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Summary

With ongoing climate change, new selective pressures are expected to threaten global biodiversity.
Many populations and species will have to shift their distributional range or adapt to less favourable
habitats. Warming oceans, the emergence of novel diseases, and increased human activities, particularly
in coastal regions, greatly threaten the persistence of marine mammals worldwide. Genetic diversity is
important for populations and species to persist and is influenced by complex interactions between
selection and drift, migration, and mutation, which in turn is influenced by demographic factors. Marine
mammals most at risk of population declines are those with relatively small population sizes, low
genetic diversity, and reduced gene flow, as observed in several dolphin species. Bottlenose dolphins
(genus Tursiops, family Delphinidae) have a widespread distribution and show high levels of
morphological, ecological, and molecular variation between inshore and offshore populations. It is
generally thought that offshore dolphins repeatedly colonised inshore habitats when they became
available during interglacial periods, and that divergent evolutionary and selective pressures acting
upon different ecotypes likely resulted in the formation of species and subspecies within the genus.
These species and subspecies often differ in their vulnerability; for example, inshore populations
generally have low genetic diversity, small populations sizes and exhibit high site fidelity to coastal
areas with high human use. To better understand the biology of bottlenose dolphins and to advance their
conservation management it is important to assess genomic diversity, adaptive potential and eco-

evolutionary processes impacting their populations and species.

This study utilised datasets from 98 whole genomes (88 generated here and 10 sourced from online
databases) to investigate the evolution and adaptation of bottlenose dolphins. The emphasis was on
Southern Hemisphere lineages (16 localities were sampled across three ocean basins) but comparisons
with Northern Hemisphere lineages were also carried out. Firstly, a quality reference genome for the
southern Australian bottlenose dolphin (SABD) was generated and assembled. The SABD was
previously described as the Burrunan dolphin, T. australis, a separate species to the Indo-Pacific
bottlenose dolphin, T. aduncus, and common bottlenose dolphin T. truncatus. However, recent studies
have suggested the Burrunan dolphin is more likely to represent a subspecies of T. aduncus. This
genome provided a key resource to investigate the evolution of this taxon and its relationships to other
inshore and offshore bottlenose dolphin lineages. Reconstruction of a maximum likelihood
phylogenomic tree, based on 500 single-copy and complete genes from the vertebrate orthologous
database supported SABD within a monophyletic T. aduncus clade, and as sister to the T. aduncus
lineage from eastern Australia. Species and lineage-specific signatures of positive selection were then
tested by comparing the ratio of substitution rates between branches and sites. Genes with similar gene
functions were positively selected among species, suggesting that similar gene functions may be

hotspots of shared positive selection among delphinid species, and may be associated with aquatic



phenotypes. Comparison of genes positively selected within the bottlenose dolphin lineages revealed
13 of the same genes were under positive selection in multiple inshore lineages, providing evidence of
parallel evolution in these lineages. These findings suggest that comparable selective pressures of the
inshore environment may be driving parallel evolution in genes relating to DNA damage, repair and
apoptotic processes, immune responses and eye development, and informs about the evolutionary

mechanisms driving adaptation and genomic divergence of bottlenose dolphins.

Secondly, the concept of parallel evolution driven by niche divergence was further explored by
comparing the relationship between genomic diversity, runs of homozygosity (ROH) and demographic
histories. A strong relationship between ecotype (inshore and offshore), genomic diversity and runs of
homozygosity (ROH) was observed. The inshore lineages display considerably lower diversity than
offshore populations, and a greater proportion of their genome covered by ROH. In the Southwest
Atlantic Ocean (Brazil) the inshore subspecies, the Lahille’s bottlenose dolphin (Tursiops truncatus
gephyreus), recorded the lowest levels of genomic diversity for any Tursiops lineage and population,
and similar to values reported for some of the most vulnerable and endangered mammals (e.g., cheetah
(Acinonyx jubatus), snow leopard (Panthera uncia), Tasmanian devil (Sarcophilus harrisii)).
Reconstruction of demographic histories using a hybrid method that leverages both the Sequentially
Markovian Coalescent (SMC) and Site-Frequency-Spectrum highlighted parallel demographic histories
within ecotypes. The inshore lineages generally experienced bottlenecks during the last glacial
maximum (LGM), while the offshore lineages expanded during this period. The two inshore T.
truncatus (T. t. gephyreus and Gulf of Mexico) followed similar patterns to the offshore lineages, which
may reflect increased connectivity during periods of limited habitat availability. All lineages exhibited
relatively stable population sizes throughout the past 1,500 years, until recently, when inshore lineages
began to expand. At the same time T. t. gephyreus began to decline and may be the cause of the
extremely low diversity, which is further inferred by the many small ROH observed in this inshore
lineage. The results of this chapter highlight the role of niche divergence in the evolution of bottlenose
dolphins and provide support for natural selection facilitating parallel adaptation of populations to

similar environments.

Disease outbreaks have emerged as a major threat to cetacean populations worldwide, particularly for
species that exhibit high social connectivity and gregarious behaviour, and for populations that are
immunologically naive, small, and threatened. Cetacean morbillivirus (CeMV) has been a contributing
factor in the death of tens of thousands of dolphins worldwide but has only recently been involved in
the death of bottlenose dolphins throughout Australian waters. Given the low genetic diversity observed
for inshore bottlenose dolphins and their exposure to a growing amount of pressure in coastal

environments, it is important to understand the susceptibility of populations and the genomic basis of



immune responses to CeMV. Using whole genomes from survivor and non-survivor SABDs from a
population that suffered an unusual mortality event linked to CeMV, association-based methods based
on 10 million Single Nucleotide Polymorphisms (SNPs) revealed evidence of selection at 15,769 SNPs.
Annotation of these SNPs disclosed 295 protein coding genes, which included 50 genes with functions
relating to the innate and adaptive immune systems, and to cytokine signalling pathways. Prediction of
the candidate SNPs and their functional effect identified missense mutations within the immune genes
CD300LF, NFATC2 and NFKBIZ, which may be implicated in the regulation and expression of
interleukins and T cells. Candidate genes also included those known to be involved in immune
responses to other morbilliviruses, such as measles in humans and the phocine distemper virus in
pinnipeds (e.g., IL4a), while a lack of diversity was observed in some immune genes known to be
important in combatting viruses in mammals (e.g., Toll-like receptors). These results highlight the
importance of cytokines, T cells and interleukins in fighting CeMV infection, and adds to our

understanding of major marine mammal immune responses.

This study generated the first reference genome for the SABD, providing a much-needed resource to
understand the evolution of bottlenose dolphins. In addition, it generated a whole genome dataset that
was used to clarify the phylogenomic relationship of bottlenose dolphins, and to identify species- and
lineage-specific genes and pathways under positive selection in bottlenose dolphins. That dataset was
also used to elucidate the influence of niche divergence and demographic history on present day genetic
diversity and on putative parallel adaptation of Tursiops spp. The work also disclosed candidate immune
genes putatively involved in CeMV susceptibility and resistance in dolphins. This thesis makes an
original contribution to advance our knowledge on eco-evolutionary patterns and adaptive potential of
bottlenose dolphins and it generates information that can be integrated into policy and action plans to
promote sound conservation management strategies. The latter is particularly timely for bottlenose
dolphin lineages that exhibit low diversity, small population sizes and are most vulnerable to a growing

amount of environmental and anthropogenic stressors.
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1.1 Biodiversity loss

Biodiversity is becoming increasingly recognised as one of the key measures of ecosystem health with
species, genetic, ecosystem and functional diversity all being vital for ecosystem processes, stability,
and persistence (Mace et al. 2012). However, biodiversity loss at all four levels has become a major
conservation concern with human impacts threatening species, populations and ecosystem processes
globally at an alarming rate (Ceballos et al. 2015). Human-induced extinctions correspond well with
the expansion of modern humans out of Africa, with a continued rapid growth of the human population
putting great stress on the natural environment and its biodiversity (McKee et al. 2004, Tilman et al.
2017). By 3,000 years ago human induced impacts had led to the extinction of over half the terrestrial
mammalian megafauna species, and 15% of avian species (Barnosky et al. 2011, Tilman et al. 2017).
The human population has grown to over 25 times larger than it was 3 kya (Tilman et al. 2017), with
resulting overexploitation, habitat destruction, introduction of invasive species, spreading of pathogens
and parasites, pollution, and climate change among some of the key drivers of the biodiversity loss seen

today (reviewed in Mazor et al. 2018).

