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General Introduction



General Introduction

Understanding the evolution of global biodiversity is the ultimate aim of evolutionary
biology. Macroevolutionary patterns of biodiversity are shaped by the interaction of
speciation and extinction (Vamosi, Magallon, Mayrose, Otto, & Sauquet, 2018). To date,
most species that ever existed are extinct (Jablonski, 2004) and species go extinct at an
unprecedented rate during the contemporary biodiversity crisis (/PBES, 2019). Hence,
studying the mechanisms underlying both speciation and extinction is critical for a better
understanding of contemporary biodiversity patterns (Vamosi et al., 2018), as well as to

mitigate anthropogenic effects on biodiversity (Seehausen, Takimoto, Roy, & Jokela, 2008).

Explaining the heterogeneity in the rate of diversification across the tree of life
remains a fundamental question in the field of evolutionary biology (Scholl & Wiens, 2016;
Wagner, Harmon, & Seehausen, 2012). Adaptive radiations, characterized by the rapid
buildup of sympatric species diversity from a single lineage through adaptation to diverse
ecological niches, provide outstanding opportunities to study the influence of intrinsic
biological, as well as environmental factors on the evolution of biodiversity (Schluter, 2000;
Seehausen, 2004). The evolution of adaptive radiations with numerous sympatric species
exhibiting diverse ecological adaptations is dependent on heritable variation in traits related to
ecological diversification and reproductive isolation (Meier et al., 2017). Recent empirical
work has demonstrated that the evolution of an adaptive radiation from its ancestral lineage
requires the coincidence of ecological opportunity with genetic opportunity for hybridization

(Meier et al., 2019).

Speciation requires the evolution of reproductive isolation. In evolutionary young
adaptive radiations, reproductive isolation is often dependent on extrinsic pre- and postzygotic
mechanisms that are based on the interaction of intrinsic lineage traits (such as mate choice,

choice of breeding site, or timing of reproduction) with specific features of the environment
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(such as temperature, precipitation, wind or currents, or substrate) (Seehausen, 2004, 2006;
Seehausen et al., 2008). The evolution of intrinsic postzygotic incompatibilities often requires
a period of geographical isolation (Seehausen et al., 2014) and needs long timespans to evolve
(Schluter, 1996; Stelkens, Young, & Seehausen, 2010). Before such a phase of geographical
isolation, reproductive isolation between species is dependent on environmental
characteristics and the maintenance of reproductive isolation requires the persistence of
environmental heterogeneity (Ghosh & Joshi, 2012; Seehausen et al., 2014; Yeaman &
Whitlock, 2011). As a consequence, reproductive isolation between many evolutionary young
species can be weakened when the environment changes, and the resulting hybridization and
introgression can lead to the collapse of species into a hybrid swarm within only few
generations, a process called speciation reversal (Seehausen, 1997; Seehausen, 2006;
Seehausen 2008; Vonlanthen et al., 2012). Hence, the process of speciation remains reversible
for millions of years until complete reproductive isolation has evolved (Bolnick & Near,
2005; Mendelson, Imhoff, & Venditti, 2007; Stelkens, Schmid, & Seehausen, 2015; Stelkens

et al., 2010).

Anthropogenic environmental change is causing a massive decline of contemporary
biodiversity on a global scale (/PBES, 2019). Counteracting the current biodiversity crisis
resulting from human influence all over the globe requires to understand the effects of
changing environments on processes that generate and maintain species diversity (Seehausen
et al., 2008). Species can be driven to extinction when the habitat in which they evolved in is
affected by environmental change in a way that it does no longer sustain a population size that
allows the species to survive (Vonlanthen et al, 2012). The consequence is a declining
population and ultimately extinction. Many of the current conservation efforts focus on
habitat restoration to prevent species extinctions by demographic decline (Vonlanthen et al,
2012). However, apart from demographic decline, species can go extinct by hybridization as a

response to anthropogenic environmental change (Grabenstein & Taylor, 2018; Seehausen et
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al., 2008; Taylor et al., 2006; Todesco et al., 2016; Vonlanthen et al., 2012). As long as
reproductive isolation between species is dependent on environmental heterogeneity and
intrinsic incompatibilities are weak or absent, as it is often the case in evolutionary young
adaptive radiations or species evolved through ecological speciation, environmental change

can weaken reproductive isolation and result in extinction through hybridization (Grabenstein

& Taylor, 2018; Gilman & Behm, 2011; Seehausen, 2006; Todesco et al., 2016).

Adaptive radiations are characterized by the fine-scale partitioning of ecological
niches between multiple sympatric species (Schluter, 2000; Seehausen, 2004). When
environmental change affects reproductive isolation between multiple members of an adaptive
radiation at the same time, it can result in the collapse, respectively in the extinction, of
numerous species within a very short time span (Seehausen et al., 2008; Vonlanthen et al.,
2012). As a large fraction of contemporary global biodiversity is sensitive to hybridization-
driven dynamics, extinction by hybridization induced by environmental change might
represent a very relevant, but currently underestimated process of extinction during the
current biodiversity crisis (Seehausen, 2006; Seehausen et al., 2008). In turn, efficient
conservation measures need to consider such processes of extinction and aim to protect the
mechanisms that generate and maintain biodiversity to mitigate the effects of anthropogenic

environmental change (Seehausen et al., 2008).

As environments are dynamic and under continuous change, it is well possible that
extinction by hybridization is not confined to a context of anthropogenic ecosystem
disturbance. Such processes could also be induced by natural environmental change, e.g.,
through climatic oscillation. Considering the long timespan complete reproductive isolation
needs to evolve (Schluter, 1996; Stelkens et al., 2010) and the large fraction of biodiversity
that can still hybridize with closely related species, the collapse of species by hybridization as

response to environmental change might represent a relevant evolutionary trajectory



(Grabenstein & Taylor, 2018; Seehausen et al., 2008). In theory, hybridization induced by
(natural or anthropogenic) environmental change could be responsible for many instances
where signals of hybridization between coexisting species have been detected, but the causes

and circumstances of the hybridization event remain unknown.

