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1. Summary

1.1 Background

Baleen whales (Mysticeti) are a clade of highly adapted carnivorous marine mammals that can
reach extremely large body sizes and feature characteristic keratinaceous baleen plates used for
obligate filter feeding. Most baleen whales participate in seasonal migrations and many species
are known to travel large distances between feeding and breeding grounds.

Due to their enormous size, often referred to as gigantism, baleen whales are assumed to have
an extensive impact on marine ecosystems by e.g., enhancing nutrient recycling. Despite their
large bodies, baleen whales experience unusually low rates of tumor development which
promises helpful insights in medical research, provided that the responsible genes and
molecular patterns are identified. Because of the high amounts of different products like e.g.,
oil that can be retrieved from catching a single individual and the historically high demand of
these products, baleen whales were hunted extensively over a roughly 100 years lasting time
period that depleted many of the respective whale stocks with so far unknown consequences
for e.g. their molecular viability.

Over the last ~50 million years, baleen whales underwent multiple, remarkable morphological
transitions that are considered to be related to major changes of ocean and climate dynamics
within earth's history. Starting from land-dwelling, actively hunting artiodactyls, they shifted
stepwise to today's fully aquatic filter feeding animals. So far, it is still debated which factors
exactly facilitated these transitions and how such extensive macro-evolutionary changes
happened on the micro-evolutionary and molecular level.

Our understanding of the long-term consequences of the industrial whaling era as well as of
the exact nature of baleen whale evolution is still lacking, most likely impeded by their highly
migratory behavior in an inaccessible open sea which inevitably results in logistical challenges.
Furthermore, Cetaceans have a sparse fossil record, lacking many pieces especially in their
early evolution. Analyzing molecular data promises new insights into these questions and could

help mitigate the faced challenges in classical biological research.

In this dissertation, | will demonstrate the application of baleen whale genomes to tackle these

open questions by using modern approaches of conservation and evolutionary genomics.



1.2 Realized studies

In Publication 1 (Wolf et al. 2022, Molecular Biology and Evolution, Volume 39, Issue 5), |
evaluated the impact of the industrial whaling era on the molecular viability of an Icelandic fin
whale (Balaenoptera physalus) population. North Atlantic fin whales were subject to large-
scaled hunting operations since the beginning of industrial whaling and a fist local over-
exploitation was reached in 1904, with a so far unknown extent and unknown consequences
for the population.

To assess these unknowns, the genomes of 51 fin whale individuals were sequenced,
representing three temporally separated intervals in time, namely 1989, 2009 and 2018, which
allowed measurements of potential changes over the last 30 years. Genomic data was
sequenced using short read technology and linked short reads were used to construct a first
reference genome assembly of the species. Demographic models based on the side frequency
spectrum made it possible to assess the extent of the bottleneck imposed on the North-Atlantic
fin whale during the whaling era. Furthermore, many aspects of the molecular viability of the
population were analyzed, such as genome wide heterozygosity, inbreeding by the means of
runs of homozygosity and mutational load by identifying potential deleterious mutations.

The results suggest a substantial drop in the effective population size but also an otherwise lack
of manifestation in their genotypes. Levels of heterozygosity were well in the range of other
whales and mammals, runs of homozygosity were short which indicates frequent outcrossing,
and no excess of deleterious mutations was found, speaking for no apparent fitness reduction
of the population. These results were put into context by comparisons to available single
genomes of other baleen whale species which suggested that other more threatened species like
the blue whale (Balaenoptera musculus) and the North Atlantic right whale (Eubalaena
glacialis) may be more affected in their molecular viability as indicated by the presence of long
runs of homozygosity and higher amounts of potential deleterious mutations in otherwise more
heterozygous genomes. Eventually, these results indicated that genetic diversity alone may not
be directly informative for the fitness of a whale population and that this kind of analysis needs

to be complemented with other measures.

In Publication 2 (Wolf et al. 2023, BMC Biology,Volume 21, Issue 79), | constructed the
genome of the pygmy right whale (Caperea marginata) and tested its potential in phylogenetics
and cancer research. The species is the smallest among baleen whales, occurs circumpolar in
Antarctic waters, and represents the last representative of an otherwise extinct family of whales

(Cetotheriidae). It is assumed that after the split from the Cetotheriidae, the rorquals



(Balaenopteridae) quickly evolved into different lineages which may have resulted in the
unclear relationships and contested hypothesis about their early divergence in the past.
Furthermore, the unique small size of the pygmy right whale might facilitate the search for
genes related to size and cancer resistance when compared to molecular data of gigantic
relatives.

Phylogenomic analyses using fragments of a whole-genome alignment featuring nearly all
extant baleen whales, allowed the revision of the complex evolutionary relationships of
rorquals by quantifying and characterizing the amounts of conflicts in early diverging branches.
These relationships were further used to identify phylogenetically independent pairs of baleen
whales with a maximum of diverging body size differences to compare rates of positive
selection between their genomes.

The results suggest nearly evenly distributed frequencies of alternative topologies which
supports the representation of the early divergence of rorquals as a hard polytomy with high
amounts of introgression and incomplete lineage sorting. Within the set of available genomic
data, three independent pairs of baleen whales with diverging body sizes were found and
comparisons of positive selection rates resulted in many potentially body size and cancer
related genes. The lack of conserved selection patterns, however, suggest a more convergent

evolution of size and cancer resistance like previously discussed in paleontology.

In Manuscript 1 (Wolf et al. submitted, Molecular Ecology, manuscript ID: MEC-23-0421), |
measured rates of genome-wide isolation and divergence between two populations of the
northern-hemisphere blue whale (Balaenoptera musculus musculus). Due to their
inaccessibility, many whales are expected to include so far uncharacterized isolated
populations or subspecies and the lack of classifications may impede further conservation
management. Within the northern hemisphere, blue whales exist in both the Atlantic and
Pacific Ocean, separated by major land masses and already known acoustic differences,
suggesting potential accumulated differences. Furthermore, Publication 1 already indicated
potential consequences of the whaling era on the molecular viability of the blue whale and
assessing the degree in both populations might further help and support their conservation
efforts.

Genomes of 14 North-Pacific blue whales were sequenced using short read data and
complemented with publicly available 11 genomes of North-Atlantic blue whales. To
contextualize the results with an uncontested subspecies, six genomes of the well-established

Indo-Australian pygmy blue whale (Balaenoptera musculus brevicauda) were sequenced as



well. Furthermore, to estimate found differences compared to a closely related species, one
genome of the sei whale (Balaenoptera borealis) was sequenced and added to the dataset
together with two publicly available genomes.

Population genetic and gene flow analyses showed clearly separated and well isolated
populations in accordance with their assumed geographical distance. The genome-wide
divergence, however, was low compared to other cetacean populations and to the next closely
related sei whale species. Because this includes the morphologically different and well
recognized pygmy blue whale subspecies, a proposal was made to equally categorize the two
northern-hemisphere blue whale populations as subspecies. Furthermore, conservation
genomic aspects like genetic diversity, neutral evolution tests and traces of inbreeding
suggested, in accordance with Publication 1, a rather high impact of their depletion on the
molecular viability of the species by the means of long runs of homozygosity and lack of rare

alleles in otherwise highly heterozygous genomes.

1.3 Conclusion

The application of whole genome data using methods of conservation genetics allowed for a
comprehensive estimation about the molecular viability of blue and fin whales as well as an
assessment of the taxonomic status of northern-hemisphere blue whale populations. The rather
different results between blue and fin whales underlines the importance of genomic monitoring
of baleen whales because different species show rather different molecular consequences of
their potentially varying depletions. Furthermore, as showcased for the northern-hemisphere
blue whale, many important isolated populations of baleen whales may still be unknown to
conservation management and genome-wide comparisons will most likely contribute to
overcome this under-classification problem.

The application of whole genome data in evolutionary research allowed the characterization of
the complex patterns of molecular conflicts within baleen whales and especially rorquals that
will contribute to the still rather unclear understanding of their evolution. The here found
molecular support for the idea of convergent evolution of gigantism in whales will further guide

the search for molecular patterns responsible for Peto’s paradox.



2. Zusammenfassung

Anwendung genomischer Daten von Bartenwalen in Naturschutz- und

Evolutionsforschung.

2.1 Hintergrund

Bartenwale (Mysticeti) sind eine hochspezialisierte Gruppe karnivorer, mariner Séugetiere, die
extreme KorpergroRen erreichen kdnnen und die mit speziellen, aus Kreatin bestehenden
Barten, tierisches Plankton oder Fische aus dem Wasser filtern. Die meisten Bartenwale
unternehmen saisonale Wanderungen, bei denen sie zum Teil groRe Distanzen uberbriicken,
um zwischen Gewassern fur die Nahrungsaufnahme und fur die Fortpflanzung hin und her zu
wechseln.