Habitat loss, degradation and fragmentation is widely considered the world’s leading cause of
biodiversity loss (Johnstone et al. 2014), as is the overexploitation of species for commercial and
recreational purposes. Overexploitation has contributed to the decline of 72% of species that are
classified as near threatened on the International Union for Conservation of Nature (IUCN) Red list
(Maxwell et al. 2016). In addition, climate warming and related extreme weather events are already
negatively impacting wildlife populations, and in the absence of effective management, an increasing
number of species are expected to be at risk of decline and extinction (Parmesan 2006, Thomas et al.
2013, Moran-Ordériez et al. 2017). Organisms generally adapt to local environmental conditions, such
as average temperatures, and are able to acclimatise to temperatures around the average (Hoegh-
Guldberg and Bruno 2010). Beyond these averages, however, such as during extreme weather events,
organisms face challenges to adapt (Hoegh-Guldberg and Bruno 2010) and are likely to either shift their
home range, or not survive. Environmental change, habitat fragmentation and pollution are also
contributing to rapid changes in pathogen biology, with some pathogens emerging, and others re-
emerging in wild populations (e.g. Altizer et al. 2003, Morens et al. 2004, Acevedo-Whitehouse and
Cunningham 2006, Karlsson et al. 2014, Cunningham et al. 2017). By triggering large morbidity and
mortality events, these infectious agents have the ability to alter the function and structure of
ecosystems, influence host genetic diversity and constrain population growth or lead to declines (Van
Bressem et al. 1999, Altizer et al. 2003, Ward and Lafferty 2004). Indeed, examples of novel pathogens
causing widespread population declines in wildlife populations are becoming more common (Fenner
2000, Altizer et al. 2003, Lazenby et al. 2018). For example, emergence of the white-nose syndrome

has devastated bat populations across northern America, leading to a decline of at least 75% in some
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populations, and threatening regional extinction of the little brown bat (Myotis lucifugus) (Blehert et al.
2009, Frick et al. 2010). The influence of these stressors on wildlife populations are expected to be
exacerbated under growing environmental stress, with populations and species predicted to face greater
and stronger selective pressures into the future (Foden et al. 2013).

Currently, one quarter of all mammal species listed on the IUCN Red List are threatened to extinction
(Schipper et al. 2008). The current rate of extinction is substantial and thought to be similar to those
estimated for the five global mass extinction events of the past 500 million years (Barnosky et al. 2011,
Ceballos et al. 2015). However, even in species that are not currently threatened, population-level
vulnerability exists, with monitored vertebrate populations estimated to have declined on average by
68% over the past five decades (WWF 2020, Bradshaw et al. 2021). These continuous declines may
eventually lead to species-level extinctions, additional biodiversity loss, and impact on local ecosystem
processes (Ceballos and Ehrlich 2002, Ceballos et al. 2015).

1.2 Importance of maintaining marine biodiversity

The declining trend of global biodiversity is causing widespread changes to ecosystem functions,
structure, and processes (Chapin et al. 2000, Hooper et al. 2005), including in marine ecosystems. One
third of the world’s human population reside in coastal regions and rely heavily on marine ecosystems
for many essential goods, services, and cultural benefits (Worm et al. 2006, Barbier 2017). Marine
ecosystems provide goods in the way of food, plant and animal resources; services such as recreation,
tourism and protection (reviewed in Barbier 2017); and cultural benefits through interactions, cultural
practices and products (Fish et al. 2016). Maintaining biodiversity is also important for ecosystem
functioning, including nutrient storage and cycling, sustaining biological and genetic diversity, the
regulation of trophic level dynamics and the shaping of community structure (Tavares et al. 2019). In
the marine environment, megafauna are expected to contribute the most to supporting ecosystems due
to their body size and mass, with species removal expected to have widespread impacts on ecosystem
functioning and structure (Tavares et al. 2019). For example, overfishing of large predatory shark
species in the United States led to an increase in abundance of their prey items, small elasmobranchs
(rays, skates and small sharks) and the subsequent decline of scallop populations (Myers et al. 2007).
This had large ramifications for the scallop fishery, ending a century-long industry (Myers et al. 2007).
Ecosystem resilience may also be impacted by top level predators, as is the case of the bumphead
parrotfish (Bolbometopon muricatum) that promotes reef resilience by removing structurally weak table
corals through predation, which would otherwise weaken the structure of the coral reef system
(reviewed in Estes et al. 2016b). These examples highlight the direct and indirect impacts of the removal
of species or populations on entire ecosystems, as well as the importance of conserving biodiversity for
ecosystem functioning. The rate at which the marine environment is changing places great stress on

populations and species globally, and particularly on those with a reduced capacity to adapt. Therefore,
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in the absence of large-scale and effective conservation and management plans, the rate of population

and species level extinctions and their impact on ecosystem services will continue to accelerate.

1.3 Marine mammals and their function, current status, and threats

Marine mammals are often termed “ecosystem sentinels” due to their key roles in maintaining
ecosystem structure and functions, their potential to provide insight into overall ecosystem health, and
as indicators of anthropogenic impacts (Ross 2000, Wells et al. 2004, Hazen et al. 2019). They control
important functions such as nutrient recycling, and in shaping food webs and community structure
(Tavares et al. 2019). Their population and species declines may have permanent consequences for
ecosystem functioning and services. For example, some marine mammals may enhance primary
productivity in biological hotspots through the vertical mixing and horizontal transfer of nutrients from
deep ocean sources that may later be consumed by other species (Roman and McCarthy 2010, Roman
et al. 2014, Doughty et al. 2016). The relative contribution of nutrient recycling by marine mammals is
still unknown, however, this process is thought to have been reduced with human-induced declines of
great whale populations (Balaenopteridae, Physeteridae, Balaenidae, Eschrichtiidae) (Roman and
McCarthy 2010, Doughty et al. 2016). Reductions in marine mammal populations have also been linked
to changes in the structure of food webs (Estes and Palmisano 1974, Springer et al. 2003, Estes et al.
2016a). A classic example is the decimation of a North Pacific sea otter (Enhydra lutris) population due
to hunting and potentially increased predation from killer whales (Orcinus orca) (Springer et al. 2003).
This led to an increase in sea urchin density, and a subsequent decline in kelp density (Estes and
Palmisano 1974). Further, the demise of the now extinct Steller’s sea cow (Hydrodamalis gigas) that
lived in, and fed on kelp forests, is thought to have been indirectly linked to loss of kelp forest habitat
(Estes et al. 2016a). In addition to their important ecological roles, marine mammals also provide great
societal and economic benefits through wildlife tourism. Wildlife tourism can provide tourists with
improved physiological health and conservation awareness. In 2008 it was estimated that whale
watching (including dolphins and porpoises) contributed US$2.1 billion to the global economy
(O'Connor et al. 2009). Yet, despite the ecological, societal and economic importance of marine
mammals, they are disproportionately less well studied than terrestrial mammals (Schipper et al. 2008),
with 17% of marine mammal species being data deficient (IUCN 2020). Of the species that have
adequate data available, 36% are estimated to be threatened (Schipper et al. 2008), but more recent
estimates may be closer to 32%, with almost 8% being near threatened (IUCN 2020). Further, at least
50% of data sufficient species have declining population trends (IUCN 2020), suggesting that marine
mammal populations may continue to decline, unless appropriate recovery plans and conservation

efforts are implemented (Schipper et al. 2008).