Recent work showed that hybridization can produce new trait combinations through
the combination of alleles from both parental lineages, thereby possibly allowing the
exploitation of resources that were unavailable to the parental species (Feller et al., 2020;
Kagawa & Takimoto, 2018). Hence, hybrid populations can exhibit increased evolvability,
because as a consequence of hybridization, their genomic variation is increased (Grant &
Grant, 2019; Marques, Meier, & Seehausen, 2019). In consequence, hybridization can
facilitate rapid adaptation and speciation (Meier et al., 2017; Meier et al., 2019). To date,
there is growing evidence for the involvement of hybridization in adaptation and
diversification across various groups of organisms (e.g., fish (Meier et al., 2017), birds
(Lamichhaney et al., 2018), butterflies (Dasmahapatra et al., 2012) or humans (Reilly,
Tjahjadi, Miller, Akey, & Tucci, 2022)). Recent research demonstrated that hybridization can
facilitate the onset of entire adaptive radiations (“hybrid swarm origin” hypothesis of adaptive
radiations; Meier et al., 2017; Meier et al., 2019; Seehausen, 2004). However, it has been
hypothesized that hybridization can also fuel the continuation of diversification processes
beyond the first speciation events of an adaptive radiation (“syngameon” hypothesis of

adaptive radiation; Seehausen, 2004).

The increased genomic variation and enhanced adaptive potential of hybrid
populations might enable fast evolutionary responses to new selective pressures when the
environment is rapidly changing (Grabenstein & Taylor, 2018; Grant & Grant, 2019). Such
elevated evolvability and the ability to rapidly adapt to changing environmental conditions

might be beneficial in the context of anthropogenic environmental change, potentially



facilitating the survival of species or even entire radiations (Aitken & Whitlock, 2013;
Stelkens, Brockhurst, Hurst, & Greig, 2014; Vedder et al., 2022). Resilience is broadly
defined as the capability of maintain or regain functioning in the face of disturbance (Cahill,
Chandola, & Hager, 2022). Hence, ecological resilience is related to the potential of an
ecosystem to maintain its ecological function throughout disturbance (Holling, 1973). As
hybridization can increase the adaptive potential of a population or species, it can facilitate
the rapid adaptation to the changed environmental conditions. Thereby, hybridization might
be able to increase the resilience of a population, a species or even of an entire adaptive

radiation during environmental change.

The evaluation of the genomic consequences of environmental change heavily relies
on an appropriate baseline from before the onset of environmental change (Jensen & Leigh,
2022). Subjective thresholds for acceptable environmental conditions can be lowered in
consequence of increased levels of actual environmental degradation, a process called
“shifting baselines syndrome” (Pauly, 1995). In the absence of detailed historical records
about the undisturbed state of an ecosystem, new generations might consider the situation in
which they have been raised as a suitable baseline level (Soga & Gaston, 2018). Thus, natural
history collections and museum samples can be fundamental to assess genomic consequences
of anthropogenic environmental change (Jensen & Leigh, 2022). Samples collected before the
onset of environmental disturbance can be crucial to estimate the undisturbed state of
ecosystem and to evaluate its diversity (Jensen & Leigh, 2022). Such historical samples have
the potential to document biodiversity loss against the shifting baseline syndrome and thereby

advance the efficient conservation of biodiversity (Jensen & Leigh, 2022).

Within the Alpine whitefish radiation, more than 30 whitefish species have been
taxonomically described in nine different Swiss lakes or lake systems, with up to six species

per lake (Doenz, Bittner, Vonlanthen, Wagner, & Seehausen, 2018; Selz, Doenz, Vonlanthen,



& Seehausen, 2020; Steinmann, 1950). In some of these lakes, certain similar ecomorphs
have evolved independently, while other ecomorphs are lake-specific (Hudson, Vonlanthen,
& Seehausen, 2011). In general, small-bodied species with many densely spaced gill-rakers
are adapted to feed on zooplankton and typically in deep regions of the lake during summer or
winter, whilst large-bodied and winter-spawning species usually have a lower number of
more sparsely spaced gill-rakers as adaptation to feeding on benthic macroinvertebrates
(Vonlanthen et al., 2012). Furthermore, profundal species can be found in some of the Swiss
lakes, typically spawning during summer in profundal regions below the thermocline (Doenz

et al., 2018; Selz et al., 2020; Steinmann, 1950; Vonlanthen et al., 2012).

The independent evolution of similar phenotypes in independent lake systems implies
a crucial role of divergent selection during the evolution of the Swiss Alpine whitefish
radiation (Hudson, Vonlanthen, Bezault, & Seehausen, 2013; Hudson et al., 2011; Ostbye,
Bernatchez, Naesje, Himberg, & Hindar, 2005; Praebel et al., 2013) and represents a possible
example of species-for-species matching as described in Anolis lizards (Mahler, Ingram,
Revell, & Losos, 2013). The parallelism in the evolution of phenotypes and the high level of
replication makes the Swiss Alpine whitefish radiation an outstanding study system to study
questions related to the evolution of adaptation (Jacobs et al., 2019), diversification
(Vonlanthen et al., 2009), adaptive radiation and parallel evolution (De-Kayne et al., 2022),
but also to investigate the collapse of adaptive radiations in response to environmental change

(Feulner & Seehausen, 2019; Vonlanthen et al., 2012).