Wegen ihrer enormen GroRe, die oft auch als Gigantismus bezeichnet wird, wird davon
ausgegangen, dass Bartenwale einen weitreichenden Einfluss auf marine Okosysteme haben,
da ihre groBe Aufnahme und Verwertung von Biomasse groBe Mengen an Nahrstoffen
freisetzt. Trotz ihrer GroRe, die viele Zellen und Zellteilungen mit sich bringt, leiden
Bartenwale vergleichsweise selten an Tumorerkrankungen. Die Entschlisselung dieses
Phédnomens konnte daher zu Fortschritten der medizinischen Forschung beitragen, sofern die
entsprechenden genetischen und molekularen Muster identifiziert werden konnen, die fur diese
Resistenz verantwortlich sind. Die groRen Korper der Bartenwale bedeuteten auch, dass der
Fang eines einzigen Individuums grofie Mengen an kdrpereigenem Tran eintrug. Aufgrund der
historisch hohen Nachfrage nach daraus gewonnenen Produkten wie etwa Ol, fiihrte dies zu
einer etwa 100 Jahre andauernden Epoche des industriellen Walfangs, die viele Populationen
stark schrumpfen lieR. Mdgliche Folgen dieser Ausbeutung auf zum Beispiel die Genetik der
Bartenwale sind bisher kaum erforscht.

In den letzten ~50 Millionen Jahren haben Wale (Cetacea) mehrere tiefgreifende
morphologische Veranderungen durchlaufen, die vermutlich mit ebenso weitreichenden
Verénderungen der Meeresstromungen und Klimaveranderungen innerhalb der Weltgeschichte
zusammenhangen. Dabei wird davon ausgegangen, dass Bartenwale von ehemals

landlebenden, aktiv jagenden S&ugetieren abstammen, die in die Vorfahren der heutigen
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Paarhufer (Artiodactyla) eingeordnet werden. Welche erdgeschichtlichen Faktoren diese
weitreichenden Anpassungen begtinstigt haben, ist noch immer umstritten, vor allem aber, wie
sich diese makro-evolutionare Veranderung auf der mikro-evolutiondren Ebene und der
molekularen Ebene vollzogen haben.

Dass unser Verstandnis von sowohl dem Einfluss des industriellen Walfangs als auch von dem
genauen Ablauf der Evolution der Bartenwale so ungenau ist, liegt vermutlich an der hohen
Mobilitat dieser Tiere und der schlechten Zugénglichkeit ihrer Lebensraume im offenen Meer.
Dies fihrte in der Vergangenheit zu enormen logistischen Herausforderungen, die die
Untersuchung dieser Tiere zum Teil unmdglich machte. Des Weiteren sind Fossilienfunde von
frihen Walen selten und decken ihre Geschichte nur ungleichmaRig ab. In diesem Kontext
konnte die Analyse von molekularen Daten deutlich mehr zum Verstandnis dieser zwei

Themen beitragen als die bisher angewandten klassischen Methoden der Biologie.

In dieser Dissertation wird gezeigt, wie die Anwendung von genomischen Daten und modernen
Methoden der Naturschutz- und Evolutionsgenetik zum Verstdndnis der Biologie der

Bartenwal beitragen kann, mit besonderem Schwerpunkt auf deren Schutz und Evolution.

2.2 Durchgefihrte Studien
In Publikation 1 (Wolf et al. 2022, Molecular Biology and Evolution, Volume 39, Issue 5),

habe ich den Einfluss des industriellen Walfangs auf die molekularen Eigenschaften einer
islandischen  Finnwalpopulation (Balaenoptera physalus) untersucht. Finnwale im
Nordatlantik waren schon seit Beginn industrieller Fangfahrten ein begehrtes Ziel und eine
Uberfischung der Bestinde wurde bereits 1904 dokumentiert, mit bisher unbekanntem AusmaR
und unbekannten molekularen Konsequenzen fir die Population.

Um diese besser einschatzen zu konnen, wurden die kompletten Genome von 51
Finnwalindividuen aus drei zeitlich versetzten Jahren sequenziert, um mogliche zeitliche
Veréanderungen innerhalb der letzten 30 Jahre feststellen zu kdnnen. Die genomischen Daten
wurden mittels Hochdurchsatz-Methoden erstellt und eine Genom-Assemblierung der Art zu
Referenzzwecken anhand verlinkter Sequenzfragmente durchgefuhrt. Demographische
Modelle, die auf dem Spektrum von Allelfrequenzen basieren, wurden verwendet, um das
Ausmal der etwa 100 Jahre zuriickliegenden Bejagung des Nordatlantischen Finnwals zu
ermitteln. Des Weiteren wurden verschiedene molekulare Aspekte untersucht, die vom
Rickgang der Population betroffen sein kdnnten. Dazu gehdren die genetische Diversitét, die

durch genomweite Heterozygotie bestimmt wurde, die L&nge und Frequenz homozygoter
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Abschnitte, die den Einfluss von Inzucht widerspiegeln und zuletzt die Anzahl potenziell
schadlicher Mutationen, die Aufschluss tber den Fitnesszustand einer Population geben
konnen.

Die Ergebnisse weisen zwar auf eine starke Reduktion der Populationsgrdf3e innerhalb des
industriellen Walfangs hin, aber auch auf einen ansonsten eher geringen molekularen Einfluss
der Bejagung. Die genetische Diversitit der Population ist vergleichsweise hoch und lange
homozygote Abschnitte oder ein Uberschuss an schadlichen Mutationen fehlen. Um diese
Ergebnisse im Kontext anderer Bartenwale zu interpretieren, wurden die entsprechenden Werte
mit 6ffentlichen Genomen anderer Arten verglichen. Dabei zeigte sich, dass gerade die starker
bedrohten Walarten wie etwa der Blauwal (Balaenoptera musculus) und der Atlantische
Nordkaper (Eubalaena glacialis), eine besonders hohe Heterozygotie, aber auch besonders
viele und lange homozygote Abschnitte und eine erhdhte Anzahl schédlicher Mutationen
aufweisen, was fur eine erhohte Inzuchtrate und eventuelle Fitnesseinflisse spricht. Die
Ergebnisse zeigen aber auch, dass die genetische Diversitat nicht unbedingt den direkten
Fitnesszustand einer Walpopulation widerspiegelt und dass bei solchen Analysen immer auch

andere Faktoren untersucht werden sollten.

In Publikation 2 (Wolf et al. 2023, BMC Biology,Volume 21, Issue 79), habe ich das Genom
des Zwergglattwals (Caperea marginata) rekonstruiert und das Potential des neuen
Referenzgenoms in der Phylogenetik und Tumorforschung getestet. Der Zwergglattwal ist der
kleinste Vertreter der Bartenwale und der letzte Vertreter einer ansonsten ausgestorbenen
Familie (Cetotheriidae). Es wird angenommen, dass sich die Furchenwale (Balaenopteridae)
nach ihrer Trennung von den Cetotheriidae, schnell in mehrere Linien aufgespalten haben, was
ihre evolutiondren Beziehungen unklar macht und zu verschiedenen, oft widersprichlichen
Hypothesen Uber ihre genaue Evolution fiihrte. Die geringe Korpergrofie des Zwergglattwals
konnte weiterhin die Suche nach Genen, die fiir den Walgigantismus und die damit verbundene
Krebsresistenz verantwortlich sind, erleichtern, wenn die entsprechenden Sequenzen mit denen
seiner gigantischen Verwandten verglichen werden.

Eine phylogenomische Analyse auf der Basis von Fragmenten eines Alignments ganzer
Genome erlaubte es, die Verwandschaftsbeziehungen der Bartenwale und insbesondere die
komplexen evolutiondren Konflikte innerhalb der Furchenwale genauestens zu
charakterisieren und zu quantifizieren. Die beschriebenen Beziehungen wurden dann

verwendet, um phylogenetisch unabhangige Paare innerhalb der Bartenwale zu identifizieren,
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die die insgesamt groften Unterschiede in ihrer KérpergréRe aufwiesen. Die Genome dieser
Paare wurden dann auf Anzeichen einer mdglichen positiven Selektion untersucht.

Die Ergebnisse deuten darauf hin, dass alternative Topologien nahezu gleich haufig auftreten
und dass die friihe Aufspaltung der Furchenwale am besten als echte Polytomie beschrieben
werden kann, die mit einem hohen Grad an Introgression und Transspezies-Polymorphismus
einherging. Weiterhin wurden drei unabhangige Paare mit groRen Differenzen in ihrer
KorpergroRe identifiziert, deren genomweiter Vergleich der Selektionsraten zu einer hohen
Anzahl an Genkandidaten fihrte, die fir die charakteristische Tumorresistenz der Wale
verantwortlich sein kénnten. Allerdings wurde auch ein Mangel an Genen festgestellt, die in
allen groRen Walen gleichermalRen positiv selektiert werden, was eine in der Palédontologie

bereits diskutierte Idee des konvergent entstandenen Walgigantismus unterstiitzt.

In Manuskript 1 (Wolf et al. submitted, Molecular Ecology, Manuskript Nr.: MEC-23-0421),
habe ich die genomweite Isolation und Divergenz zwischen zwei Populationen der nérdlichen
Blauwal-Unterart Balaenoptera musculus musculus untersucht. Wegen ihrer schlechten
Zugéanglichkeit wird bei Walen allgemein davon ausgegangen, dass es noch viele unbekannte
isolierte Populationen oder Unterarten gibt und dieser Mangel an taxonomischer Klassifikation
konnte den Schutz der Populationen behindern. In der nérdlichen Hemisphére gibt es Blauwale
sowohl im Atlantik als auch Pazifik, getrennt von grofien Landmassen und mit schon bekannten
akustischen Unterschieden, die fur eine bereits bestehende Ansammlung von Differenzen
sprechen konnte. Publikation 1 hat auBerdem gezeigt, dass der industrielle Walfang deutliche
molekulare Konsequenzen fur den Blauwal gehabt haben kénnte und die Einschatzung dieser
genetischen Faktoren zum Schutz des Blauwals beitragen konnte.