Marine mammals are highly vulnerable to anthropogenically induced climate change and human

activities due to their population biology and life history traits (Fair and Becker 2000, Silber et al. 2017).
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Species that are vulnerable to climate change include those with restricted ranges, slow reproductive
rates, delayed age at maturity and specialised diets, all of which are traits characteristic of some marine
mammal species (Fair and Becker 2000, Pacifici et al. 2015, Silber et al. 2017). Although there are
limited physical barriers in the oceans that limit marine mammal dispersal, some species show high
site-fidelity to coastal regions of high use, have limited connectivity to adjacent populations and low
genetic diversity (Moller et al. 2007, Charlton-Robb et al. 2014, Fruet et al. 2014, Zanardo et al. 2016b,
Pratt et al. 2018). Due to these traits, some populations are particularly vulnerable to human impacts,
with unintentional fishing and harvesting of aquatic resources, development and disturbance of habitats,
climate change and extreme weather events, and pollution and disease among some of the key threats
at a global level (Davidson et al. 2012). Direct fisheries interactions pose a significant threat to marine
mammal populations worldwide, with fisheries bycatch estimated to cause the death of at least 650,000
individuals annually (Read 2008, Davidson et al. 2012). This was a major factor in the first human-
caused cetacean extinction, the baiji (Lipotes vexillifer), and is also the cause of the rapid decline of the
most critically endangered marine mammal today, the vaquita (Phocoena sinus) (Turvey et al. 2007,
Read 2008, Rojas-Bracho and Reeves 2013, Jaramillo-Legorreta et al. 2019). In addition, some marine
mammals are particularly sensitive in their behavioural responses to habitat invasion by humans, with
changes in behaviour (and sometimes mortality) often observed in response to habitat destruction and
intrusion, and to acoustic disturbance (Tyack et al. 2011, Rycyk et al. 2018). The frequency of mass
stranding events of the elusive beaked whales (genus Ziphius) has been on the rise since the 1960’s,
corresponding well with the development of naval mid-frequency active sonar (Bernaldo de Quiros et
al. 2019). Humans also threaten populations worldwide through the release of pollutants into the marine
environment, with polychlorinated biphenyls causing substantial harm to wildlife populations (Roos et
al. 2012). Exposure to these compounds is expected to lead to a collapse of 50% of killer whale (Orcinus
orca) populations over the next 100 years (Desforges et al. 2018), while contaminants in beluga whales
(Delphinapterus leucas) and California sea lions (Zalophus californianus) have been linked to cancer

occurrence (Martineau et al. 2002, Randhawa et al. 2015, Baines et al. 2021).

Human accelerated climate change and resulting extreme weather events also threaten community
dynamics, distribution, and persistence of marine mammal populations (Schumann et al. 2013, Albouy
et al. 2020). The primary response of individuals, populations and species to a changing climate is to
track their favoured ecological niche by shifting their range and distribution (Chen et al. 2011). For
example, a poleward expansion of the generally tropical and subtropical Bryde’s whale (Balaenoptera
brydei) has been observed, likely driven by climate and oceanographic influences on prey availability
(Kerosky et al. 2012). Extreme weather events have also been linked to compromised physiological
responses of marine mammals, with sea surface temperature anomalies in the north-eastern Pacific
Ocean reducing the immunocompetence of California sea lion pups (Banuet-Martinez et al. 2017).

Changes in disease dynamics are also likely outcomes of climate change and threaten marine mammal
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populations worldwide, with the number of incidences and intensity of infectious disease outbreaks
appearing to have increased over the past 30 years (Gulland and Hall 2007, Hoegh-Guldberg and Bruno
2010, Sanderson and Alexander 2020). Changes in the prevalence, severity, transmission, and
abundance of pathogens have been linked to the expansion of pathogens and host ranges, and increased
host susceptibility induced by environmental stressors (Drew Harvell et al. 2002, Williams et al. 2002,
Hoegh-Guldberg and Bruno 2010). For example, after major flooding events in New South Wales,
Australia, novel poxvirus infections were observed in estuarine populations of Indo-Pacific bottlenose
dolphins (Tursiops aduncus), highlighting the influence of environmental and physiological stressors
on the manifestation of some diseases (Van Bressem et al. 2009b, Fury and Reif 2012). Recent
modelling of climatic factors and mass mortality events associated with infectious diseases highlighted
an upward trend in the occurrence of disease outbreaks and sea surface temperatures, with 61% of
outbreaks occurring during periods of elevated sea surface temperatures (Sanderson and Alexander
2020). Marine mammals worldwide are faced with rapidly changing and stressful environments, and

those that can adapt to these changes will be better equipped to persist into the future.

Currently, at least five marine mammal species are globally extinct (Magera et al. 2013, IUCN 2020),
and many more are threatened or near threatened. However, with scientifically informed and targeted
conservation efforts, the maintenance and/or recovery of populations and species is possible. Over 40%
of marine mammals on the IUCN Red List have stable or increasing population trends (Magera et al.
2013, IUCN 2020). These include species that are, or were highly threatened due to prior commercial
harvesting and pre-modern and modern hunting, such as the sei whale (Balaenoptera borealis), blue
whale (Balaenoptera musculus), fin whale (Balaenoptera physalus), humpback whale (Megaptera
novaeangliae), and the Mediterranean monk seal (Monachus monachus) (IUCN 2020). While
humpback whales are currently the only of these species that has been de-listed to least concern, these
trends highlight the potential of populations to positively respond to a shift from resource exploitation
and human-induced impacts towards conservation efforts (Schipper et al. 2008). Given the importance
of marine mammals in marine ecosystems and in societal and economic functioning, and their
vulnerability to human impacts, population and species declines will have widespread impacts on
ecosystem structure and function. It is therefore important that information from multiple disciplines
are integrated to make predictions about how marine mammal populations are likely to respond to

changing environments, and to ensure their protection and long-term viability.

1.4 Integrating genomics into species conservation efforts

Conservation strategies to maintain biodiversity and ecosystem functions are being developed by
integrating a wide range of scientific disciplines (Shafer et al. 2015b). The ultimate goal of these efforts
is to produce information that can be used to maintain the long-term viability of species and populations

by mitigating species and population threats, and to clarify aspects about species biology, ecology,
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conservation status, and genetics (Brandies et al. 2019). A fundamental aspect of a population’s viability
is its genetic diversity (Reed and Frankham 2003), that is, the amount of variability in the genome that
helps mitigate the deleterious effects of inbreeding and provides potential for populations to withstand
or adapt to environmental changes (Brandies et al. 2019). Population size and connectivity are important
factors that influence genetic diversity, with inbreeding and increased genetic drift (i.e., changes in
allele frequency due to chance) often leading to a loss of genetic variability in small and/or isolated
populations (Reed and Frankham 2003, Hoglund 2009, McMahon et al. 2014). Therefore, genetic
factors, including past and present fluctuations in genetic diversity, as well as population structure,
genetic connectivity, and inbreeding (Shafer et al. 2015b) are of particular importance in disentangling

the adaptive potential of wild populations.