Reproductive isolation between sympatric Alpine whitefish species is sensitive to
changes of habitat characteristics, because spawning niche differentiation, and in turn
reproductive isolation, is contingent on the persistence of fine-scale depth-related differences
in the specific lacustrine habitat (Hudson, Lundsgaard-Hansen, Lucek, Vonlanthen, &

Seehausen, 2016). Hence, a change in environmental conditions can weaken reproductive



isolation and result in hybridization and introgression between sympatric whitefish species
(Hudson et al., 2013; Vonlanthen et al., 2012). Many Swiss lakes faced a period of
anthropogenic eutrophication during the last century (Vonlanthen et al., 2012). The
consequence were dramatic losses of Alpine whitefish diversity in many Swiss lakes (Feulner
& Seehausen, 2019; Hudson et al., 2013; Vonlanthen et al., 2012). Largely unnoticed by the
public, ~29% of Alpine whitefish species went extinct during the period of anthropogenic
eutrophication between ~1950s and ~2000 (Vonlanthen et al., 2012). Anthropogenic
eutrophication resulted in the loss of benthic deep-water spawning habitats as consequence of
decreased oxygen concentrations at the water-sediment interface (Deufel, Loffler, & Wagner,
1986; Grimaldi & Numann, 1972), the location of whitefish egg development. Thereby,
eutrophication reduced the available reproductive niche space (Vonlanthen et al., 2012;
Vonlanthen et al., 2009). At the same time, increased productivity during the period of
eutrophication resulted in an increase of zooplankton density, but decreased zoo benthos
densities, diminishing foraging niche distinctiveness (Alexander, Vonlanthen, & Seehausen,
2017; Hudson et al., 2013; Vonlanthen et al., 2012). In sum, eutrophication had dual
consequences for reproductive isolation between sympatric Alpine whitefish species: By
decreasing available reproductive niche space, it led to a reduction of extrinsic prezygotic
isolation (Vonlanthen et al., 2012; Vonlanthen et al., 2009). By diminishing foraging and
reproductive niche distinctiveness, it weakened divergent selection between niches and
associated extrinsic postzygotic isolation (Hudson et al., 2013; Vonlanthen et al., 2012). The
consequence was hybridization and introgression resulting in speciation reversal (Vonlanthen

et al., 2012).

Benthic profundal species, adapted to spawn in deep waters and to feed on benthic
macroinvertebrates, were particularly impacted by the loss of deep-water spawning grounds
and reduced zoo benthos densities in their deep-water habitats due to the anoxic conditions

during the period of eutrophication (Eby, Crowder, McClellan, Peterson, & Powers, 2005;
8
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Powers et al., 2005; Steinmann, 1950; Vonlanthen et al., 2012). As a result, profundal species
went extinct in lakes that were exposed to severe eutrophic conditions (e.g. Lake Constance)
and can today only be found in Lakes that faced relatively mild eutrophic conditions (e.g.,
lakes Thun, Brienz, Walen or Lucerne) (Vonlanthen et al., 2012). Thus, understanding
profundal adaptation and its genomic basis is important for a better understanding of the
diversity loss within the Alpine whitefish radiation as a consequence of anthropogenic

eutrophication.

Research questions

The aim of this thesis is to investigate the genomic consequences of eutrophication-
induced speciation reversal. The focus is on the extinction of the profundal Coregonus
gutturosus in Lake Constance, but also on the consequences of speciation reversal for extant
species of the Swiss Alpine whitefish radiation. By sequencing genomes of pre-, during- and
post-eutrophication populations of all Lake Constance whitefish species, including the extinct

C. gutturosus, this thesis addresses the following questions:

The characterization of introgressed variation: Does introgression during speciation

reversal involve adaptive genomic variation?

Can genomic variation that is exchanged during the speciation reversal process be re-used
to generate novel combinations of genotypes that facilitate the colonization of new

niches?

Temporal dynamics of the collapse of an adaptive radiation: How does the genomic
variation of an adaptive radiation (and all single species) change in response to

environmental disturbance?

Profundal habitats of the peri-alpine lakes were affected most severely during

eutrophication. In turn, many profundal spawning whitefish species were declining during the
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last century, and some of them went extinct. Thus, it is instrumental to understand the
genomic basis of adaptation to profundal habitats. Hence, another part of this thesis is

concerned with the question:

V. Is there a shared genomic basis of adaptation to profundal habitats across the extant deep-

water species of the Alpine whitefish radiation?

10



Thesis Overview

I. Alpine whitefish radiation retains adaptive genomic variation from extinct species
following speciation reversal

We made use of the historical scale sample collection used by Vonlanthen et al. (2012)
to compare whole-genome re-sequencing data of all Lake Constance whitefish species from
samples collected before (before 1950) and after (2015) the period of anthropogenic
eutrophication. Whole-genome resequencing data of eleven individuals of the extinct C.
gutturosus allowed us to perform a selection scan in the now extinct profundal species. The
results presented in this chapter demonstrate that genomic regions with signatures of positive
selection in the now extinct C. gutturosus introgressed into extant whitefish species during
speciation reversal. Despite the extinction of C. gutturosus, substantial fractions of its
genome, including regions shaped by positive selection, persist within surviving species as a

consequence of introgressive hybridization during eutrophication.

II. Introgression from extinct species facilitates adaptation to its vacated niche

Today, Lake Constance has returned to its original oligotrophic conditions due to
restoration efforts. In Chapter I, we demonstrated that speciation reversal transferred alleles
that have evolved in the now extinct deep-water species C. gutturosus (and thus are
potentially adaptive in deep water) into the three surviving whitefish species of the lake. We
sampled a depth gradient on a known spawning ground of the extant C. macrophthalmus and
found that the species has extended its spawning depth range and is currently spawning
deeper than historically recorded. We generated whole-genome re-resequencing data of 96
individuals caught at six different depths (4m, 12m, 20m, 40m, 60m and 90m). The results
revealed that genomic variation introgressed from the extinct profundal species C. gutturosus

is potentially facilitating adaptation to deep-water spawning grounds in C. macrophthalmus.
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III. Ecological disturbance reduces genomic diversity across an Alpine whitefish
adaptive radiation

During the period of eutrophication, whitefish species of Lake Constance extensively
hybridized, and all three surviving species were exposed to dramatic changes in
environmental conditions. The ecological, evolutionary and demographic processes resulting
from such ecological disturbance can have contrasting effects on the genomic variation of a
species. We made use of the historical fish scale collection of Vonlanthen et al. (2012) to
generate population-level whole-genome resequencing data from samples collected before,
during and after the period of eutrophication for each of the Lake Constance whitefish
species. We used this data to document the changes in genomic diversity through time and

over the period of anthropogenic eutrophication.

