiana, but the assemblies are still nowhere near the quality of the
Xenopus assembly (Edwards et al., 2018; Nowoshilow et al., 2018).

The use of ONT sequencing for amphibian genomes has not yet been explored,
whilst its reads are of similar quality and may be much longer than PacBio reads. I
tested whether ONT could be applied to assemble the B. bufo genome, and successfully
sequenced high quality reads (unpublished data; Fig. 6.3). The application of long read
sequencing to amphibian study systems has great potential for future evolutionary
research.

Conclusion

The three species in the genus of Ommatotriton have splitalong time ago in a relatively
short time span. If introgression occurs between O. nesterovi and O. ophryticus in their
natural range, it is geographically limited. Hybridisation between 0. nesterovi and O.
ophryticus can occur, and [ narrowed down an area in the natural distribution where
introgression between the two species could take place. [ have developed genetic
tools for detailed analysis of genetic introgression.

Previously identified asymmetries in introgression along the transect of Bufo
bufo and B. spinosus were confirmed for northwest France, but in southeast France
the zone appears to be symmetric. There appears to be asymmetric reproductive
isolation between the two Bufo species, and a difference in reproductive isolation
with B. spinosus for different genetic groups within B. bufo. It appears the variation in
introgression is linked to differences in chromosome morphology.

The availability of the two datasets for the B. bufo hybrid zone allowed to compare
the estimated effective selection against hybrids (s*) based on 31 and 1,189 markers.
From this, it appears datasets of no more than a hundred markers may already enable
stable estimations of s*. With the availability of a script to estimate s* for larger
datasets, it is possible to reproducibly estimate s* and compare the barrier effect
within or between different taxonomic groups.



The position of a peak of admixture linkage disequilibrium (D’) has been useful
in studying hybrid zones, but many questions remain about what is expected for the
shape and position under different scenarios of hybrid zone movementand asymmetric
reproductive isolation. The shape of the peak under hybrid zone movement may be
more like a peak with a tail than a Gaussian curve. Where possible, a more nuanced
hypothesis of a heterozygote excess and deficit may be more informative for hybrid
zones involving movement. By using simulations and previous datasets, expectations
ofthe shape of the peak and behaviour of different statistics needs to further be tested.

With the increasing availability of genome resources, a chromosome block
approach will be applicable to many more non-model systems, and will allow detection
of more detailed patterns of differential introgression along the genome. This will aid
in the identification of barrier genes and the causes underlying asymmetries in hybrid
zones. [ anticipate that researchers will be able to answer many of the open questions
about amphibian evolution with the aid of long read sequencing.

We have surpassed the point where hybrid zones are thought to be in a stable situation
by default.
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Summary

Hybrid zones occur where two species meet and produce offspring (hybrids).
Typically, hybrids show a considerable reduction in fitness. When two species have
diverged in allopatry (different geographic locations), meet again after they expand
their distributions, and if the two are not yet completely reproductively isolated, the
hybrid zone classifies as a secondary contact. Newly evolved gene variants of one
species may be incompatible with the gene variants in the other species, and may
underlie (incomplete) reproductive isolation. When such incompatibilities become
linked in the genome, e.g. because they are located on the same stretch of DNA, or
are distributed throughout all the parental populations, they may cause a genome-
-wide reduction of gene flow between the two species, compared to the dispersal rate
of individuals. This is referred to as the ‘barrier effect’. The genes that underlie the
barrier effect may also be called ‘barrier genes’.

In the classic hybrid zone literature, hybrid zones are thought to stabilise
(geographically) soon after they are formed. However, recent studies show that
hybrid zones can shift across considerable distances after their formation. During
hybrid zone movement, one species replaces the other because of a fitness advantage
of one of the species over the other. A genetic footprint of neutral gene variants of the
displaced species remaining in populations that have been overtaken by other species
would provide evidence of hybrid zone movement.

During meiosis (egg or sperm formation) genes segregate and randomly combine
again at fertilization. During this process, the DNA can break and be recombined,
resulting in new combinations of genes. Linkage disequilibrium is the association of
multiple genes, and decays with segregation and recombination. The closer two gene
variants are on a chromosome, the less likely recombination will take place. Genes
which are different between two species involved in a hybrid zone, show a peak of
linkage disequilibrium in the hybrid zone centre. The position of this peak indicates
where, geographically, recombination of the parental species’ genes has taken
place the least during hybridisation. If a hybrid zone moves, this peak is expected
to be positioned on the side of the hybrid zone in the direction of movement. In this
thesis, two potentially dynamic hybrid zones are studied to further characterise the
genetic footprint and expected peak of linkage disequilibrium caused by hybrid zone
movement.