The application of genetic techniques in conservation biology have provided great insight into
population viability (Steiner et al. 2013), including how genetic drift influences genetic diversity, levels
of inbreeding, and the amount of gene flow within and between populations (Ouborg et al. 2010).
Advancing technologies and decreasing costs are allowing larger genomic datasets to be generated,
including for non-model species, improving resolution to address unresolved conservation questions.
Genomic datasets can help researchers understand how genetic variation differs across regions of the
genome and within a species, and the importance of parts of the genome in evolutionary processes such
as speciation, local adaptation, and adaptability to changing environments (McMahon et al. 2014). For
example, some parts of the genome are invariant, while other gene regions, such as the major
histocompatibility complex (MHC) involved in immune defence in vertebrates, are often highly
variable (Acevedo-Whitehouse and Cunningham 2006). This, however, varies between species and
populations, begging the question of how genomic regions and functions are important in species
survival (McMahon et al. 2014). In addition, genomic datasets contribute to improving estimates of past
and present demography, understanding diseases and host susceptibility, the genetic basis of inbreeding,
phylogenomics and hybridisation (Fitzpatrick et al. 2011, Miller et al. 2012, Steiner et al. 2013,

McMabhon et al. 2014), all of which are important for population persistence.

Despite the IUCN recognising the importance of conserving genetic diversity (Reed and Frankham
2003, Garner et al. 2020), genetic factors are not commonly used in species conservation strategies and
assessments (Laikre 2010, Garner et al. 2020), and the application of genomics in species conservation
remains relatively limited (Shafer et al. 2015b, Brandies et al. 2019). Few species actually have genetic
and/or genomic data available, even when genetic action is listed in their species recovery plan
(reviewed in Brandies et al. 2019). In the terrestrial realm, several examples exist of how advancing
genomic capabilities have facilitated the conservation and management of threatened species, such as
the Tasmanian devil (Brandies et al. 2019). The emergence of a transmissible cancer, the devil facial

tumour disease (DTFD), led to a decline of up to 80% of the population, resulting in the Tasmanian
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devil becoming threatened (Lazenby et al. 2018). Genetic techniques based on a small number of
markers, such as microsatellites, initially highlighted the lack of genetic diversity in immune genes, as
well as more broadly across the species (Jones et al. 2003, Cheng and Belov 2011). Genomic data,
including reduced representation genome sequencing (RRS), reference genome assembly and whole
genome resequencing, then greatly improved resolution of genetic inferences for the species. These
resources allowed the detection of population substructure, relatedness between founders of an
insurance population, the role of DFTD in swamping local adaptation, and regions of the genome likely
linked to a resistant phenotype (Epstein et al. 2016, Hendricks et al. 2017, Wright et al. 2017, Fraik et
al. 2020, Wright et al. 2020). In particular, by identifying DFTD-associated regions of the genome, it
was possible to identify individuals or populations that may be more resistant to infection, providing
targets for the development of potential treatments, and genetic markers to screen other populations
(Wright et al. 2015, Epstein et al. 2016, Wright et al. 2017, Margres et al. 2018). These large datasets
have also enabled more robust estimates of demographic histories (Patton et al. 2019) and are currently
being used to investigate inbreeding depression and adaptation to captivity (Brandies et al. 2019). This
in-depth research has provided managers with advice on translocations of Tasmanian devils to enhance
functional diversity, inform the management of the insurance population, and aid in the development
of vaccines (Hogg et al. 2017, Pye et al. 2018, Brandies et al. 2019, Hogg et al. 2020). This study system
highlights how genomics can be used as a tool to address a broad range of questions to inform and
enhance conservation and management strategies of a threatened species, and to help understand their
potential to persist in a changing environment. With the current declining trend of biodiversity and an
increasing number of threats to many species, it is imperative that learnings from conservation genomics
are applied more broadly to species and populations that are vulnerable to human impacts and of

conservation concern.

1.5 Genomic advancements and applications to marine mammal systems

Genomic studies in the marine environment are lagging behind those in terrestrial environments (Kelley
etal. 2016, Grummer et al. 2019). This is despite the ocean comprising 70% of the Earth’s habitats, and
its diversity from coastal and estuarine to pelagic and abyssal zones that harbour the majority of the
Earth’s biomass. This issue is mostly due to the difficulties in obtaining samples from elusive species,
the technical constraints often associated with working in marine environments, and the restricted
possibility for experimental manipulations (Ribeiro et al. 2017). However, advancing computational
methodology and sequencing technologies in the last decade, as well as decreasing costs, have enabled
greater opportunities for genomic studies of non-model organisms (Larsen and Matocg 2019), including
marine mammals. A review of trends in marine mammal genomic studies showed that prior to 2008
less than five studies in this area were published per year (all utilising mitogenomes), but following

sequencing trends, the number of genomic publications, types of data generated and questions being
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addressed have changed considerably (Cammen et al. 2016). Sequencing advances have facilitated
improved capabilities and opportunities to generate genomic data, including using RRS, whole genome
sequencing and resequencing datasets to address a wider range of biological questions and conservation
concerns. This has resulted in a rapid growth in the number of publications each year, including for a
greater number of marine mammal species. These types of genomic data have provided greater insight
into genomic variability and selection across the genome, demographic history, phylogenomics, disease
susceptibility and adaptation. Together, these developments have contributed to an improved
understanding of population and species evolution, vulnerability and adaptive potential, and provide the

next step forward to implementing targeted management frameworks to improve conservation efforts.

Population genetic studies have traditionally used a small number of neutral markers to provide insights
into population structure, connectivity, migration, phylogenetics, relatedness and inbreeding (e.g.
Krutzen et al. 2003, Attard et al. 2010, Frere et al. 2010, Pratt et al. 2018). However, RRS allows a
greater number of neutral and adaptive markers that are distributed across the genome to be genotyped,
improving the resolution of traditional analyses, and creating new avenues to study adaptation (Andrews
et al. 2016, Cammen et al. 2016, Attard et al. 2018b). This type of data had not been published for a
marine mammal prior to 2014 (reviewed in Cammen et al. 2016), but since then numerous studies have
made use of RRS to resolve and better understand population structure and dynamics, such as
population size, demographic history, relatedness and inbreeding (Moura et al. 2014b, Shafer et al.
2015a, Lah et al. 2016, Attard et al. 2018a, Attard et al. 2018b, Cammen et al. 2018, Genoves et al.
2020, Peart et al. 2020, Barcel6 et al. 2021), phylogenomics (Viricel et al. 2014, Moura et al. 2015,
Foote and Morin 2016, Moura et al. 2020), genomic variation and disease susceptibility and resistance
(Hoffman et al. 2014, Cammen et al. 2015a, Batley et al. 2019), and adaptation to ecological niches
(Moura et al. 2014b). For example, Lah et al. (2016) found that RRS data improved the resolution to
delineate population differentiation in the highly mobile harbour porpoise (Phocoena phocoena). Other
studies have used genomics to extend inferences drawn from traditional markers, such as to understand
adaptive variation and adaptation to ecological niches. Attard et al. (2018b) drew important
conservation implications from a lack of population structure and adaptive variation between pygmy
blue whales (B. musculus brevicauda) of two Australian feeding aggregations (Attard et al. 2010, Attard
et al. 2018b). The lack of neutral and limited adaptive divergence may be driven by blue whales
travelling large distances between feeding areas and to breeding grounds and needing to adapt to a range
of environmental conditions and feeding strategies (Attard et al. 2018b). Other species show some local
adaptation to different ecotypes or selective pressures. For instance, variation in regions of the killer
whale genome were associated with feeding specialisations and habitat use (Moura et al. 2014b), while
common bottlenose dolphins (Tursiops truncatus) seem to exhibit particular genomic variations
associated with resistance to harmful algal blooms (Cammen et al. 2015a). While the number of

published RRS datasets are still relatively limited for marine mammals, they provide great potential in
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delineating fine-scale population structure, local adaptation and selective pressures, and insights into
how populations and species may respond to ongoing climate change. It is expected that as more
genomic resources become available for marine mammals, such as reference genomes, epigenomes,
and transcriptomes, RRS approaches, including RADseq, Single Nucleotide Polymorphism (SNP)
arrays and target sequence capture (reviewed in Cammen et al. 2016) will be utilised more often.