IV. The genomic basis of adaptation to profundal habitats across the Swiss Alpine
whitefish radiation

Populations of many profundal whitefish species were rapidly declining during the
period of anthropogenic eutrophication. Today, profundal species can still be found in Lakes
Thun, Lucerne and Walen, whilst those that inhabited e.g., Lakes Constance and Zug went
extinct. We combined newly generated and existing whole-genome resequencing data of all
taxonomically described whitefish species of lakes Constance, Lucerne, Thun and Walen. We
used this dataset to produce a phylogenetic tree including all species from all four sampled
lakes, and thereby confirmed the reciprocal monophyly of the four lake-specific species
flocks. Further, we reveal the genomic landscape of parallel differentiation between the

profundal and other species in each lake.
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V. Sequencing platform shifts provide opportunities but pose challenges for combining
genomic data sets

The combination of sequencing data initially generated for different studies is
instrumental to build large genomic datasets, enabling to study fundamental questions in
evolutionary biology. However, technological advances and the development of new
sequencing platforms can be a challenge in this regard, because minor differences in
sequencing chemistry may result in severe bias when data sets from different sequencing
platforms are combined. During the generation of sequencing data for this thesis, we
experienced such bias that resulted from a change in sequencing chemistry between different
sequencing platforms. From our own experience, we discuss the problem of technological
advances for the build-up of large sequencing data sets generated on different platforms and

develop ideas to correct such bias in the data.
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Ecosystem degradation and biodiversity loss are major global challenges. When
reproductive isolation between species is contingent upon the interaction of intrinsic
lineage traits with features of the environment, environmental change can weaken
reproductive isolation and result in extinction through hybridization. By this process
called speciation reversal, extinct species can leave traces in genomes of extant species
through introgressive hybridization. Using historical scale samples, we generated whole-
genome re-sequencing data of ten individuals of an extinct Lake Constance whitefish
species. In comparison with sequencing data of the three sympatric whitefish species, we
show that despite the extinction of this taxon, substantial fractions of its genome that
have been shaped by positive selection before eutrophication, persist within surviving
species as a consequence of introgressive hybridization during eutrophication. Given the
prevalence of environmental change, studying speciation reversal and its genomic
consequences provides fundamental insights into evolutionary processes and informs

biodiversity conservation.
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Introduction

A mechanistic understanding of species extinction is critical for a better understanding
of contemporary patterns of biodiversity as well as for predicting its future (Vamosi,
Magallon, Mayrose, Otto, & Sauquet, 2018). Extinction can result from demographic decline,
from loss of reproductive isolation or from a combination of both (Rhymer & Simberloff,
1996; Vonlanthen et al., 2012). When extinction involves the loss of reproductive isolation
(Seehausen, 2006; Seehausen, Takimoto, Roy, & Jokela, 2008), the extinction process can
leave a lasting legacy in the genomes of surviving species through introgressive hybridization
(Kearns et al., 2018; Rhymer & Simberloff, 1996), potentially even influencing species that
will only emerge in the future (Meier et al., 2017). When the loss of reproductive isolation
contributes to extinction and some of the taxa involved in introgressive hybridization survive,
parts of the evolutionary history of extinct species persist and might affect future dynamics,
although species extinction is functionally complete. Previous studies have identified
examples of genomic variation in extant species that originated from extinct species (Barlow
et al., 2018; Green et al., 2010; Kuhlwilm, Han, Sousa, Excoffier, & Marques-Bonet, 2019;
Palkopoulou et al., 2018). However, apart from these few examples, genomic information for
extinct species is still rare (Ottenburghs, 2020). As a result, the extent and the evolutionary

significance of genetic transfer from extinct to extant species could be underestimated.

Ecological speciation, the process by which reproductive isolation evolves in response
to divergent ecological selection or ecologically-mediated divergent sexual selection (Rundle
& Nosil, 2005; Schluter, 2000), is an important process in the evolution of a substantial
proportion of contemporary eukaryotic species diversity (Nosil, 2012; Schluter, 2009). In
early stages of ecological speciation, species differentiation is maintained by prezygotic

and/or extrinsic postzygotic reproductive isolation mechanisms, both mediated by ecology,
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while genetic incompatibilities remain weak or absent (Ghosh & Joshi, 2012; Rundle & Nosil,
2005; Yeaman & Whitlock, 2011). Ecologically-mediated reproductive isolation, both pre-
and postzygotic, results from performance trade-offs between, and adaptation to, alternative
fitness optima (Rundle & Nosil, 2005; Schluter, 2000). When environments change, fitness
optima shift and may converge. This can lead to a weakening or complete loss of prezygotic
reproductive isolation between species, and a relaxation of divergent selection, weakening
extrinsic postzygotic isolation. The break-down of reproductive isolation might culminate in
the collapse of sympatric species into hybrid populations (Seehausen, van Alphen, & Witte,
1997; Taylor et al., 2006), a process called speciation reversal, potentially resulting in the

sudden and rapid extinction of species through introgressive hybridization.