In diesem Projekt wurden 14 Genome von Blauwalen aus dem Nordpazifik mittels kurz-
Fragment Methoden sequenziert und mit 11 6ffentlichen Genomen nordatlantischer Blauwale
verglichen. Um die gefundenen Unterschiede zu kontextualisieren, wurden zusatzlich sechs
Genome der weithin anerkannten Unterart des indo-australischen Zwergblauwals
(Balaenoptera musculus brevicauda) sequenziert. AulRerdem wurde ein Genom des nahe
verwandten Seiwals (Balaenoptera borealis) sequenziert und mit zwei bereits vertffentlichten
Genomen in den Datensatz aufgenommen, um die Ergebnisse mit Unterschieden auf Artniveau
zu vergleichen.

Die Ergebnisse zeigten eine klare Isolation beider Populationen, die zu der des Zwergblauwals
vergleichbar war, allerdings zeigten alle drei Populationen auch eine geringe genetische

Divergenz verglichen mit anderen Walpopulationen und dem nahe verwandten Seiwal. Da dies
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auch die genetische Divergenz des Zwergblauwals betraf, wurde eine gleiche Einordnung der
nordlichen Populationen als verschiedene Unterarten vorgeschlagen. Zusatzlich wurden alle
drei Populationen noch auf ihre molekularen Eigenschaften bezuglich ihrer Gefahrdung hin
untersucht und eine hohe genetische Diversitat aber auch ein Mangel an seltenen Allelen und
eine hohe Frequenz langer homozygote Abschnitte in allen drei Populationen festgestellt. Diese
molekularen Eigenschaften kénnten, wie in Publikation 1 bereits diskutiert, Folgen ihrer

starkeren Bejagung sein und eventuell die Fitness der Tiere langfristig beeinflussen.

2.3 Fazit

Die Anwendung genomischer Daten in Kombination mit Methoden der Naturschutzgenetik hat
es moglich gemacht, die molekularen Auswirkungen des Walfangs auf Finn- und
Blauwalpopulationen abzuschatzen, als auch den taxonomischen Status der noérdlichen
Blauwalpopulationen neu zu bewerten. Die deutlich unterschiedlichen Ausmafe dieser
Konsequenzen zwischen Finnwalen und Blauwalen unterstreicht die Wichtigkeit solcher
genomischen Beobachtungen von Bartenwal-Populationen, da verschiedene Populationen sehr
unterschiedlich vom Walfang betroffen sein konnten und deswegen unterschiedlich starke
molekulare Konsequenzen davon getragen haben konnten. AuBerdem, wie anhand der
nordlichen Blauwale gezeigt werden konnte, sind dem Naturschutz wahrscheinlich noch viele
isolierte Populationen und vielleicht sogar Unterarten unbekannt und der Vergleich
genomischer Daten birgt ein groBes Potential, dieser Unterklassifizierung -effektiv
entgegenzuwirken.

Die Anwendung genomischer Daten in der Evolutionsforschung hat es moglich gemacht, die
komplexen Muster molekularer Konflikte innerhalb der Bartenwal-Klade und besonders
innerhalb der Furchenwale zu charakterisieren und zum bisher ungenauen Verstandnis ihrer
Evolution beizutragen. Insbesondere die molekularen Hinweise auf die konvergente Evolution
des Walgigantismus kénnen die zukiinftige Suche nach den molekularen Mustern, welche fir

das Peto Paradoxon verantwortlich sind, entscheidend erleichtern.

14



3. General Introduction

3.1 Baleen whales

Baleen whales (Parvorder: Mysticeti) are a 24-36 million year old group of large carnivorous
mammals possessing characteristic keratinaceous baleen plates which are used for obligate
filter feeding (Figure 1A, Arnason et al. 2018; Deméré et al. 2008; Fordyce and Marx 2018).

3.1.1 General information

Apart of the filter feeding behavior, baleen whales are also known for their large size and they
encompass a variety of body sizes, reaching between 5 to 6.5 meters and 3 to 3.5 metric tons
on the small side (pygmy right whale, Caperea marginata) and 21 to 30 meters and 140 to 199
metric tons and the large side (blue whale, Balaenoptera musculus) (Branch, Abubaker et al.
2007; Kemper 2009; McClain et al. 2015). The unique method of filter feeding, and hence
baleen like structures, are only known to exist much later in the evolutionary history of
mysticetes. Yet, their large size was found to exist even in the earliest known fossils of
mysticetes, such as the about eight meter long Llanocetus denticrenatus (Figure 1B, Lambert
et al. 2017). Their generally large body size, sometimes referred to as gigantism, has been
studied to understand the evolution of gigantism (Slater et al. 2017). Such studies were
especially made in the context of cancer resistance because despite their large numbers of cells
and cell divisions, baleen whales do not have higher rates of cancer development (See “Peto’s
Paradox” in (Peto et al. 1975; Silva et al. 2023; Tollis et al. 2019).

Baleen whales occur in all major oceans, but prefer colder, more productive waters that benefit
from deep-sea ocean dynamics like upwelling and frontal meandering (Figure 1C, Branch,
Stafford et al. 2007). All mysticetes are highly mobile animals, known to migrate seasonally
between more productive feeding and warmer or saver breeding grounds (Double et al. 2014;
Silva et al. 2013). Furthermore, trans-oceanic migrations occur in many baleen whale species
and all major oceans, with a record published in 2018 reporting a travel distance of more than
8,000 kilometers in a single lifetime (Hucke-Gaete et al. 2018). This high potential for dispersal
makes whales an interesting target to study the processes behind sympatric speciation and niche
differentiation, but also challenges research due to their inaccessibility in a vast open sea
(Arnason et al. 2018; Foote and Morin 2015).
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Figure 1 Summary of baleen whale specific traits, evolution and whaling. A Hierarchical morphology
of humpback whale baleen, from the level of the whole baleen apparatus down to the horn tubules level
(Szewciw et al. 2010). B Phylogenetic relationships of the ~8m long Llanocetus denticrenatus and the
evolution of baleen whales traits like gigantism, suction-assisted feeding and baleen based filter feeding
(Fordyce and Marx 2018). C Annual mean phytoplankton chlorophyll-a concentrations in mg.m ™2 from
SeaWiFS as a proxy for marine ecosystem productivity that limits suitable baleen whale habitats
(Branch, Stafford et al. 2007). D Explosive “shell-harpoon”, a technological key invention that
facilitated the industrial whaling era, built by Svend Foyn (Tgnnessen and Johnsen 1982).

Many baleen whales feature characteristic songs for communication (McDonald et al. 2006;
Rekdahl et al. 2018) and they are expected to be highly intelligent given their complex social
behavior and characteristic brain morphologies known from other animals considered as

intelligent, including us humans (Bultti et al. 2009; Wray et al. 2021).

3.1.2 Whaling and importance of conversation

All larger whale species were sought after by humans with a peak during the roughly 100 years
lasting era of industrial whaling between the 1870’s and 1970’s (T@nnessen and Johnsen 1982).
Fueled by the rise of new hunting technologies like explosive-harpoons and motorized ships
together with an increased demand of whale-based products like oil, industrial whaling spread
around the globe over all major oceans until their exploitation became insufficient due to
dwindling catch rates and an increased competition by fossil based oil products (Figure 1D,
Tennessen and Johnsen 1982). Although this exploitation depleted many whale species and
brought some to the brink of extinction, a complete whaling moratorium, established in 1982,
resulted in a beginning recovery of many baleen whale stocks (Cooke 2018a, 2018b; IWC
1982).

However, the poor documentation of catch rates and difficulties to estimate pre- and post-
whaling stocks sizes makes it challenging to evaluate the consequences for distinct baleen
whale species. This also includes long-term consequences for the marine ecosystems inhabited
by this species. Their enormous body sizes and hence large amount of consumed and digested
biomass led to the expectation that filter feeding whales, like the large blue whales, may have
contributed substantially to the pre-whaling marine ecosystem productivity by enhancing
nutrient recycling (Savoca et al. 2021), in particular iron turnover through feces (Ratnarajah et
al. 2016). Furthermore, in case of death, whale carcasses often sink to the deep-sea floor,
creating a sudden enormous source of nutrients that is discussed to substantially contribute to

the deep-sea ecosystem diversity (See “whale fall hypothesis”, Smith et al. 2015).
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Because of the unknowns and challenges regarding their conservation as well as other poorly
understood parts of their biology, e.g. the evolution towards gigantism and hence cancer
resistance, genetic data, especially genomic data, represents a promising alternative to tackle
many of these questions. Outlining these opportunities for conservation and evolutionary

research will be the main focus of this dissertation.