1.6 Marine mammal reference genomes

High-quality reference genomes are necessary for the study of functional, comparative and population
genomics within and between species, with knowledge gained from these studies essential for
biodiversity conservation (Rhie et al. 2020). Over the past decade, significant initiatives have been
underway to generate high-quality reference genomes for almost all living biota, including for
eukaryotes (Earth BioGenome Project), and for vertebrates (e.g. Vertebrate Genomes Project, Rhie et
al. (2020) and the Genome 10K Project, Koepfli et al. (2015)). Local efforts, such as the Oz Mammals
Genomics initiative (OMG), aims to sequence the genomes of Australian mammals (Potter and Eldridge
2017). Many other initiatives exist, including those that aim to improve the assemblies of those already
published (e.g. DNAZoo, Dudchenko et al. (2017)), as well as taxa specific initiatives such as the
Cetacean Genomes Project (in collaboration with the Vertebrate Genomes Project) that aims to
sequence high-quality genomes for all cetacean species (Morin et al. 2020a). The first reference genome
for a marine mammal was that of the common bottlenose dolphin, which was made available on NCBI’s
online genome database in 2012 at 2.59x coverage and containing over 240,000 scaffolds (Table S1.1).
This genome has received the most attention of all marine mammals, with considerable efforts to further
improve its genome quality. For example, the coverage of the genome was further increased as part of
a comparative analysis of 29 mammalian genomes to better characterise signatures of evolutionary
constraint in mammals and humans (Lindblad-Toh et al. 2011). A further nine papers have since probed
the genome to understand the macroevolutionary transition of mammals to an aquatic lifestyle, and to
search for regions and genes under positive selection in cetaceans (McGowen et al. 2012, Shen et al.
2012, Nery et al. 2013, Sun et al. 2013, Yim et al. 2014, Foote et al. 2015, Keane et al. 2015, Park et al.
2015, Warren et al. 2017). Since this first marine mammal genome was made available, there has been
a rapid increase in the number of assemblies and genomes generated and submitted to public genome
databases (Figure 1.1). At the time of writing, there were 119 genome assemblies available for marine
mammals (sirenians = 5, marine fissipeds = 7, pinnipeds = 30, cetaceans = 77) on NCBI or DNAZoo,
of which 55 species and sub-species (sirenians = 3, marine fissipeds = 3, pinnipeds = 13, cetaceans =
36) have an available genome. These assemblies’ range in their coverage, completeness, and assembly
level (Table S1.1), but they all provide essential resources for investigating and advancing knowledge
on genomic features and species conservation. For example, researchers have been able to better

understand inbreeding, genomic diversity and demography (Vijay et al. 2018, Beichman et al. 2019,
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Fan et al. 2019, Westbury et al. 2019, Hooper et al. 2020, Morin et al. 2020b), adaptation (Keane et al.
2015, Kishida et al. 2015, Autenrieth et al. 2018, Park et al. 2018, Beichman et al. 2019, Fan et al.
2019), phylogenomics and hybridisation (Arnason et al. 2018, Foote et al. 2019, Lammers et al. 2019)
in marine mammal systems, even using highly fragmented assemblies (Morin et al. 2020a).

Reference genomes also provide important insights into the evolution of mammals in general. Briiniche-
Olsen et al. (2018) compared the genomes of 78 mammalian species (including six marine mammal
species) to assess the relationship between genomic diversity, runs of homozygosity (inbreeding) and
conservation status and population biological traits, such as population size, latitudinal distribution,
body mass and trophic level. That study found that population traits have a significant effect on genomic
diversity and inbreeding, but found no relationship between genomic diversity and conservation status
(Briiniche-Olsen et al. 2018). Genomic variation has long been recognised as an important factor in
species diversity, health, and in evolutionary processes (Reed and Frankham 2003, Garner et al. 2020),
yet that study suggested that conservation status is a poor indicator of genomic diversity and argued
that genomic diversity should be incorporated into species conservation status assessments.

In addition, reference genomes provide information about the demographic history of species and the
role that this plays in shaping patterns of genomic diversity that may underpin population persistence.
Analysis of the highest quality and most complete marine mammal genome to date, the vaquita genome,
identified the lowest genomic diversity for any mammal (Morin et al. 2020b). This finding was thought
to result from long-term small population size rather than a recent population bottleneck (Morin et al.
2020b). This species is critically endangered, and these results suggest that recovery of the vaquita is
likely not hindered by genetic factors. Reference genomes have also enabled the search for genomic
signatures that may be vital to species adaptation or survival, such as genes linked to cancer and aging
in long-lived species (Keane et al. 2015, Tejada-Martinez et al. 2021). Genome assembly and analysis
of the longest-lived mammal, the bowhead whale (Balaena mysticetus) revealed a loss and gain of genes
that may be associated with cancer and age-related disease resistance, and genes associated with DNA
and cell-cycle repair, providing insights into the evolutionary mechanisms that may confer longevity in
some species (Keane et al. 2015). Finally, while reference genomes provide the next necessary step to
understand key evolutionary processes, they also provide important resources for improving mapping
and to call SNPs from RRS data (Maroso et al. 2018), as well as in generating SNP panels that may
prove important for genotyping individuals and populations at functionally important genes (e.g.
Brandies et al. 2019). Reference genomes and assemblies are currently being generated at an
exceptional rate (Figure 1.1), and it is expected that reference genomes for at least a further 13 cetacean
species will be released in 2021 (Beling 2021). It is evident that in the past few years, marine mammals
have attracted a lot of interest from researchers that has enabled numerous insights into the evolution

and adaptation of marine mammals.
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Figure 1.1: Trends in the number of reference genome assemblies becoming available since 2012 for
the four taxonomic groups of marine mammals (sirenians: manatees and dugongs; marine fissipeds:

polar bears and sea otters; pinnipeds: seals, sea lions and walruses; cetaceans: whales, dolphins and
porpoises).

1.7 Whole genome resequencing studies of marine mammal populations

Reference genomes are often sequenced at high depth (usually upwards of 100x, Cammen et al. (2016)),
combine multiple library techniques (short and long-insert libraries), and generally require a great deal
of expertise, cost, computational resources and time to generate (Brandies et al. 2019). Counteracting
this however, reference genomes have made it possible to sequence reads from genomes at a lower
coverage (> 2x) that can then be aligned to pre-existing and high-quality reference genomes, allowing
a greater number of individuals from multiple populations to be sequenced at a lower cost (Cammen et
al. 2016). Like RRS, this enables the study of genomic variation between individuals within and
between populations, but across the entire genome. This allows the exploration of variation in
phenotypes, disease susceptibility, and adaptation to environmental conditions and habitats, which are
all important for understanding a species adaptive potential. Despite the possibilities that whole genome
resequencing data provides, few studies have utilised whole genome resequencing data in marine
mammal systems to date. To the best of my knowledge, the few studies that have so far utilised this
type of data have investigated speciation, demographic history, population differentiation, adaptation
to ecological niches, and inbreeding in polar bears (Ursus maritimus) (Liu et al. 2014), killer whales
(Foote et al. 2016, Foote et al. 2019, Hooper et al. 2020) and bottlenose dolphins (Vijay et al. 2018,

Louis et al. 2020). Whole genome population genomic studies offer the ability to understand how
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populations and species have independently evolved through selection and adaptation to novel habitats
and environmental conditions, even for species that have recently diverged. For example, a comparison
of polar and brown bear (Ursus arctos) genomes from three populations revealed that the two species
diverged less than 500 kya (Liu et al. 2014). The work also found that regions in the polar bear genome
are under greater positive selection, particularly in genes that may be associated with the reorganisation
of the cardiovascular system (Liu et al. 2014). Similarly, Louis et al. (2020) explored the divergence
and ecotypic evolution of inshore and offshore pairs of common bottlenose dolphins from two ocean
basins in the Northern Hemisphere. The evolution of the inshore ecotype between ocean basins (North
Pacific and North Atlantic oceans) were relatively independent, but similar between regions in the same
ocean basin (northeastern and northwestern Atlantic), and genes with behavioural and ecological
functions were found to be under parallel evolution (Louis et al. 2020). These comparative genomic
approaches provide new possibilities to explore the genomic mechanisms that allow species to extend

their ranges and adapt to novel environments and selective pressures.