Concerningly, contemporary extinction rates caused by speciation reversal through
anthropogenic homogenization of environments are likely to be faster than rates of extinction
by demographic decline alone (Seehausen et al., 2008). Whilst the potentially widespread
impacts of speciation reversal on contemporary biodiversity loss are still underappreciated in
conservation (Seehausen, 2006), its genomic consequences are still underappreciated in
evolutionary biology. Genetically admixed hybrid populations that emerged from speciation
reversal might have enhanced evolvability (Grant & Grant, 2019). In the future, such
populations may adapt in new and unexpected ways (Feller et al., 2020; Kagawa & Takimoto,
2018), expand their ranges (Pfennig, Kelly, & Pierce, 2016), and even seed further species
diversification (Lamichhaney et al., 2016). A deeper understanding of causes and
consequences of extinction by speciation reversal is therefore needed to determine the
immediate as well as the long-term influence of anthropogenic environmental change on
biodiversity, to enhance nature conservation measures and improve policy (hybrid
populations are in some countries still considered unworthy of protection), and to advance our

comprehension of evolutionary dynamics in changing environments.

24



The evolutionarily young Alpine whitefish radiation provides an outstanding system in
which to study ecological speciation and the consequences of its reversal (Hudson,
Vonlanthen, Bezault, & Seehausen, 2013; Hudson, Vonlanthen, & Seehausen, 2011; Jacobs et
al., 2019). Across the large pre-Alpine lakes of Switzerland more than 30 endemic whitefish
species have evolved since the end of the last glacial maximum (Doenz, Bittner, Vonlanthen,
Wagner, & Seehausen, 2018; Hudson et al., 2011; Selz, Doenz, Vonlanthen, & Seehausen,
2020; Steinmann, 1950). As the water depth of spawning grounds represents one important
axis of Alpine whitefish species differentiation, reproductive isolation among sympatric
species may often depend on the persistence of fine-scale depth-related differences between
spawning habitats (Hudson, Lundsgaard-Hansen, Lucek, Vonlanthen, & Seehausen, 2016).
Therefore, Alpine whitefish species are highly sensitive to speciation reversal when habitat
diversity and suitability along the lacustrine water depth gradient changes (Feulner &
Seehausen, 2019; Hudson et al., 2016; Vonlanthen et al., 2009). Anthropogenic
eutrophication during the 20" century led to the loss of deep-water spawning habitats,
reducing prezygotic isolation between sympatric whitefish species (Vonlanthen et al., 2012).
At the same time, eutrophication changed the abundance ratios between prey types, possibly
resulting in the loss of extrinsic postzygotic isolation through relaxed divergent selection
between feeding niches (Vonlanthen et al., 2012). The combination of reduced prezygotic
reproductive isolation and weakened divergent selection between niches led to speciation
reversal through introgressive hybridization and, in combination with demographic decline of
those species whose niches shrank, resulted in dramatic losses of Alpine whitefish diversity

(Feulner & Seehausen, 2019; Hudson et al., 2013; Vonlanthen et al., 2012).

Speciation reversal is most comprehensively documented in the Lake Constance
whitefish radiation, which originally consisted of four endemic sympatric species but with the

extinction of the profundal Coregonus gutturosus now comprises only three extant species see
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(Fig. 2). Previous work showed a substantial decline in both neutral genetic and functional
morphological differentiation between all three extant whitefish species, indicating a partial
breakdown of reproductive isolation (Vonlanthen et al., 2012). Additionally, five private
microsatellite alleles of the extinct species were discovered in all extant species after
eutrophication (Vonlanthen et al., 2012) and whole-genome resequencing data indicated
significanted introgression from the extinct into all three extant species (Frei, 2018),
consistent with eutrophication-induced speciation reversal. Using eleven historical samples of
the extinct C. gutturosus, we here provide a genome-wide perspective of environmental
change-induced speciation reversal that affected an entire whitefish radiation by comparing
whole-genome resequencing data of pre- and post-speciation reversal populations. We here
demonstrate that introgression from the extinct into all extant species included genomic
variation with signatures of positive selection that shaped the genome of the extinct species
before eutrophication, indicating that these regions were potentially adaptive in the extinct

species prior to speciation reversal.
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Methods

Sample collection and DNA extraction

Historical whitefish scale samples, assembled by David Bittner (see Vonlanthen et al.
(2012) for details) and collected before the onset of eutrophication in the upper basin of Lake
(1937 and 1948), were used to extract DNA from nine C. gutturosus individuals. DNA
extraction of both historical scale samples and recent fin-clip samples was done using the
Qiagen DNeasy blood and tissue kit (Qiagen AG, CH). For scale samples, we followed the
manufacturer’s supplementary protocol for crude lysates
(https://www.qiagen.com/at/resources/resourcedetail ?7id=ad5ef878-8327-4344-94ad-
a8e703e62b49&lang=en) with the following minor adjustments: An alternative lysis buffer
containing 4M urea (Wasko, Martins, Oliveira, & Foresti, 2003) and elongated incubation
time (overnight) at 37°C were used for lysis of five scales per individual prior to the DNA
extraction. To ensure that no contamination with external sources of DNA was present, we
included a negative control in each batch of scale extractions. Negative controls always
resulted in no detectable DNA concentrations, while the historical scale extractions resulted in
DNA concentrations ranging between 1.12-70.2 ng/ul. Fin-clips of contemporary individuals
were extracted following the standard protocol supplied by the manufacturer. After extraction,
we measured DNA fragmentation on an Agilent TapeStation 2200 (Agilent Technologies AG,
CH) on either D5000 (historical scale samples) or Genomic DNA (recent fin-clip samples)
screen tapes. DNA concentration was quantified on a Qubit 2 fluorometer (Thermo Fisher
Scientific AG, CH) using the manufacturer’s high sensitivity assay kit. Contamination of

DNA samples was measured on a NanoDrop 1000 (Thermo Fisher Scientific AG, CH).