3.2 Age of genomics

The study of genomes in biology, known as the research field “Genomics”, was coined by Dr.
Thomas H. Roderick (Yadav 2007) while establishing the equally named scientific journal and
describes the analyses of preferably whole genome data to answer biological questions. The
field was pioneered by scientists working on DNA sequencing methods (Pareek et al. 2011;
Ronaghi 2001; Sanger and Coulson 1975) and consortia established to sequence the first entire
genomes from e.g. yeast, human or mouse (Goffeau et al. 1996; Venter et al. 2001; Waterston
et al. 2002). These scientific achievements fueled the rise of new technologies leading to a
steep decline in sequencing costs in parallel with steeply increasing computational resources
that allowed processing the vast amounts of data (Wetterstrand 2021). Due to these
developments, whole-genome sequences are now a fundamental part in biological research and
are used to address various open questions in all kinds of related fields, such as conservation

and evolution.

3.3 Conservation genomics

Conservation genomics is a loosely defined field of research that provides new information and
ideas for conservation efforts using whole genome data. In recent years, this term has become
a “buzzword” and largely refers to the already existing subfield of conservation genetics which
derived from population genetics. The general goal is to understand the molecular dynamics
within or between threatened populations in order to propose beneficial conservation efforts
that could help to avoid extinction. In practice, two main applications have found broad interest
in the scientific community, namely the assessment of negative genetic consequences for
populations brought to or remaining at low numbers (Foote et al. 2021; Seth et al. 2021; van
der Valk, Diez-Del-Molino et al. 2019) and the assessment of genetic exchange, population
structures and genetic differentiation in order to define precise management units (Andrews et
al. 2018; Attard et al. 2018; Walters and Schwartz 2021). However, their interdependent nature

usually encourages addressing both directions in a combined analysis.
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Figure 2 Applications of conservation genomic analyses. A Genome-wide nucleotide diversity is a poor
predictor of IUCN’s Red List status (Teixeira and Huber 2021). Colors indicate IUCN status e.g. least
concern, vulnerable and endangered. B Genetic load over different species, here depicted as the average
GERP-score of the derived allele for each individual within a species (van der Valk, Manuel et al. 2019).
C Density of runs of homozygosity (ROH) along a chromosome of all ROH > 0.3 Mb in 26 globally
sampled killer whale genomes (Foote et al. 2021). The black line indicates total counts, colored bars
alter in red and blue and depict ROHs per individual. D Depiction of the divergence of lineages with
four different hierarchical conservation management units, namely Demographically Independent
Population (DIP), Evolutionarily Significant Unit (ESU), subspecies and species, defined by varying
degrees of isolation and divergence (Taylor, Perrin et al. 2017). E-F Different population genetic
analyses that indicate population structure and admixture in brown bears (Jong et al. 2023).

3.3.1 Genetic diversity

A main point of interest in the estimation of the “molecular viability” of a population is the
genetic diversity and its implication for fitness. The term can be differentiated into the genetic
diversity of an individual, like the amount of heterozygous sites within a genome and the
genetic diversity of a population, here regarded as the genetic variation among a group of
individuals. Genetic diversity is thought to affect both the adaptive and deleterious potential of
segregating genetic variances within a population. While mutations tend to increase the genetic
diversity of a population, genetic drift appears to reduce genetic diversity (Teixeira and Huber
2021). A reduced genetic diversity is often associated with a reduced adaptive potential
(Spielman et al. 2004) or an increased deleterious potential (See Charlesworth and Willis
2009).

Adaptive potential is defined as the amount of additive genetic variation for adaptive traits
between or among populations (Booy et al. 2000; Funk et al. 2019). In most cases, this potential
is estimated based on the neutral genetic diversity of a population (Teixeira and Huber 2021),
although the relationship between the two measures remains poorly understood and even
questionable (Figure 2A, (Teixeira and Huber 2021). The deleterious potential on the other
hand, goes along with the so-called genetic load and accounts for the number of mutations that
could negatively affect the fitness of a population if becoming fixated (Figure 2B, Bertorelle et
al. 2022; van der Valk, Manuel et al. 2019). Inbreeding, enhanced by small population sizes,
plays an important role in this case, because mating between closely related individuals leads
to larger runs of homozygous segments (ROH) of identity-by-descent that expose previously
recessive deleterious mutations (Figure 2C, Charlesworth and Willis 2009; Foote et al. 2021).
In extreme cases, the interrelationship between population size, genetic diversity, inbreeding
and genetic load could lead to a down-spiraling process that continuously reduces fitness and

2 13

population sizes, termed “inbreeding depression”, “mutational meltdown” or “extinction
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vortex”, depending on the factor identified as the main driver of this process (Charlesworth and
Willis 2009; Fagan and Holmes 2006; Gabriel et al. 1993; Teixeira and Huber 2021). This
process is inversely influenced by outbreeding with unrelated individuals which for example
breaks up larger runs of homozygosity and reduces genetic load (Kim et al. 2018). Due to this
positive effect of outbreeding on the fitness of a threatened population, the amount of genetic
exchange represents an important measure of its own when evaluating the robustness of a

population against severe depletion (Teixeira and Huber 2021).

3.3.2 Genetic exchange

Gene flow, here defined as the transfer of genetic material between two populations, is largely
consistent with migration from one population to another and determines the independence and
hence isolation of their genetic variances (Slarkin 1985). In conservation management, a main
goal is to prevent isolation of a population that would otherwise drastically decrease the
effective amount of genetic material in a population also known as gene pool (Frankham et al.
2017). Conservation strategies often aim to either ensure connectivity between fragmented
populations or to protect large enough areas that facilitate a sufficient gene pool on its own
(Frankham et al. 2017).

Therefore, the identification and evaluation of gene flow signals was always an important
aspect of population genetics and hence conservation genetics and later conservation genomics
(Figure 2E-F, Jong et al. 2023; Kozakiewicz et al. 2019; Slarkin 1985). The benefit of whole
genome sequences in this instance is its ability to provide comprehensive information about
the extent of genetic exchange that would not be possible with traditional marker sequences
given that they can be affected rather differently by ongoing gene flow between two groups
(Petit and Excoffier 2009). In case of an extensive isolation, populations start to accumulate
specific genetic variances over time, a process that is measured in its genomic divergence and
is largely speed up in small populations due to genetic drift, the randomized change of
frequencies of genetic variances (Masel 2011; Palumbi 1994). Inevitably, these differences will
manifest in different phenotypes, resulting in an increasing incompatibility between both
populations and a beginning speciation process (Figure 2D, (Taylor, Perrin et al. 2017; Waples
and Gaggiotti 2006). So-called genetic rescue programs, usually aiming to enhance gene flow
and beneficial outcrossing, were already reported to be problematic because of either
incompatibility between individuals or the harmful effects of recessive deleterious mutations
in a highly inbred population (See list in: (Frankham et al. 2017), a phenomenon also regarded

as outbreeding depression (Frankham et al. 2017; Ouborg et al. 2010). Population genomic
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comparisons can be applied in this instance to ensure reintroductions of more similar
populations instead of individuals from a population that already accumulated considerable
amounts of differences on their way towards speciation.

Finally, whole-genome sequences can also help to assess taxonomic uncertainties and identify
previously unknown and potentially threatened conservation units like e.g. subspecies or
species that may represent independently evolving gene pools. This so-called under-
classification error might also lead to underrepresentation in received conservation efforts
because unnamed conservation units are usually less likely to receive attention and hence
protection (Taylor, Perrin et al. 2017). The genomic assessments made to identify independent
taxonomic units usually aim to identify isolation and divergence, of which the latter arguably
bears similarities to evolutionary research that also aims to identify genetic differences in the

context of evolution.

3.4 Evolutionary genomics

Evolutionary genetics, the study of evolution based on molecular differences, was, equally to
the study of conservation genetics, recently expanded by the use of whole genome data,
resulting in the again loosely defined field of evolutionary genomics. A dominant goal in this
field remains the reconstruction of evolution by the means of phylogenetic systematics (Hennig
1965), but also the study of the underlying mechanisms of evolution and the evolution of
genomes themselves fall under this broad term too.

3.4.1 Phylogenomics

The construction of tree-like graphs to depict the evolutionary past of organisms has been done
since Charles Darwin proposed his ideas of evolution (Figure 3A). Today, differences in the
molecular components of life, such as DNA, RNA and peptides are used to study the
evolutionary past and such analyses ultimately result in a hypothesis represented as a
phylogenetic tree. A major cornerstone of this type of analysis is the assumption that similar
molecular sequences represent homologous traits passed down by a common ancestor (Knoop
and Miiller 2009). Following this assumption, the amount of similarity is roughly informative
about the evolutionary relationship or distance between two sequences and hence their
originating organisms.

Over the years, many theoretical developments have revolutionized this discipline of
reconstructing phylogenetic trees which eventually led to the idea to construct a “Tree of life”

(Figure 3B). Technical advances were for example made by improving methods of sequence
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alignments that align similar and potential homologous information (Nakamura et al. 2018;
Needleman and Wunsch 1970). Another point was the progressing understanding of the
stochastics of evolutionary change that resulted in increasingly refined evolutionary models
(Jukes and Cantor 1969; Shapiro et al. 2006). Methods of deciphering between genes
descended from a common ancestor by speciation (orthologs) or gene duplication (paralogs)
largely removed otherwise abundant artifacts, although their identification remains a
challenging task with ongoing improvements (Linard et al. 2021). Tree construction algorithms
were developed to infer a phylogeny on the basis of similarity, parsimony, maximum likelihood
and Bayesian statistics (Felsenstein 1981; Gascuel 1997; Ronquist and Huelsenbeck 2003). At
last, methods of tree evaluation were established to retrospectively analyze the support of a
certain tree or specific branch (Felsenstein 1985).