1.8 The evolution of bottlenose dolphins

Bottlenose dolphins have a widespread distribution occupying almost all ocean basins, except for polar
regions (Figure 1.2). The rapid radiation of the sub-family Delphininae, including bottlenose dolphins,
has resulted in incomplete lineage sorting and even possible hybridisation (Amaral et al. 2012).
Consequently, bottlenose dolphin taxonomic relationships are heavily debated. Currently, only two
species of bottlenose dolphins are accepted; the Indo-Pacific bottlenose dolphin, T. aduncus, and the
common bottlenose dolphin, T. truncatus (Committee on Taxonomy of the Society for Marine
Mammalogy 2020). Despite these species often occupying overlapping habitats (depending on the
ocean region), they face disparate selective pressures across their range that has likely led to the
pronounced level of morphological, molecular, and ecological variation observed within the genus
(Moura et al. 2013, Wickert et al. 2016, Gridley et al. 2018, Pratt et al. 2018, Moura et al. 2020). For
example, the common bottlenose dolphin occupies inshore, nearshore, and offshore regions, with a high
level of divergence often observed between inshore and offshore populations (Hoelzel et al. 1998, Louis
et al. 2014a, Louis et al. 2014b, Fruet et al. 2017, Nykanen et al. 2018, Costa et al. 2019). This
divergence has led to the acceptance of three subspecies; the Black Sea bottlenose dolphin (T. t.
ponticus), common bottlenose dolphin (T. t. truncatus) and the Lahille’s bottlenose dolphin (T. t.
gephyreus) (Viaud-Martinez et al. 2008, Costa et al. 2016, Wickert et al. 2016, Fruet et al. 2017). The
latter inhabits estuaries and inshore waters from southern Brazil to Argentina (Figure 1.2) and has been
classified as vulnerable due to small and declining population trends (Fruet et al. 2014, Fruet et al. 2017,
Vermeulen et al. 2019). In the Indo-Pacific region, however, the inshore form is generally classified as
the Indo-Pacific bottlenose dolphin (Figure 1.2). These dolphins are almost entirely inshore, often

residing in highly urbanised coastal regions, and generally live in small populations with limited
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connectivity to adjacent populations (Moller et al. 2007, Wiszniewski et al. 2009, Charlton-Robb et al.
2014, Zanardo et al. 2016b, Pratt et al. 2018). In southern Australia, a third species, the Burrunan
dolphin (T. australis) has been suggested based on genetic data (Charlton-Robb et al. 2011a), but is not
generally accepted by the marine mammal scientific community due to insufficient morphological
support (Jedensjo et al. 2017, Jedensjo et al. 2020). Greater genomic resolution suggests this may be a
subspecies of the Indo-Pacific bottlenose dolphin (Jedensjo et al. 2017, Jedensj6 et al. 2020, Moura et
al. 2020, Pratt 2020), and will be referred to here as the southern Australian bottlenose dolphin (SABD).
With the current debate surrounding the taxonomy of bottlenose dolphins, it is important to investigate

the evolutionary history of bottlenose dolphins and speciation mechanisms.

Figure 1.2: The estimated global distribution of bottlenose dolphin species and subspecies in this study,
including the two currently accepted species: the common bottlenose dolphin (T. truncatus) (light blue),
the Indo-Pacific bottlenose dolphin (T. aduncus) (pink): the accepted subspecies, Lahille’s bottlenose
dolphin (T. t. gephyreus) (dark blue); and the potential subspecies, the southern Australian bottlenose
dolphin (T. aduncus) (green). The map is redrawn from the IUCN red list marine mammal shape file;
last accessed Feb 16, 2019 at https://www.iucnredlist.org/resources/spatial-data-download, with
adaptation from the expected global distribution of T. aduncus from the Encyclopedia of Marine
Mammals.

In the marine environment, inshore and offshore habitats tend to vary quite considerably in their
oceanographic features, with environmental heterogeneity (e.g. differences in sea surface temperatures,
salinity and the distribution of prey) linked to the genetic structuring of bottlenose dolphins (Natoli et
al. 2005, Bilgmann et al. 2007b, Diaz-Gamboa et al. 2018), and the morphological and ecological
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diversity observed across the genus (Louis et al. 2014a, Louis et al. 2014b, Costa et al. 2019). For
example, both ecotypes of bottlenose dolphins generally differ in their body and fin size, skull
characteristics, skin colouration and pattern, and in their feeding ecology (Jedensjo et al. 2017, Diaz-
Gamboa et al. 2018, Genoves et al. 2020, Jedensjo et al. 2020). These differences are not however
always uniform across all inshore-offshore pairs, with some comparisons showing reversed traits, or
even weakened contrasts between the two (Louis et al. 2014a, Pratt 2020). In Australia and the
northwestern Atlantic Ocean, the offshore lineage is generally larger than their inshore counterpart
(Charlton-Robb et al. 2011a, Louis et al. 2014a). In the South Atlantic Ocean, the inshore lineage is
generally larger than the offshore (Costa et al. 2016, Diaz-Gamboa et al. 2018). In the northeastern
Atlantic Ocean only weak differences in body size can be observed (Louis et al. 2014b). These
disparities are thought to be due to variation in the level of differentiation between oceanographic
features, and the time of divergence between inshore and offshore lineages (Louis et al. 2014a).
Advancing technologies have now enabled the ability to infer the influence of environmental conditions
on adaptation and the subsequent differentiation between inshore and offshore lineages. For example,
evidence of parallel adaptation to inshore habitats in the North Atlantic revealed the importance of genes
involved in cognitive functioning and feeding (Louis et al. 2020). In the Southern Hemisphere, Pratt
(2020) found similar patterns of parallel adaptation, but in genes involved in major bodily systems (e.g.
cardiovascular, sensory, musculoskeletal, gastrointestinal, energy production, nervous and
osmoregulatory systems), which may be in response to differences in depth, prey abundance, and
distribution. Expanding on this work, whole genome resequencing improves the ability to understand
the role of selective pressures on accelerating selection in protein coding genes across the genome, and

that may be of functional importance and evolving under natural selection.