Library preparation and sequencing
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For each whitefish scale sample, an [llumina paired-end TruSeq DNA Nano library
(Illumina GmbH, CH) was produced. Library preparation was done by the NGS platform of
the University of Bern following the manufacturer’s instructions. Three of the historical scale
samples failed in the first round of library preparation, indicated by a high amount of adapter
dimers relative to the DNA template concentration. For these samples, the standard library
preparation protocol was repeated without the shearing step, decreasing the amounts of
adapter dimers. Libraries were sequenced 2x150 paired-end on a Novaseq 6000 sequencing

platform.

Mapping and filtering of sequencing reads

Poly-G strings at the end of the reads were removed using fastp 0.20.0 (Chen, Zhou,
Chen, & Gu, 2018). Overlapping paired end reads with total length longer than 25 bp were
merged using SeqPrep 1.0 (https://github.com/jstjohn/SeqPrep). Raw reads were aligned to
the Alpine whitefish genome assembly (R. De-Kayne, Zoller, & Feulner, 2020) (ENA
accession: GCA_ 902810595.1) with bwa mem version 0.7.12 (Li & Durbin, 2009) and

€9
T

adjusting the “r” parameter to 1 (increasing accuracy of alignment but reducing computational
speed). Duplicated reads were marked with MarkDuplicates, mate information was fixed with

FixMatelnformation and read groups were replaced with AddOrReplaceReadGroups from

picard-tools (Version 2.20.2; http://broadinstitute.github.io/picard/).

Population genomic analysis

To assess the introgression of potentially adaptive genomic variation from the extinct
C. gutturosus into the three Lake Constance whitefish species during the anthropogenic
eutrophication period, we made use of existing re-sequencing data of historical populations

from Frei (2022) (C. arenicolus (n=3), C. gutturosus (n=3; two of these three individuals were
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again sequenced to increase sequencing coverage), C. macrophthalmus (n=2) and C.
wartmanni (n=2)). We further combined this data with existing re-sequencing data of the
contemporary whitefish population sampled 2015 from Frei (2018) (C. arenicolus (n=2), C.
macrophthalmus (n=2) and C. wartmanni (n=2)) and from De-Kayne (2020) (C. arenicolus
(n=3), C. macrophthalmus (n=1) and C. wartmanni (n=4)). A complete list of all used
samples is in Supplementary Table 1. A Salmo salar individual (short read archive accession

number: SSR3669756) from Kjaerner-Semb et al. (2016) served as outgroup,

Due to differences in sequencing depth (mean coverage of 6.3x for historical samples
and mean coverage of 22.1x for contemporary samples at polymorphic sites included in
downstream analyses; see Extended Data Table 4) and to account for possible sequencing
errors, we avoided genotype calling whenever possible and only analysed whitefish
chromosomes without any potentially collapsed duplicated regions (De-Kayne et al., 2020).
Instead of hard genotyping, we calculated genotype likelihoods (Li, 2011) and minor allele
frequencies (Kim et al., 2011; Skotte, Korneliussen, & Albrechtsen, 2012) at polymorphic
sites applying the samtools genotype likelihood model implemented in angsd version 0.925
(Korneliussen, Albrechtsen, & Nielsen, 2014). Only sites covered with at least two reads from
every individual (no missing data), passing a p-value cut-off of 10E-6 for being variable (Kim
et al., 2011) and having not more than two different alleles were included. Reads that did not
map uniquely to the reference and had a mapping quality below 30, as well as bases with
quality score below 20 were not considered for calculation of genotype likelihoods in the
following analyses. We used the following p-value cut-offs for SNP filters implemented in
angsd version 0.925 (Korneliussen et al., 2014): -sb_pval 0.05 -gscore_pval 0.05 -edge pval

0.05 -mapq_pval 0.05, resulting in a total of 477°981 sites.

To visualize general relationships among the four studied species, we produced a

maximum likelihood phylogeny using RAXML version 8.2.12 (Stamatakis, 2014). We first
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calculated genotype likelihoods of the S. salar outgroup at all 477°981 polymorphic sites with
angsd 0.925 (Korneliussen et al., 2014), and then inferred genotypes of all individuals
including the outgroup and phased these using beagle 4.1 (Browning & Browning, 2007). We
then thinned this dataset using VCFtools 0.1.16 (Danecek et al., 2011) so that all SNPs were
at least 500 bp apart from each other, and then filtered the resulting data set with bcftools
1.10.2 (https://github.com/samtools/bcftools) to contain only sites that are homozygous for
the reference, and homozygous for the alternative allele in at least one individual, resulting in
a total of 58’831 SNPs. We then converted the VCF- to a phylip file using the python script
vef2phylip.py (https://github.com/edgardomortiz/vef2phylip). Finally, we used RAXML
version 8.2.12 (Stamatakis, 2014) to produce the phylogeny with the ASC_ GTRGAMMA
substitution model and 100 bootstrap replicates. The resulting phylogeny was plotted with

Figtree 1.4.4 (https://github.com/rambaut/figtree).