Two species of banded newts (Ommatotriton nesterovi and O. ophryticus) are
thought to meet in a hybrid zone in the north of Turkey. The two other pairs of
salamander species in this region (Triturus anatolicus and T. ivanbureschi, and
Lissotriton vulgaris and L. kosswigi) show a genetic footprint due to hybrid zone
movement over hundreds of kilometres. In this thesis I confirm the species status
of the two banded newt species based on mitochondrial DNA and two nuclear DNA
sequences. The location of the hybrid zone is narrowed down to a 60 km wide region
where no samples were available. No genetic footprint is found within the natural
distribution outside of this 60 km wide region. Thus, ifa hybrid zone is presentbetween
0. nesterovi and O. ophryticus, it is narrower than 60 km and it may be geographically
stable. An introduced population of hybrid banded newts in Spain provides evidence
that the two species can produce fertile offspring. This increases the likelihood that a



hybrid zone indeed exists between the two species.

Common and spined toads (Bufo bufo and B. spinosus) meet in an 800 km long
hybrid zone that runs diagonally across France. A genetic footprint north of the hybrid
zone was previously recorded and linked to southward hybrid zone movement, with B.
bufo overtaking B. spinosus. To test hypotheses of hybrid zone movement, a transectin
northwest France was studied with 31 nuclear markers. A genomic footprint towards
the north indicated southward movement, whilst a peak of linkage disequilibrium in
the north is in line with northward movement. The contrasting results suggest that
stronger reproductive isolation on the B. spinosus side of the hybrid zone than on the
B. bufo side, may be more likely than hybrid zone movement.

Replication of transects along a hybrid zone helps to identify factors driving
hybrid zone movement. Two distant transects, one in the northwest and one in the
southeast of France, were studied using 1200 nuclear markers. Asymmetries which
were previously found in the literature and in this thesis, were confirmed for the
hybrid zone in northwest France, but not in the southeast, where the gene flow
appears to be symmetric, indicating the hybrid zone is stable here. Barrier markers,
genetic regions which may be associated with barrier genes, were identified by their
relatively restricted gene flow. The number of shared markers which behave as a
barrier marker in both transects is higher than expected when the barrier effect was
established in each transect separately. This overlap suggests that the two species
have evolved a universal genetic barrier to gene flow. The differences in patterns of
gene flow between the transects may be caused by genetic divergence within B. bufo,
documented in previous phylogeographical work.

We clearly can no longer think of hybrid zones as static upon formation; hybrid
zones evolve! The position of a peak of linkage disequilibrium generated testable
hypotheses, but many questions remain about what is expected for the shape and
position of this peak under different scenarios of hybrid zone movement. With the
increasing availability of genome resources, detection of more detailed patterns of
differential introgression along the genome in hybrid zone studies will reveal the
genetic architecture of speciation and the evolution of hybrid zones.
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Samenvatting

Hybride zones ontstaan waar twee soorten elkaar tegenkomen en nakomelingen
(hybrides) produceren. Hybrides hebben vaak een behoorlijk verlaagd
voortplantingssucces. Hybride zones kunnen geclassificeerd worden als secundair
contact, wanneer twee soorten afgesplitst zijn in allopatrie (verschillende
geografische locaties), zij elkaar na verspreiding weer tegenkomen, en zij nog niet
volledig reproductief geisoleerd zijn. Gedurende het secundaire contact kan blijken dat
combinaties van nieuwe varianten van genen van de twee soorten een nadelig effect
hebben, en een verlaging van voortplantingssucces van de hybriden veroorzaken.
Waneer zulke incompatibiliteiten dicht bij elkaar liggen in het genoom, of dezelfde
verspreiding krijgen in de ouderlijke populaties, of beide, kunnen ze een reductie van
de uitwisseling van het hele genoom tussen de twee soorten teweeg brengen wanneer
de uitwisseling van genen vergeleken wordt met de dispersiesnelheid van individuen,
ook wel het ‘barriere-effect’ genoemd. De genen die het barriére-effect veroorzaken
worden ook wel ‘barriére-genen’ genoemd.

In de klassieke literatuur over hybride zones wordt ervan uitgegaan dat hybride
zones zich (geografische) snel stabiliseren na vorming. In de recentere literatuur
wordt steeds vaker rekening gehouden met de mogelijkheid dat hybride zones over
aanzienlijke afstanden kunnen bewegen. Gedurende het bewegen van een hybride
zone vervangt de ene soort de andere doordat er sprake is van een competitief
voordeel van de ene soort over de andere. Een genetische voetafdruk, wanneer
neutrale genvarianten van de weggevaagde soort achterblijven in populaties van de
overheersende soort, kan bewijs leveren voor beweging van een hybride zone.