Alongside these theoretical milestones, technical progress in both sequencing methods and
computational resources happened as described above. Together, this enabled the construction
of trees based on more taxa and more sequences eventually leading to what is now known as
“phylogenomics”, a term used to emphasize the large amount of incorporated data, preferably
whole genome data (Bleidorn 2017). Different types of orthologous data were already used in
phylogenomic reconstructions like whole genome alignments, sets of orthologous genes,
transposable elements, and mitochondrial or chloroplast sequences with varying rates of
evolutionary change and varying amounts of information and hence different capabilities to
resolve different periods of the evolutionary past (Arnason et al. 2018; Janke et al. 1994;
Lammers et al. 2019; McGowen et al. 2020; Wicke et al. 2014). No matter the type of data, the
goal in phylogenetic reconstruction is to find the overall best tree-hypothesis. To get to this,
single genetic variances, called alleles, are usually handled as independent evolutionary traits
and they might, depending on their frequency, support a certain branching pattern also called
topology. The easiest way to get an overall hypothesis is then to construct the most favored
topology among all alleles by concatenating all sequence alignments into a single, matrix-like
structure before running a tree-construction algorithm on this total set of sequences,
exaggeratedly called “supermatrix” (Figure 3D, (Delsuc et al. 2005). Since different regions of
the genome, here called loci, may support different topologies in their allelic patterns, it is
sometimes also beneficial to construct smaller trees per locus and instead try to find a consensus
tree between resulting set of trees (Kubatko and Degnan 2007), exaggeratedly called
“supertree” (Figure 3D, Bininda-Emonds 2004). Similar to tree construction in general, many
different approaches were developed over the years to find the best consensus tree, reaching

from simply greedy consensus approaches (Gordon 1986) to more elaborate techniques like
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Figure 3 Applications of phylogenomic and evolutionary genomic analyses. A Charles Darwin’s “Tree-
of-Life” sketch from notebook B, 1837, Cambridge University Library. ms.DaR.121:p36 (Atzmon
2015). B Phylogenomics provides robust support for a two-domains tree of life, using supertree and
coalescent methods to interrogate >3,000 gene families (Williams et al. 2020). C Histogram of internal
branch lengths in windows with a certain topology of butterflies (Edelman et al. 2019). The ILS-only
distribution is shown as a dashed line, the introgression distribution is shown as a dotted line. The
average internal branch length in the inversion is shown as a green vertical line. D Flowchart depicting
the two alternative approaches (concatenated matrix or consensus) that can be used to infer phylogenetic
trees (Delsuc et al. 2005). E The history of gene trees depicted within the bounds of a species tree
(Boussau and Daubin 2010). Processes acting at the genomic level (duplication, loss, gene transfer) as
well as at the population level (polymorphism) are shown. F Rooted phylogenetic network including
the overall inferred tree hypothesis as well as 500 trees constructed from 10 kilo base pair (kbp) long
non-overlapping windows (Edelman et al. 2019). G Selection analysis based on a scatterplot of dN and
dS values depicting pairwise comparisons of 14,512 genes between the Siberian roe deer and 3 other
cervid species and cattle (Jong 2020).

the matrix representation using parsimony (MRP) approach (Ragan 1992) and eventually
summary methods of unrooted quartet-trees, consistent under the multi-species coalescent
model (MSC) (Mirarab et al. 2014).

In the beginning of phylogenetic reconstructions, polytomies, internal nodes connected to more
than two sub-trees, were often regarded as “soft” due to a presumed lack of phylogenetic
information and the advent of whole genome sequences promised to overcome these
polytomies that were often regarded as “non-resolved” (Gee 2003). However, it quickly
became clear that conflicting signals were more abundant in genomic data than previously
thought (Figure 3E, Boussau and Daubin 2010; Xu and Yang 2016). Different technical and
biological reasons can cause sequences to support deviating topologies, like misalignments or
misidentification of non-orthologous sequences, but also ancient introgression and incomplete-
lineage sorting (ILS) (Xu and Yang 2016). While technical problems can be addressed,
introgression and ILS represent major challenges in phylogenetic research that can, when
combined, obscure the true species tree (Hibbins and Hahn 2022). ILS, in which two or more
lineages fail to coalesce in their most recent ancestral population looking backwards in time,
occurs in all lineages and their frequency is well understood from the neutral MSC model
(Hibbins and Hahn 2022). Introgression is unpredictable in this instance, although methods to
identify introgression in ancient lineages were recently proposed due to the influence of
introgression on the distribution of internal branch lengths (Figure 3C, (Edelman et al. 2019).
Eventually, the existence and abundance of these conflicts in phylogenomic data led to the idea

that rapid radiations events do not coincide with a bifurcating tree hypothesis and that these
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events are best represented in a net-like graph depicting the variety of phylogenetic signals

found within genomic data (Figure 3F, Bapteste et al. 2013; Edelman et al. 2019).

3.4.2 Selection research

Ever since early molecular techniques like protein sequencing and gel electrophoresis were
established in the 1960s, evolutionary geneticists tried to understand how the now observable
substitutions shape phenotypic characteristics and hence the evolution of species. In 1968 and
1969, Kimura as well as King and Jukes presented their theory of neutral evolution that stated,
contrary to previous expectations, that most substitutions in the genome are either neutral or
deleterious towards fitness (Kimura 1968; King and Jukes 1969). Conversely, this implies that
the rate of beneficial mutations that would increase the reproductive success of an individual,
here called positive selected, is close to zero. Indeed, after the sequencing of the whole genomes
of human and chimpanzee, comparisons verified this expectation (CSAC 2005; Eyre-Walker
and Keightley 2009), although exceptions with higher rates exist that might be related to
effective population size (Galtier 2016). In case of available protein sequence data,
substitutions can be differentiated between non-synonymous and synonymous substitutions.
Following this, the ratio of both types of substitutions compared to their potential ratios (dn/ds
or Ka/Ks) is informative for positive selection in genes, because most mutations in expressed
sequences are expected to be deleterious and hence under purifying selection (Hughes et al.
2003). If genes are under positive selection, a rate of dn/ds > 1 is expected, although this rule
of thumb is not applicable in every case and might be misleading when generalized over entire
gene-sequences (Nielsen and Yang 1998). Over the last century, this approach was refined by
using sliding window-based approaches to not overlook areas under positive selection (Wang
et al. 2010) and became a daily-used tool in many different studies that aimed to find genes
responsible for a certain observation (Figure 3G, Jong 2020; Kumar et al. 2015; Tollis et al.
2019).
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3.5 Thesis objectives

In this thesis, | describe the application of whole genome data from various baleen whales in
studies regarding their conservation, speciation, evolution, and genetic resources. Whole
genome data will facilitate comprehensive statements about their biology that would be
difficult if not impossible based on classical monitoring, given their highly migratory nature in
a continuous habitat that encompasses the entire globe. Using whole genome short-read
sequencing data and conservation genomic analyses, the impact of the industrial whaling period
on genomes of e.g. fin whales (Balaenoptera physalus) and blue whales (Balaenoptera
musculus) was assessed and their current viability will be discussed from a genetic point of
view (See Publication 1: Wolf et al. 2022 and Manuscript 1: Wolf et al. submitted).
Furthermore, using methods of de novo genome assembly and evolutionary genomics, a
genome of the elusive southern-circumpolar pygmy right whale (Caperea marginata) was
compiled and respective data was incorporated into a phylogenomic revision of the baleen
whale clade as well as into a multi-species, genome-wide scan for positive selected genes to
discuss their potential rapid radiation and their convergent evolution towards gigantism and
cancer resistance (See Publication 2: Wolf et al. 2023).

In the first publication, genomes of 51 fin whales from Icelandic waters were sequenced and
analyzed that represent three separated intervals in time (1989, 2009 and 2018). Using
extensive demographic modeling, the impact of whaling on the overall population size was
estimated to complement the otherwise poorly understood pre- and post-whaling stock
developments impeded by e.qg. the lack of historical records and present monitoring difficulties.
Furthermore, all aspects of the reciprocal relationship between genetic diversity, inbreeding
and genetic load were measured and their implementations for the Icelandic fin whale
population were discussed to point out the need to combine these measures in comprehensive
analyses rather than interpreting single aspects of this relationship.

The second publication is focused on the de novo genome assembly of the otherwise elusive
pygmy right whale which was complemented with a phylogenomic reconstruction and
selection analyses. By using fragments of a whole-genome alignment that included nearly all
extant species of baleen whales, the distribution of genetic conflicts among the here established
most parsimonious tree hypothesis was described and the proportions of conflicts that can be
traced back to either incomplete lineage sorting or introgression were estimated. Additionally,
a pairwise comparison of selection rates between multiple pairs of baleen whales was

conducted that were first identified by phylogenetic targeting. Found genes were eventually
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discussed together with the results of the phylogenomic reconstruction to formulate hypotheses
about the evolution of baleen whales, especially gigantic rorquals.