To identify regions introgressed by the extinct C. gutturosus within individual
genomes of all sequenced post-eutrophication samples, we used topology weighting by
iterative sampling of sub-trees (TWISST) (Martin & Van Belleghem, 2017). First, we
calculated genotype likelihoods in angsd 0.925 (Korneliussen et al., 2014), using the same
thresholds and filtering parameters as above, but allowing for missing reads in two
individuals of the whole data set to increase resolution. Additionally, we genotyped the S.
salar outgroup individual at the positions identified to be polymorphic in our dataset. We then
inferred genotypes from the likelihoods and phased these genotypes with beagle 4.1
(Browning & Browning, 2007), resulting in a total of 2°676°591 polymorphic sites for further
analysis. We acknowledge that our samples size is low for statistical phasing. However,
statistical phasing is reasonably accurate at the short genomic ranges (Bukowicki, Franssen,
& Schlotterer, 2016) that are relevant for our TWISST approach, and TWISST has been

reported to be robust to within-taxon phasing errors (Marburger et al., 2019). We assessed
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coverage of each sample at these polymorphic sites with angsd 0.925 (Korneliussen et al.,
2014), and calculated average coverage at across all these polymorphic sites (see Extended
Data Table 4). For each discrete 50 kb window across the genome, we computed a maximum
likelihood tree including all genotyped samples using PhyML version 3.0 (Guindon et al.,
2010) and the script phyml sliding windows.py
(https://github.com/simonhmartin/genomics_general/blob/master/phylo). TWISST (Martin &
Van Belleghem, 2017) was performed separately for each post-eutrophication sample, using a

four taxon topology in the ordering as shown in (see Fig. 1).
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Figure 1: Schematical representation of the population ordering for the TWISST analysis. P1 consisted of
all pre-eutrophication samples of an extant species, P2 was the focal text individual (post-eutrophication
individual of the same species as P1), P3 were the eleven C. gutfurosus individuals and the outgroup used was S.
salar.

All available pre-eutrophication samples of one extant species were in P1, the potential
recipient population P2 consisted of one focal individual, all eleven available C. gutturosus
samples were in (P3) and S. salar served as outgroup. With four populations, three different
(unrooted) topologies are possible. Using the script twisst.py
(https://github.com/simonhmartin/twisst), we computed the proportion of subtrees matching
each possible topology (option “complete”). The topology in which the focal post-
eutrophication individual (P2) is more closely related to all available C. gutturosus
individuals (P3) compared to all available pre-speciation reversal individuals (P1) of the same
species should only be supported within windows that were introgressed by C. gutturosus
(“introgression topology™; see Fig. 1). Following Meier et al. (2018), we considered a window
as introgressed if the weighting of the introgression topology exceeded a value of 66.6%
(introgression topology received at least twice the statistical support of any other topology).
We performed a two-sided t-test in R (R Core Team, 2018) to evaluate whether the sharing of
windows introgressed from C. gutturosus was significantly higher between conspecific

individuals compared to heterospecifics.
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We performed a selection scan using the statistic nSL (Ferrer-Admetlla, Liang,
Korneliussen, & Nielsen, 2014). nSL is a haplotype based-statistic inferring signatures of
selection by combining information on the distribution of fragment lengths defined by
pairwise differences with the distribution of the number of segregating sites between all pairs
of chromosomes. We first subsetted our data set of genotype likelihoods obtained from angsd
0.925 (Korneliussen et al., 2014) to only C. gutturosus individuals, and then inferred
genotypes and phased these using beagle 4.1 (Browning & Browning, 2007). We then
calculated the unstandardized nSL statistic with the software selscan 1.3.0 (Szpiech &
Hernandez, 2014). Because the sample size consisted of 11 individuals, we included low
frequency variants. We then used norm 1.3.0 (Szpiech & Hernandez, 2014) to normalize the
unstandardized nSL calculations with default parameters in 50 kb windows along the genome.
We considered windows with more than 51.1% of variable sites (top 1 percentile) with a
normalized nSL score above 2 (default) to be under selection. As our sample size was low for
such an approach relying on statistical phasing, we additionally calculated Tajima’s D
(Korneliussen, Moltke, Albrechtsen, & Nielsen, 2013) in angsd 0.925 (Korneliussen et al.,
2014) based on genotype likelihoods in 50 kb windows along the genome, to ensure that the
pattern is not heavily impacted by phasing errors. First, we estimated the site allele frequency
likelihood in angsd 0.925 (Korneliussen et al., 2014) and then calculated the maximum
likelihood estimate of the folded site allele frequency spectrum using realSFS of angsd 0.925
(Korneliussen et al., 2014). We used the global site allele frequency spectrum to calculate
theta per site in realSFS of angsd 0.925 (Korneliussen et al., 2014), and then calculated
Tajima’s D in 50 kb windows using thetaStat of angsd 0.925 (Korneliussen et al., 2014). We
then compared the Tajima’s D values of the top 1 percentile of 50 kb windows identified to be
under selection by nSL to the rest of the genome (Fig. 3). Finally, we showed that Tajima’s D
in the top 1 percentile of 50 kb windows identified to be under selection by nSL differed

significantly from the rest of the genome using a two-sided Wilcoxon rank sum test in R
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‘wilcox.test’ (p<0.01; W= 8352543) (R Core Team, 2018). We assessed how many of these
regions under selection introgressed into other whitefish species with a custom R-script. We
tested if introgressed regions were enriched for windows under selection by permutation: We
randomly sampled the number of windows that were under selection from all windows along
the genome and counted the number of overlaps of these randomly sampled windows with the
observed introgressed windows. We then compared the expected counts of overlaps of 10’000

permutations with the observed count of overlaps to calculate a p-value.

Regions identified as under selection in C. gutturosus were further investigated to
identify which genes fall within these selected regions. Gene annotations (from the Alpine
whitefish genome (De-Kayne et al., 2020); ENA accession: GCA_902810595.1) that overlap
in their position with the identified windows under selection were identified using bedtools
v.2.28.0 (Quinlan, 2014). Gene enrichment for specific gene ontology (GO) terms (from
https://datadryad.org/stash/dataset/doi:10.5061/dryad.xd2547ddf) within these windows was
then tested using the R package topGO 2.38.1 (Alexa & Rahnenfuhrer, 2020) separately for
each of the three ontology classes cellular component (CC), biological processes (BP), and
molecular function (MF). We used Fisher’s exact test applying both the ‘weight’ and ‘elim’
algorithms to each ontology class (with no fdr multiple testing correction in accordance to the
topGO manual). GO terms that were enriched (p<0.05) from both the ‘elim’ and ‘weight’

algorithms were reported.