Gedurende meiosis (ei- en sperma- formatie) segregeren genen en worden bij
fertilisatie willekeurig gecombineerd. Het DNA kan hierbij breken en recombineren,
wat resulteert in nieuwe combinaties van genen. ‘Linkage disequilibrium’ is de
associatie van genen, welke afneemt door segregatie en recombinatie. Hoe dichter
bij elkaar twee genen op een chromosoom liggen, hoe minder recombinatie er plaats
kan vinden. Genen die verschillen tussen twee soorten, laten een piek van linkage
disequilibrium zien in het centrum van een hybride zone. De positie van deze piek
geeft een indicatie waar (geografisch gezien) recombinatie het minst voor is gekomen
gedurende hybridisatie. Als een hybride zone beweegt, wordt deze piek verwacht
aan de zijde van de zone in de richting van de beweging. In deze thesis worden twee
potentieel dynamische hybride zones bestudeerd om een beter beeld te krijgen van
de genetische voetafdruk en de verwachtte piek van linkage disequilibrium die
veroorzaakt worden door de beweging van een hybride zone.

Twee soorten van de bandsalamander (Ommatotriton nesterovi en O. ophryticus)
hebben mogelijk een hybride zone in het noorden van Turkije. De twee andere
paren van salamander-zustersoorten (Triturus anatolicus en T. ivanbureschi, en
Lissotriton vulgaris en L. kosswigi) die in deze regio voorkomen laten patronen zien
van beweging van de hybride zone over honderden kilometers in de vorm van een
genetische voetafdruk. In deze thesis bevestig ik dat de twee soorten onderscheiden
kunnen worden op basis van mitochondriale en nucleaire DNA-sequenties. De locatie
van de hybride zone wordt benaderd tot een 60 km brede regio waar geen monsters
genomen zijn. Echter, er is geen genetische voetafdruk gevonden in het natuurlijke



verspreidingsgebied buiten deze 60 km brede regio. Als er een hybride zone is tussen
0. nesterovi en 0. ophryticus, dan is die smaller dan 60 km en is het mogelijk dat de
zone stabiel is. Een geintroduceerde populatie van hybride bandsalamanders in
Spanje bewijst dat de twee soorten vruchtbare nakomelingen kunnen krijgen. Dit
vergroot de waarschijnlijkheid dat een hybride zone tussen deze twee soorten wel
degelijk bestaat.

Twee soorten van de gewone pad (Bufo bufo en B. spinosus) komen elkaar tegen
in een 800 km lange hybride zone die zich diagonaal over Frankrijk uitstrekt. Een
genetische voetafdruk was eerder geobserveerd en gelinkt aan beweging van de
hybride zone, waarbij B. bufo B. spinosusvervangt. Om de hypothese van een bewegende
hybride zone te testen, is een transect in noordwest Frankrijk bestudeerd met 31
nucleaire markers. Een genetische voetafdruk ten noorden van de zone suggereert
zuidwaards bewegende hybride zone, terwijl een piek van linkage disequilibrium aan
de noordelijke zijde van de hybride zone een noordwaardse beweging suggereert.
Deze tegensprekende resultaten wijzen op een grotere reproductieve isolatie aan de
B. spinosus zijde van de hybride zone dan aan de B. bufo zijde.

Meerdere transecten door een hybride zone kunnen helpen bij het identificeren
van de factoren die de beweging van de hybride zone drijven. Twee ver uiteengelegen
transecten, in noordwest en zuidoost Frankrijk, zijn bestudeerd met 1200 nucleaire
markers. Eerder in de literatuur en in deze thesis vastgestelde asymmetrién zijn
hiermee bevestigd in noordwest Frankrijk, maar niet in zuidoost Frankrijk, waar de
introgressie eerder symmetrisch blijkt te zijn, wat wijst op een stabiele hybride zone
in dit gebied. Barriere-markers, genetische regios die geassocieerd kunnen worden
met barriére genen, zijn geidentificeerd door hun relatief gelimiteerde overdracht
tussen de twee soorten. Er zijn meer markers geidentificeerd als barriere marker in
beide transecten dan verwacht als het barriére-effect onafhankelijk ontstaan was
in beide delen van de hybride zone. Deze overlap van barrieremarkers tussen beide
transecten suggereert dat de twee soorten een universele barriere voor reproductie
hebben, die over de gehele hybride zone werkt. De verschillen in het patroon van
introgressie tussen de transecten kan veroorzaakt zijn door genetische verschillen
tussen groepen binnen B. bufo, die beschreven zijn in eerder fylogeografisch werk.

We laten hiermee het uitgangspunt dat hybride zones stabiele situaties zijn, achter
ons; hybride zones evolueren! De positie van een piek van linkage disequilibrium
levert testbare hypotheses, maar veel vragen over de vorm en positie in verschillende
scenario’s van bewegende hybride zones blijven onbeantwoord. Door de groeiende
beschikbaarheid van genomische informatiebronnen ligt de detectie van variatie
in patronen van introgressie binnen het genoom binnen handbereik, en wordt het
mogelijk de genetische architectuur van soortvorming in steeds groter detail te
onderzoeken.
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