From a historical perspective, climatic and geological events have also been linked to the genetic
subdivision of bottlenose dolphins (Moura et al. 2013, Louis et al. 2014a). For example, offshore
common bottlenose dolphins are suggested to have colonised newly available inshore habitats that
opened with the melting of sea ice after the Last Glacial Maximum (Louis et al. 2014a, Louis et al.
2014b, Nykanen et al. 2019, Louis et al. 2020). In the Northern Hemisphere, there is evidence of founder
events associated with colonisation of post-glacial habitats, with subsequent divergence between
inshore and offshore populations (Nykanen et al. 2019, Louis et al. 2020). This is further supported by
the finding of lower genetic diversity in inshore lineages than in offshore ones (Hoelzel et al. 1998,
Natoli et al. 2004, Louis et al. 2014a, Lowther-Thieleking et al. 2015). In the North Pacific however,
climatic changes are proposed to have caused population bottlenecks (rather than founder events) of
inshore lineages (Vijay et al. 2018). In the Southern Hemisphere, little is known about the demographic
history of bottlenose dolphins, including divergence times between species and subspecies, and how
this has shaped patterns of genetic diversity and inbreeding. It has been hypothesised that the Lahille’s

bottlenose dolphin diverged from the offshore common bottlenose dolphin after the Last Glacial
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Maximum, with divergent selection and reproductive isolation leading to the divergence of the two
lineages (Fruet et al. 2017, Pratt 2020). Regarding the SABD, limited knowledge on their historical
population size or divergence time exists, however, phylogenomic analysis suggest that genomic
divergence between the SABD and other Indo-Pacific bottlenose dolphins may have occurred earlier
than the divergence between the Lahille’s and the common bottlenose dolphin in the Southwest Atlantic
Ocean (Pratt 2020). Time of divergence, historical demography, and their role in shaping patterns of
genomic diversity and inbreeding in bottlenose dolphins remain to be empirically tested in the Southern
Hemisphere. Investigating these factors will provide greater insight into the evolution of bottlenose
dolphins, their response to past climatic events, and their potential to persist with ongoing climate

change.

Infectious diseases are another important selective force that play an important role in driving genome
evolution. Regarding cetaceans, Morbillivirus has emerged as one of the most significant viral threats
and conservation concerns worldwide. Bottlenose dolphins appear particularly vulnerable to cetacean
morbillivirus (CeMV), with the virus being the contributing factor of numerous unusual mortality
events in inshore and offshore populations (Van Bressem et al. 2014, Ohishi et al. 2019). It has been
suggested that climate change and the resulting rise in sea surface temperatures will lead to an increase
in the frequency of disease-related unusual mortality events (Sanderson and Alexander 2020).
Therefore, it is important that variation in immune responses to CeMV infection is investigated to gain
knowledge on the role of host genetic factors in disease susceptibility and immune responses of dolphins
to CeMV infection. This will prove vital in identifying populations and species that are particularly

susceptible to succumbing to CeMV or that may be immunologically naive.

1.9 Thesis aims

Despite efforts to sequence reference genomes for cetacean species, a limited number of studies have
included a single genome from species from the Southern Hemisphere (Foote et al. 2016, Foote et al.
2019, Hooper et al. 2020, Moura et al. 2020). To the best of my knowledge, no study so far has used a
whole genome population genomics approach for cetaceans from this hemisphere. This leaves a
knowledge gap regarding the evolution and adaptation of species, particularly for bottlenose dolphins
that exhibit considerable variation within the genus. The overall aim of this thesis is to understand the
evolution and adaptation of bottlenose dolphin species and subspecies in the Southern Hemisphere. This
was addressed by first generating a reference genome for the endemic southern Australian bottlenose
dolphin (SABD), which will provide a valuable tool for understanding the mechanisms for which this
potential subspecies has evolved and adapted. Whole genome resequencing data from biopsy samples
of Tursiops from multiple species, subspecies, and lineages across the Southern Hemisphere, as well as

common dolphins (D. delphis), were then generated and complemented with available genomes of
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Tursiops from the Northern Hemisphere. With this, phylogenomic relationships within the bottlenose
dolphin genus and signatures of positive selection were explored, providing insights into the role of
selective pressures on the adaptive divergence of dolphins to the different marine environments they
inhabit. Secondly, this work assessed the relationships between ecotype (inshore and offshore), genomic
diversity and demographic history to better understand the genomic consequences of repeated niche
divergence. Finally, an association-based framework was implemented to investigate the role of genetic
variants and genes in the resistance and susceptibility of bottlenose dolphins to a highly infectious virus,
CeMV, which has killed thousands of dolphins worldwide.
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Chapter 2: A novel reference genome and positively selected genes in

bottlenose dolphins
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2.2 Abstract

Understanding the mechanisms driving phenotypic adaptation, genomic divergence and speciation is a
fundamental goal of comparative genomic studies. This study addresses the evolution of bottlenose
dolphins (genus Tursiops) using whole genomes of nine bottlenose dolphin lineages from across the
globe and one common dolphin lineage (Delphinus delphis) from Australia. First, a high-quality
reference genome for a putative subspecies, the southern Australian bottlenose dolphin (SABD), was
sequenced, assembled and used as a tool to re-evaluate its classification. The genome size was 2.3 Gb
and assembled into 23 chromosome-length scaffolds with an N50 of 21 Mb. Reconstruction of a
phylogenomic tree based on 500 vertebrate orthologous genes supported SABD within a monophyletic
clade of Indo-Pacific bottlenose dolphins and sister to eastern Australian T. aduncus. It also confirmed
that Lahille’s bottlenose dolphin (T. t. gephyreus) from Brazil is most closely related to the offshore T.
truncatus from the Southwest Atlantic Ocean. Species and lineage-specific signatures of positive
selection revealed that similar gene functions were selected across the three species used in the study
(T. truncatus, T. aduncus and D. delphis). This suggests that similar gene functions may be hotspots of
shared positive selection across delphinid species. Likewise, developmental biology and wound healing
genes were positively selected across bottlenose dolphin lineages, highlighting the potential importance
of these genes within the genus Tursiops. The finding of the same genes positively selected in multiple
inshore lineages suggests comparable selective pressures across inshore habitats are likely driving
parallel evolution in the inshore lineages. This research provides impetus for future studies on the
evolution, conservation, and taxonomic status of Tursiops, and those informing on the mechanisms

driving divergence and adaptations in dolphins

2.3 Introduction

Studying the mechanisms by which natural selection moulds evolution and contributes to adaptive
phenotypes is a fundamental goal of comparative genomics (Kunstner et al. 2010). This expanding field
has shed light on both the macro- and microevolution of phenotypic traits in wildlife systems. For
example, by identifying genes with signatures of accelerated adaptation, knowledge has been gained on
the evolution of traits associated with wound healing and combatting age-related conditions in long-
lived mammals (Keane et al. 2015, Marra et al. 2019, Quesada et al. 2019), immune responses and host-
pathogen interactions (Kosiol et al. 2008, Shultz and Sackton 2019), and the colonisation of extreme

environments (e.g. high-altitude, and desert regions) (Davies et al. 2018).

Cetaceans (whales and dolphins) provide a unique system to study both macro- and microevolutionary
changes. The movement of terrestrial mammals to a completely aquatic environment, and the
subsequent evolution of cetaceans during the Eocene represents one of the most successful and well-

studied transitions into a drastically different niche (McGowen et al. 2014, Cammen et al. 2016). To
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succeed in the marine environment several phenotypic adaptations ensued, including the reduction of
hindlimbs, development of underwater hearing, the posterior movement of the nostrils and detachment
of the pelvis from the spine, among others (Uhen 2010, McGowen et al. 2020). After the transition to
sea, cetaceans diversified into two major groups: toothed (Odontoceti) and baleen (Mysticeti) whales,
with unique and highly specialised adaptations within each group (McGowen et al. 2020). The
remarkable success of the transition to sea and the resulting adaptations, combined with advancements
in next generation sequencing and analytical approaches, has generated great interest in detecting
molecular signatures of aquatic and ecological adaptation that may contribute to this diversity and
corresponding evolutionary changes (Nery et al. 2013). For example, studies have revealed regions and
genes under positive selection in modern cetaceans with functions that relate to hypoxia tolerance,
changes in locomotor morphology, communication strategies and systems, and improved vision in low
light environments (McGowen et al. 2012, McGowen et al. 2014, Yim et al. 2014, Foote et al. 2015,
Tian et al. 2017, Huelsmann et al. 2019, Hindle 2020). In addition, inactivation of protein-coding genes
with functions relating to chemosensory abilities, such as olfactory, vomeronasal and gustatory systems
have been observed (McGowen et al. 2014, Kishida et al. 2015). Together, these studies unveil the role
of selective pressures on genotypes that are better suited to the marine environment. Concomitantly
with the availability of novel ecological niches in the marine environment, these adaptations have
enabled the range expansion, colonisation, and diversification of cetaceans across all oceans and into
disparate habitats.