In the last manuscript, the genomes and mitogenomes of 14 North-Pacific blue whales, six
Indo-Australian pygmy blue whales (B. m. brevicauda) and one Icelandic sei whale
(Balaenoptera borealis) were sequenced. Together with publicly available data of 11 North-
Atlantic blue whale genomes, different aspects of their genetic speciation process were
analyzed to infer if the northern hemisphere blue whale subspecies (B. m. musculus) should be
separated into different conservation management units or even different subspecies.
Furthermore, the genome-wide diversity was measured, and traces of inbreeding were
identified by the means of runs of homozygosity (ROH) to, again, discuss the impact of the

recent depletion on the genotype of these populations.
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4. General Discussion

4.1 Main findings

In my studies on whole genome data of baleen whales | identified three main findings that |

will discuss in the following three chapters. First, baleen whales have a somewhat normal or
even high genetic diversity contrary to initial expectations given their industrial scaled
depletion and their physiology, life expectations and slow reproduction rates. Deciphering the
molecular and ecological mechanisms that interplay with genetic diversity and their molecular
viability will be the main focus in this chapter.

Second, baleen whale populations from different ocean basins appear to be significantly
isolated from each other that resulted in or may still result in parapatric speciation. Discussing
the resulting under-classification error, its implications for conservation management and how
to mitigate this in the age of genomics will be the topic of this chapter.

Third, the late evolution of baleen whales and especially rorquals appeared to have been a rapid
radiation that manifests in a hard-polytomy within phylogenomic analyses. Contextualizing
this finding in the overall evolution of whales together with historic changes of ocean dynamics
and the potential selection towards gigantic body sizes is the aim of this last chapter.

4.2 Anthropogenic impact on whale genomes

4.2.1 Genetic diversity and whaling

The amount of neutral genetic variation within a population is measured in many different
ways, with heterozygosity (He) and mean pairwise nucleotide diversity (x) being the most
common ones that roughly coincide in sufficiently panmictic populations (Nei and Li 1979),
example of coinciding values in Manuscript 1. Wolf et al. submitted). In baleen whales,
genome wide He ranges between 0.02% in the gray whale and 0.2% in the blue whale (See Fig
2, Publication 1: Wolf et al. 2022 and Fig 5, Manuscript 1: Wolf et al. submitted), which is
surprising given that the blue whale has one of the longest generation times, lowest
reproduction rates and experienced one if not the highest hunting pressure during the industrial
whaling era (Taylor 2007). Noteworthy, this level of genetic diversity within the blue whale
also represents a relatively high value compared to other vertebrates, especially other mammals
(Briiniche-Olsen et al. 2018; Palkopoulou et al. 2015).
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Following the most basic Wright—Fisher (WF) model of population evolution by excluding e.g.
strong drift or a definitive numbers of sites, the degree of genetic variation is directly dependent
on only mutation rate (1) and effective population size (Ne) (m = 4Nu and He =
4Nu / 4Nu + 1) (Kimura 1968, 1971; Nei et al. 1975). This implies that a decrease in the
effective population size will automatically decrease He and =. Yet, the observable range of
neutral genetic diversity always stays between 0.01 and 20% (Charlesworth and Jensen 2022)
and hence surprisingly slim compared to what could be possible given the above formula (up
to 75%). This phenomenon was later called Lewontin’s Paradox based on its first description
by Richard C. Lewontin (Lewontin 1974). While there is an ongoing discussion of which
factors may contribute to this paradox (See Charlesworth and Jensen 2022), one factor that is
always highlighted is that long-term demographic changes are by far more informative for these
values compared to short-term changes in Ne (Charlesworth and Jensen 2022; Teixeira and
Huber 2021). This factor is directly measurable in species with short life-cycles and seasonal
dependent Ne changes such as naturally occurring Drosophila populations (Lange et al. 2022).
Given that the peak of industrial whaling happened two to three generations ago, measured
from the perspective of blue whale generation times (Taylor 2007), it can therefore be assumed
that these changes in population size are too recent to have an impact on the neutral genetic
diversity of baleen whale genomes. Instead, all demographic models conducted in the three
presented studies suggest a generally high ancient effective population size after the presumed
radiation of most modern baleen whales, 4-3 million years ago (See chapter 3), followed by a
steady population decline. Within the blue whale, these models predict a longer lasting high
Ne which may explain the unusual high value compared to even other baleen whales, especially
to the arguably similar fin whale (He of ~1% vs. ~2%, See Table 1 and Fig S5, Publication 1:
Wolf et al. 2022, Table 1 and Fig 4, Manuscript 1: Wolf et al. submitted).

This relationship between the recent events and genetic diversity is further weakened by the
fact that the here expected drastic change in genetic diversity also requires a drastic bottleneck
event, more in the range of 2-20 surviving individuals (Nei et al. 1975), a requirement that is
unrealistic given the unclear but definitely higher post-whaling stock size estimations (Roman
and Palumbi 2003, See also Fig 1, Publication 1. Wolf et al. 2022) and the high dispersal
potential of baleen whales.

4.2.2 Molecular viability of baleen whales

Despite this lack of impact on genetic diversity, the question remains whether this level of

genetic diversity is informative for the adaptive potential of baleen whales. Especially in times
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of extensive anthropogenic influences, a sufficient adaptive potential may be essential for the
long-term survival of a species. A precondition for a direct relationship between genetic
diversity and adaptive potential is that preexisting higher numbers of neutral or deleterious
mutations can shift towards beneficial after external changes and that these mutations have a
higher rate of fixation and manifestation in the phenotype afterwards. However, the rate of
beneficial mutations that become fixed appears rather independent from genetic diversity and
ancient population size compared to the immediate effective population size (Teixeira and
Huber 2021). Therefore, the current population sizes and other factors such as the properties,
rates, and impact of new mutations might be more informative for the adaptive potential
(Teixeira and Huber 2021), all of which are hard to measure, especially in baleen whales. This
would also explain existing species with substantially lower genetic diversity without obvious
effects on their adaptive capability (Morin et al. 2021; Robinson et al. 2016; Westbury et al.
2018).

Conversely, a greater genetic diversity may actually contribute to a higher deleterious potential,
as there may be a greater number of pre-existing recessive deleterious mutations that could
become prominent in highly depleted populations due to inbreeding (Kyriazis et al. 2021).
However, the evaluation of this requires robust predictions of deleterious mutations, the so-
called genetic or mutational load, which is challenging and potentially prone to bioinformatic
biases and measurement errors (Simons and Sella 2016, see Fig 4, Publication 1: Wolf et al.
2022 for a comparison based on gene models). Moreover, these mutations are subject to the
same random selection of alleles during a bottleneck event and genetic purging, facilitated by
inbreeding, may even remove these mutations from the gene pool rapidly (Robinson et al.
2018). Thus, it remains unclear if a high genetic diversity can be directly informative for a
higher deleterious potential, but it could be in the case of substantial depletion.

These reflections illustrate the complex, intertwined nature of genetic diversity and molecular
viability and that the found high genetic diversity in baleen whales is not directly informative
for their fitness. Nevertheless, this does not take away the importance of measuring the genetic
diversity of a threatened species, because it can be used to make important conservation
decisions given the right context from other measures like inbreeding, genetic load and current
stock estimates. Inbreeding is probably the most important factor to mention here, because the
timing, extant, and impact on the genome can be directly determined from runs of
homozygosity (ROH) and their length distributions (Foote et al. 2021). Also, ROH can be
found directly after an inbreeding event without being dependent on a sufficiently long enough

time period to manifest within the genome (Gurgul et al. 2016). Another important and
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straightforward method to make assumptions about the viability of a population is to estimate
population sizes and stock dynamics, especially for difficult to monitor species like baleen
whales. This can be done, for example, based on the side frequency spectrum and the
abundance of rare alleles, as conducted in Fig 1 Publication 1. Wolf et al. 2022 and Table 2
Manuscript 1: Wolf et al. submitted (See also Korneliussen et al. 2013; Liu and Fu 2020).
Because a bottleneck event will directly affect this spectrum due to its random subsampling,
these measures are again suitable to make assumptions directly after depletion. Neutrality tests
based on these alleles like e.g. Tajima’s D (Korneliussen et al. 2013) can even be informative
for population dynamics if there is sufficient reason to exclude selection as the main driver of
these measures (Table 2 Manuscript 1: Wolf et al. submitted). Finally, it can be argued that
although genetic load is still difficult to estimate, it will most likely become important for
conservation genomics in the future due to expectable progress in gene prediction and more
robust estimates of mutation effects on the phenotype (Teixeira and Huber 2021).