To determine whether introgressed and non-introgressed regions of the genome varied
in gene density we repeated the above overlap analysis and calculated the base-pair overlap of
genes from the Alpine whitefish genome with each of the introgressed and non-introgressed
sets of windows. The difference in gene overlap between introgressed and non-introgressed

windows was tested using a two-sided Wilcoxon rank sum test in R ‘wilcox.test’ (R Core
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Team, 2018) and showed that there was no significant difference between the two sets of

windows.
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Results

Sequencing coverage at polymorphic sites of the 10 sequenced C. gutturosus samples
(of which two samples were combined with existing sequencing data to increase coverage)
ranged between 3.4x and 14.2x (see Supplementary Table 1). When combining the 11 newly
sequenced C. gutturosus samples with existing sequencing data into a maximum likelihood
RAXML tree, all species clustered monophyletically with high bootstrap support (Fig. 2). As
expected, branch lengths of historical samples were often longer than those of the

contemporary samples of the same species.
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Figure 2: Maximum-likelihood phylogeny of all historical and contemporary samples. Maximum-likelihood
phylogeny of all pre- (crosses) and post-eutrophication (points) individuals of the four Lake Constance whitefish
species based on 58’831 SNPs. Colours correspond to species (see Fig. 1). Support values from 100 bootstrap
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replicates are shown on each node. Note that the branch length for the S. salar outgroup is biased due to the
ascertainment towards SNPs segregating within Lake Constance whitefish (see Methods section).

We performed a selection scan using the haplotype based statistic nSL (Ferrer-Admetlla
et al., 2014) to determine whether genomic regions that have introgressed from C. gutturosus
into the three extant Lake Constance whitefish species during speciation reversal have been
under positive selection in the now extinct profundal C. gutturosus before the anthropogenic
eutrophication period started. We considered the highest 1% fraction (315 50 kb windows) of
regions showing signals of positive selection in our haplotype-based nSL selection scan
(Tajima’s D based on genotype likelihoods (Korneliussen et al., 2013) in this top 1% of
windows is significantly different from the rest of the genome; Fig. 3) as potentially having
conferred adaptation to profundal habitats in C. gutturosus (see Supplementary Table 2 for
functional enrichment of genes in those regions, which revealed a link to the regulation of
platelet aggregation and the organization of the photoreceptor cell outer segment amongst

various others functions).

Tajima's D

-1

-3
1

T T
Non-selected Selected

Figure 3: Tajima’s D based on genotype likelihoods for windows identified to have been under selection in
C. gutturosus using nSL. Violin plots of Tajima’s D in C. gutturosus (n=11) calculated in 50 kb windows
comparing the 315 windows identified to be in the top 1 percentile of the nSL analysis to all other windows of
the genome. We found a significant difference in Tajima’s D between selected and non-selected windows
identified by nSL (two-sided Wilcoxon rank sum test, W=8352543, p<2.2e-16, indicated with bars above the
plot “***”)_Plots show the estimated kernel densities, black boxes show the interquantile range, white dots
correspond to medians and spikes are extending to the upper and lower adjacent values.
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We used topology weighting by iterative sampling of subtrees (Martin & Van
Belleghem, 2017) to explore evolutionary relationships in 50 kb windows along the genome
to find regions where a topology consistent with introgression from C. gutturosus into one of
the extant species was most supported. Across all 14 contemporary individuals combined,
~22% of the evaluated 31’476 windows along the genome showed signatures of introgression
from the extinct C. gutturosus (Fig. 4). Windows showing an introgression signature were
more frequently shared between individuals of the same species (Fig. 4) than between
individuals of different species (t=57.18; p<0.01; df=29.34). Of all windows with evidence
for positive selection in C. gutturosus in our nSL selection scan, 53.3% have introgressed
from C. gutturosus into extant whitefish species (Fig. 3). Introgressed regions were enriched
for genomic windows that carry signatures indicative of positive selection in the extinct C.
gutturosus (p<0.01 with 10’000 permutations). We observed no difference in gene density

between introgressed and non-introgressed regions (Fig. 5).
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Figure 4: Genomic distribution and characterization of introgression derived from extinct C. gutturosus.
Each of the three inner tracks corresponds to a species (blue C. wartmanni, green C. macrophthalmus and orange
C. arenicolus) and each track is subdivided into individual genomes. Each black bar corresponds to one
introgressed window in one individual. The outermost track summarizes a selection scan with nSL in the extinct
C. gutturosus (windows that introgressed are shown as red dots, non-introgressed windows as black dots),
indicating that regions that were under positive selection in C. gufturosus have often introgressed into
contemporary species. The heatmap in the centre shows the proportion of shared introgressed windows between
individuals (pairwise comparison yellow to red colour scale) and the absolute count of introgressed windows for
each individual (blue colour scale).
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Figure 5: Comparison of gene density in introgressed and non-introgressed windows. a) Comparison of
gene density between windows identified to be introgressed and those that did not show evidence for
introgression (non-introgressed) from C. gutturosus (n=11) across all three extant species (n=14). There was no
significant difference between introgressed and non-introgressed windows (two-sided Wilcoxon rank sum test,
W=84559580; p=0.5458), and thus the test is not represented in the figure. b) Comparison of exon density
between windows identified to be introgressed and those that did not show evidence for introgression (non-
introgressed) from C. gutturosus (n=11) across all three extant species (n=14). There was no significant
difference between introgressed and non-introgressed windows (two-sided Wilcoxon rank sum test,
W=85267215; p=0.0906), and thus the test is not represented in the figure. Plots show the estimated kernel
densities, black boxes show the interquantile range, white dots correspond to medians and spikes are extending
to the upper and lower adjacent values.
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