Eventually, the research on the molecular viability of baleen whales has led me to conclude
that the prospects for baleen whales are rather mixed and varying among different species. The
Icelandic fin whale population studied in Publication 1: Wolf et al. 2022 has a rather
intermediate genetic diversity of roughly 0.1%. However, only short ROH were found,
indicating limited influence of inbreeding and demographic estimates suggested a ~80%
population decrease during the industrial whaling, which would be not sufficient enough to
influence the genetic diversity if population sizes increase back to a pre-depletion level. In this
case, it is not expectable that this population will suffer from molecular long-term effects,
provided that the recovery and conservation efforts continue. The three blue whale populations
studied in Manuscript 1: Wolf et al. submitted, however, showed a rather opposite picture, with
higher genetic diversity of roughly 0.2%, but also substantial inbreeding by the means of long
ROH. Although the small numbers of individuals that were sequenced per population did not
allow for population stock sizes estimations based on the side frequency spectrum, Tajima’s D
statistics supported a likely population contraction. This substantial inbreeding and the
possibility of a higher deleterious potential given their higher genetic diversity, one can expect
a higher likelihood for negative molecular long-term effects that require extensive genomic
monitoring and substantial conservation efforts. Especially in baleen whales that for logistic
reasons cannot be supported by genetic rescue attempts, a strict protection is more necessary
than ever. Nevertheless, their highly migratory behavior may mitigate these effects if

individuals are allowed to move freely between different ocean basins.
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4.3 Isolation and under-classification error

With the advent of molecular sequencing technologies and the broad application of these
methods in cetacean research, it became evident that many of these widely distributed species
feature rather high levels of genetic isolation between their populations (Archer et al. 2019;
Foote et al. 2016; Lah et al. 2016; Leslie and Morin 2018; Onoufriou et al. 2022). Coinciding,
a substantial isolation between northern-hemisphere blue whales from North-Atlantic and
North-Pacific was identified, despite both being currently regarded as a single subspecies and
handled conjointly in conservation management (IWC 2023, See Manuscript 1: Wolf et al.
submitted). Prior to these advances in molecular science, isolation and regional forms were
considered unlikely in a seemingly continuous habitat (Taylor, Perrin et al. 2017). Their basic
biology and ecology impeded closer observations in a vast and inaccessible open sea, especially
in the winter breeding season with poor weather conditions (Taylor, Perrin et al. 2017).
Moreover, morphological assessments were a logistical challenge for many whale species due
to their enormous size and found differences were usually restricted to size differences and
slight color changes that were hard to notice from far away (Archer et al. 2019; Branch,
Abubaker et al. 2007).

Any kind of regional isolation will result in the accumulation of new genetic variances and a
starting divergence towards speciation that eventually results in incompatibility as discussed
above. The question of how speciation happened during the quick radiation of whales (See
chapter 3) was often raised, but their answer remains open (Arnason et al. 2018; Foote and
Morin 2015; Pastene et al. 2007). All commonly accepted modes of speciation were already
discussed to apply in whale evolution. Sympatric speciation is considered likely in some
populations of killer whales that developed strong social cultures and hence isolation without
physical barriers (Foote and Morin 2015). Classical allopatric speciation was discussed from
the perspective of marine ecosystem production that could have established non-visible barriers
of gene flow (Branch, Stafford et al. 2007; Pastene et al. 2007). Peripatric speciation, speciation
based on founding events, may have had influences in strongly isolated ocean basins like the
Mediterranean Sea (Geijer et al. 2016). And eventually, parapatric speciation, with active
hybrid zones and only partially limited gene flow, is considered to be the main driver in the
development of new regional forms, like also discussed for the northern-hemisphere blue
whales (Manuscript 1: Wolf et al. submitted, Archer et al. 2019; Lah et al. 2016; Leslie and
Morin 2018; Onoufriou et al. 2022). The question, to which extent which mode facilitated

speciation in baleen whales might never be fully answered. In the end, it may have been a
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combination of all, with changing impacts that changed along with the assumed rather recent
selection towards more migratory behavior (See chapter 3).

Regardless of which mode is dominant, it can be expected that many regional forms and
taxonomic units are missing in our current understanding of whales, including baleen whales
(Taylor, Perrin et al. 2017). Especially on the level of subspecies, this under-classification error
in cetaceans may be prevalent based on an estimation made by Taylor and colleagues, who
gathered hints of potentially overlooked regional forms (Taylor, Perrin et al. 2017). Such an
under-classification error may have important implications for conservation given that geo-
political decisions often expect the current taxonomic order to closely resemble the true picture
in nature (Haig et al. 2006) and that unnamed groups of individuals are less likely to receive
protection (Taylor, Perrin et al. 2017). To systematically approach this problem, guidelines
were developed to streamline the description of new subspecies (Taylor, Archer et al. 2017)
and different molecular measurements were tested for their goodness-of-fit given certain
undisputed populations, subspecies and species (Rosel et al. 2017). Although the authors
acknowledged that evolution is not uniform enough to broadly apply these recommendations
to other groups of organisms, it found recognition within the scientific community by helping
to contextualize molecular based differences (Archer et al. 2019; Onoufriou et al. 2022).
Nevertheless, this approach only poorly fits the here presented study of blue whale divergence,
mainly due to two reasons. First, the technical part was lacking a modern whole genome
perspective. Not only were the proposed thresholds based on mitochondrial marker sequences
and thus not directly comparable to whole genome data, they also did not consider modern and
comprehensive gene flow analyses (examples in: Jong et al. 2023), which may have important
implications for the biological species definition (Arnold 2016). Second, while all here studied
blue whale populations showed extensive isolation and only smaller amounts of genetic
exchange, their genomes also featured rather low levels of genetic divergence compared to the
few available other whole genome studies published on cetacean populations so far (Archer et
al. 2019; Onoufriou et al. 2022). This would usually support a classification as “isolated
populations” rather than subspecies, but these findings include the currently well recognized
and morphologically different subspecies of the pygmy blue whale (B. m. brevicauda). An
explanation for this could be that these populations simply required less genetic divergence to
become isolated, incompatible, and noticeably different, three main arguments when
establishing new species and subspecies. A large effective population size during the split

together with an already high genetic diversity and a potentially short time since the split may
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have further blurred the picture in this instance as already shown in examples of dolphins
(Perrin 1975; Taylor, Archer et al. 2017).

Due to these shortcomings of the systematic approach established by Taylor and colleagues, a
revision of this systematic approach that not only adds gene flow analyses but also updates the

proposed measurements is much needed to fit modern whole genome data.

4.4 Baleen whale evolution

The evolution of baleen whales could explain many of the genomic features described in the
here presented three studies. And like a famous essay from Theodosius Dobzhansky stated:
“Nothing in biology makes sense except in the light of evolution” (Dobzhansky 1973). Since
the first ancient whale, the iconic Basilosaurus (meaning "king lizard"), was discovered in 1834
and mistakenly named in the fashion of a dinosaur (Uhen 2009), much progress has been made
in the fields of paleontology and phylogenetic systematics that gives us an increasingly better
idea of how this remarkably transition from land-living artiodactyls to predominantly pelagic
marine animals occurred over the last ~50 million years. Nevertheless, both the poor fossil
record of cetaceans and our incomplete understanding of past climate and ocean dynamics
leave much room for debate, and | have decided to outline the most common hypotheses, with

the disclaimer that future findings may change the current interpretation.

4.4.1 Early evolution of baleen whales (Eocene to Pliocene)

Five major events mark the evolution of modern baleen whales that inevitably shaped their
genomes. The first event, the transition into mainly aquatic animals began about ~53 — 45
million years ago (Mya), as indicated by the oldest cetacean group known from the fossil
record, the Pakicetidae, which are considered to have lived an amphibious lifestyle in rivers
near the coast of the ancient Tethys Sea (Fordyce 2018). This lifestyle may have allowed a
radiation towards coastal waters, which is indicated by more specialized groups that appear
shortly thereafter in the fossil record such as Ambulocetidae, Remingtonocetidae and
Protocetidae, the latter being considered the most adapted towards marine life as well as
containing the ancestors of all modern whales (Uhen 2010). The main drivers that facilitated a
selection towards a fully aquatic life are speculated to be e.g. more abundant marine prey,
competition or physical stressors during the glacial cycles (Cabrera et al. 2021). Traces of this
rapid morphological change can also be found within their genomes as indicated by the loss of

many genes associated with e.g. hair, taste, smell, and color vision (Chen et al. 2013; Meredith
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et al. 2011; Meredith et al. 2013) and by numerous genes with elevated numbers of mutations
found in cetacean species specifically (Chikina et al. 2016; Shen et al. 2012).

The second event marks the radiation of fully pelagic crown whales, Neoceti. The first Neoceti
fossils date back to ~40 Mya (Buono et al. 2016) and the diversification in the late Eocene (38-
35 Mya) is considered the most rapid among cetaceans as the Neoceti include more than 245
fossil and extant genera (Uhen and Pyenson 2007). Apart from a niche radiation, this
diversification is also discussed to have been accelerated by various processes such as shifts of
oceanic barriers and currents, but also by the general cooling phase that resulted in the
beginning of the Antarctic glaciation and enhanced ocean productivity (Cabrera et al. 2021,
Marx and Fordyce 2015). This process also led to the split between today's Mysticeti (baleen
whales) and Odontoceti (toothed whales), although ancestral Mysticeti most likely possessed
teeth and a suction feeding mechanism (Gatesy et al. 2022; Lambert et al. 2017) and only later
evolved the typical baleen plates, by presumably re-functioning enlarged palates (Demeré et
al. 2008; Gatesy et al. 2022). Genetically, the loss of teeth can be traced back within the
genomes of all modern baleen whales as indicated by a substantial molecular erosion in genes
related to tooth development (Gatesy et al. 2022). The exact origin of baleen plates is unknown,
but a longer period of coexistence between teeth and baleen has been demonstrated in Mysticeti
based on parallel occurring fossil records (Hocking et al. 2017; Marx and Fordyce 2015).
Eventually, the diversification peaked at around 28 Mya, including many already considerable
large species (Fordyce and Marx 2018; Uhen 2010). This peak coincides with the onset of a
gradual development of the Antarctic Circumpolar Current (ACC) which may have had
important implications for the evolution of baleen whales (Katz et al. 2011).

The third event, beginning at around 23 Mya, describes a slower, stable diversification of
baleen whales and a gradual shift to filter feeding, along with the eventual extinction of toothed
Mysticeti (Marx and Fordyce 2015). This phase also includes the establishment of the three
modern groups of Mysticeti, the Balaenidae (right whales), Cetotheriidae (the pygmy right
whale) and Balaenopteridae (rorquals). It is assumed that the full establishment of the ACC
created favorable conditions for filter feeding whales and that the numbers of baleen whales
flourished in general (Berger 2007; Katz et al. 2011; Marx and Fordyce 2015). However, the
exact reason for the extinction of toothed Mysticeti is unknown and may be due to increased
competition from Odontoceti with echolocation and the emergence of pinnipeds (Berta 1991,
Geisler et al. 2014). This phase of baleen whale diversification also includes the hard-polytomy
in the early evolution of rorquals that was identified within Publication 2 (20 —11 Mya, Figure

3, Publication 2: Wolf et al. 2023). During these analyses, evidence was found for a higher
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degree of introgression between the basal lineages of rorquals. Given that their emergence
might not necessarily represent an adaptive radiation because baleen filtering already existed
for a longer period of time (Gatesy et al. 2022), it may be that this speciation was relatively
slower, involving a longer period of hybridization. Eventually, the diversification of all baleen
whales, including rorquals, slowed in this phase, possibly reflecting the effects of ecological
niche filling and remained stable up until the Mid-Pliocene (4 — 3 Mya , Freckleton and Harvey
2006; Marx and Fordyce 2015).

4.4.2 Recent baleen whale evolution (Pliocene to LGM)

The fourth event is the relatively recent extinction of smaller baleen whales along with the
emergence of modern, giant whale species such as the blue whale and fin whale. This event
also led to a rather dramatic decrease in species diversity of baleen whales roundabout,
unproportionally affecting smaller species (Slater et al. 2017). The reason for this shift
potentially lies in the beginning decline of temperatures during the Pliocene which went on in
repeating glacial cycles during the Pleistocene (Schepper et al. 2014). These repeated
redirection of ocean currents may have caused repeated shifts of suitable habitats favoring long,
often seasonal migrations and larger sizes to overcome larger distances and longer periods
without food (Marx and Fordyce 2015). Furthermore, glacial dynamics may have caused a
large-scale erosion of iron-rich bedrock, resulting in an increased fertility of the Arctic and
Antarctic oceans, allowing for larger body sizes (Martinez-Garcia et al. 2014). The
demographic models in all three here presented studies may indicate these favorable conditions
for large modern whale species in a relatively high abundance 4 — 2 Mya, followed by a general
decline that may reflect the glacial cycles (Fig S5, Publication 1: Wolf et al. 2022, Fig. 4
Publication 2: Wolf et al. 2023, Fig. 4 Manuscript 1: Wolf et al. submitted).

Given that seasonal migrations still exist (Silva et al. 2013) and that these shifts of food sources
may still be active with respect to the current climate change, it can be assumed that a general
selection trend towards migration and hence larger body sizes still exists. Such a trend towards
gigantic body sizes might require adaptations towards cancer resistance since higher amounts
of cells and cell divisions would inevitably increase the risk of tumor development, following
the assumptions behind Peto’s paradox (Peto et al. 1975; Silva et al. 2023; Tollis et al. 2019).
In the second study, a genome wide comparison between multiple pairs of baleen whales with
diverging body sizes was conducted in order to find shared patterns of positive selection
(Publication 2: Wolf et al. 2023). Although the analyses identified more than 200 genes with

significant positive selection, few genes were positively selected in all large whale species
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(Table 2, Publication 2: Wolf et al. 2023). Furthermore, previously conducted similar studies
rarely to never reported the same genes (Keane et al. 2015; Silva et al. 2023; Tollis et al. 2019).
From an evolutionary perspective, namely that the major lineages of modern whales already
existed since the baleen whale diversification period (20 — 11 Mya) and that the selection
towards larger sizes is comparatively recent (4 — 3 Mya), it can be argued that this lack of
congruence is best explained by a convergent evolution towards larger size as already proposed
based on fossil records (Slater et al. 2017).

These findings could have important implications for further research on this topic, both in
genomics and medical research. The direct translation from genotypic to phenotypic changes
is still poorly understood, and finding common patterns is usually a helpful approach to find
genes with the greatest impact on a particular phenotypic trait in a complex network of
potentially involved genes (Dyson et al. 2022; Shinzato et al. 2021). As a result, genome
comparisons across all baleen whales, spanning over multiple origins of gigantism, may miss
important genotypic changes in specific lineages. Therefore, it may be more profitable to focus
on monophyletic lineages with a single occurrence of gigantism, such as comparing selection
rates in the relatively young clade of sei whale (B. borealis), bryde whale (B. brydei, B. edeni,

B. ricei) and the much larger blue whale (B. musculus).

4.4.3 Evolutionary dynamics in modern populations (LGM - Anthropocene)

The Last Glacial Maximum (LGM) marks the last natural event that shaped the evolution of
baleen whales, their population sizes and genomes, and has since then created relatively stable
conditions with an increasing ocean productivity along with increasing temperatures around
the Pleistocene-Holocene transition 12 — 7 thousand years ago (kya) (Tsandev et al. 2008). It
is noteworthy, in this instance, that while cold water is generally considered to be more
nutrient-rich and hence more productive due to ocean dynamics such as upwelling, that a small
temperature increase still increases ocean productivity, provided that it does not affect
upwelling of nutrients (Tsandev et al. 2008). Accordingly, models based on genetic evidence
suggest an increasing population size for all baleen whale species after the LGM (Cabrera et
al. 2022).

Although this phase cannot be resolved with the demographic models presented here, it may
have had two distinct influences on baleen whale genomes that were visible within the results
of the here presented studies. First, this long-term increase in population sizes may have shaped
the genetic diversity we see in present-day genomes (Publication 1: Wolf et al. 2022,

Manuscript 1: Wolf et al. submitted), as discussed above in Chapter 1 of the Discussion.
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Second, the more stable climatic phase may have resulted in a reduced need for migration,
allowing populations to be regionally restricted which may facilitate the higher degrees of
isolation we see today. Especially for the blue whale it was already discussed that the offset of
the LGM also marks the establishment of an isolation population in Indo-Australian waters
(Attard et al. 2015), eventually forming the distinct pygmy blue whale (B. m. brevicauda) and

possibly other northern subspecies as discussed in Manuscript 1: Wolf et al. submitted.
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4.5 Conclusion and Outlook

My studies on baleen whale conservation genomics revealed the non-trivial nature of genetic
diversity in whale conservation. The time period since industrial whaling is too short and the
physiology, life cycle and mutation rates too slow to impact the neutral genetic diversity just
yet. However, this does not exclude potential long-term consequences and studies on their
molecular viability are more important than ever to ensure their beginning recovery. Instead of
focusing on neutral genetic diversity alone, this dissertation outlines a combination of measures
that not only change rather quickly after an occurring bottleneck event but that were also more
informative in the here studied whale populations. The results also showcased the different
impacts of the poorly documented whaling period on different baleen whale species. This calls
for more and extensive conservation genomic estimations of all affected whale species and the
here provided insights should help to establish a framework to comprehensively study the
molecular viability of baleen whales.

The study of baleen whale conservation genomics also revealed that despite their high dispersal
potential and the lack of obvious morphological differences, isolated populations and
subspecies exist and many may still be unknown to conservation. A framework to
comprehensively analyze and define baleen whale subspecies based on molecular data was
already attempted but is lacking a modern whole-genome perspective. This includes not only
outdated thresholds and potential new ways to measure genetic divergence, but also a complete
lack of gene flow analyses that can only be done comprehensively using whole-genome data.
Albeit this framework provided a much-needed objective and reproducible way to compare
whale populations, a revision of this framework is necessary to keep up with the recent
theoretical and technological advances.

Evolutionary genomics allowed the characterization of the hard-polytomy in rorquals that
explains the many conflicting assignments of species like the gray whale (Eschrichtius
robustus), even in past phylogenomic studies. Although the here presented analysis includes
nearly all extant taxa and describes the major evolutionary conflict in baleen whales, much
remains to be uncovered when focusing on more recent events. Especially the relationships
between blue whales, sei whales and whales of the bryde whale complex remain poorly
understood and vastly differ depending on the type of data, amount of data and method to
analyze the data (McGowen et al. 2020; Rosel et al. 2021). So far, no study included data of all
presumed species at once and no study attempted to describe the amount of conflicts at these
branches that may be abundant given that even phylgenomic datasets were not able to yield

high support values (McGowen et al. 2020). This group of whales is also a promising target for
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more in depth studies of Peto’s paradox. As pointed out in the here presented study as well as
by multiple paleontologists, it is likely that baleen whales contain multiple independent origins
of gigantism and hence tumor resistance that impede the usual approach of looking for shared
genetic patterns. Instead, it is probably more profitable to look at single origins of gigantism
and although the exact identification of these origins remains to be solved in the future, one
such origin might be within the clade of blue whale, sei whale and bryde whale complex.
Because this clade contains not only potentially multiple independent pairs of species, but also
one of the largest size differences that evolved in a considerably short evolutionary time period,

it may be the best candidate for further research on this topic.
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