Delphinidae is the largest cetacean family, comprising of more than 37 species including the killer
whale (Orcinus orca), bottlenose dolphins (genus Tursiops) and common dolphins (genus Delphinus).
This family arose through a rapid radiation during the mid-late Miocene (~11-15 mya) (McGowen et
al. 2009, McGowen 2011, Amaral et al. 2012, Perrin et al. 2013), with divergent selective pressures
associated with disparate and novel ecological niches and subsequent adaptive divergence leading to
extensive variation within this family. The cetacean system also provides great potential to understand
microevolutionary changes associated with environmental differences. Bottlenose dolphins (subfamily
Delphininae) have a widespread distribution, yet despite being highly mobile in an environment with a
lack of hard physical barriers, there is evidence of adaptive divergence to different niches, resulting in
remarkable ecological, morphological and molecular variation (Moura et al. 2013, Wickert et al. 2016,
Gridley et al. 2018, Pratt et al. 2018, Moura et al. 2020). Currently, only two separate species are
recognised: the common bottlenose dolphin (T. truncatus) and the Indo-Pacific bottlenose dolphin (T.
aduncus) (Committee on Taxonomy of the Society for Marine Mammalogy 2020). The common
bottlenose dolphin has a cosmopolitan distribution in both inshore, nearshore, and offshore waters, with
habitat release during post-glacial cycles creating ecological opportunities for diversification between
inshore and offshore ecotypes (Hewitt 2000, Louis et al. 2014a). The resulting divergence observed

between the two ecotypes has led to the classification of three subspecies, including the Lahille’s
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bottlenose dolphin (T. t. gephyreus) from the Southwest Atlantic Ocean (SWAO). This subspecies
occupies coastal and estuarine waters from southern Brazil to Argentina, and sometimes occur in
sympatry with the offshore T. t. truncatus (Fruet et al. 2017). In the Indian and western Pacific Oceans,
however, the inshore form is generally classified as T. aduncus and they almost entirely occupy coastal
and estuarine waters (Bilgmann et al. 2007b, Mdller et al. 2007, Zanardo et al. 2016b). Indo-Pacific
bottlenose dolphins generally exhibit fine-scale population structure, high site-fidelity, and small
population sizes with low genetic diversity (Hoelzel et al. 1998, Natoli et al. 2004, Méller et al. 2007,
Louis et al. 2014a, Lowther-Thieleking et al. 2015), with some support for further subdivision within
the species (Gray et al. 2018). Evidence of genetic divergence between T. aduncus from the eastern and
southern coast of Australia has led to the suggestion of a third species endemic to southern Australian
waters, the Burrunan dolphin, T. australis (Charlton-Robb et al. 2011a), but a lack of morphological
evidence and recent genetic studies suggest that this most likely represents a subspecies of T. aduncus
(Moura et al. 2020, Pratt 2020), which is therefore referred to here as the southern Australian bottlenose
dolphin (SABD).

Inshore and offshore environments tend to differ quite considerably in their oceanographic features. For
example, changes in salinity, sea surface temperatures, and the distribution of prey species are thought
to influence population genetic differentiation in bottlenose dolphins (Natoli et al. 2005, Bilgmann et
al. 2007h, Diaz-Gamboa et al. 2018), and may also drive phenotypic divergence observed between
inshore and offshore lineages (Louis et al. 2014a). In most cases, inshore populations live in small social
groups with high site fidelity, and low genetic diversity (Wells et al. 1987, Mdller 2012), whereas
offshore populations generally live in larger groups, with greater dispersal and genetic diversity (Silva
et al. 2008, Bearzi et al. 2009, Fruet et al. 2017). The two forms also differ in their body size and fin
size and shape, skull characteristics, skin colouration and patterns, and in their feeding ecology
(Jedensjo et al. 2017, Diaz-Gamboa et al. 2018, Genoves et al. 2020, Jedensjo et al. 2020). These
differences are not, however, always uniform across their distribution, with some lineages exhibiting
unique or reversed traits, or weaker contrasts between the two forms (Louis et al. 2014a). In some
regions, coastal forms are smaller than their offshore counterparts, but this pattern is reversed in the
SWAQO (Costa et al. 2016) and in the southeast Atlantic Ocean (Diaz-Gamboa et al. 2018), and almost
absent in the northeastern Atlantic Ocean (Louis et al. 2014a). Differences in the level of contrast in
phenotypic traits are thought to be due to varying differentiation in environmental conditions, time of
divergence between the inshore and offshore populations, and differences in selective pressures (Louis
et al. 2014a). Therefore, it is important that genes under accelerated positive selection between inshore
and offshore lineages, as well as between ocean basins, are identified to further understand drivers of

adaptation and speciation.
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While inshore and offshore ecotypes exist worldwide with clear but inconsistent variation observed
between them, most studies to date have investigated the macroevolution of cetaceans during the
transition to an aquatic lifestyle, and few studies have investigated the microevolution of ecotypes and
lineages, including within Tursiops. Advancing technologies and analyses have enabled the progression
in understanding ecotype formation and environmental adaptation in bottlenose dolphins. For example,
in the Northern Hemisphere and at the whole genome level, Louis et al. (2020) found evidence of
parallel adaptation to coastal habitats within ocean regions, with genes involved in cognitive processes
and metabolism found to be important in adapting to inshore environments. Comparatively, in the
Southern Hemisphere, but using reduced-representation genome sequencing data, Pratt (2020) found
similar patterns of parallel evolution in inshore lineages and between ocean regions, and implicated
several major bodily systems that may be involved in the success in this environment. This study
expands on the work by Pratt (2020) by sequencing the whole genomes of bottlenose dolphins and a
closely related species from the Delphininae subfamily (the common dolphin, Delphinus delphis) to
clarify phylogenetic relationships within Tursiops and to identify protein-coding genes evolving under
positive selection at the species and lineage levels. Specifically, we first provide an important tool for
understanding the evolution of the proposed subspecies of T. aduncus, the SABD, by sequencing and
assembling a reference genome for this taxon. Second, by sequencing and assembling the genomes of
five inshore and offshore lineages of T. aduncus, T. truncatus and one lineage of D. delphis, and
complementing these data with available genomes from Tursiops from the Northern Hemisphere,
species and lineage-specific signatures of positive selection were able to be investigated. It is
hypothesised that species-specific signatures of positive selection will relate to the disparate selective
pressures associated with occupying different marine habitats (i.e., inshore, nearshore, offshore), and
that comparable selective pressures across inshore habitats will drive parallel evolution in the inshore
lineages. To the best of our knowledge, this is the first study to investigate signatures of positive
selection between all recognised species/subspecies and lineages of bottlenose dolphins in the Southern
Hemisphere, and the first to compare ecotype evolution of these dolphins across ocean basins in the

Southern and Northern Hemispheres.

2.4 Methods

2.4.1. Samples, sequencing, and data collection

Free ranging bottlenose dolphins (Indo-Pacific bottlenose, T. aduncus and common bottlenose dolphins,
T. t. truncatus) and common dolphins (D. delphis) were biopsy sampled from 16 locations in waters of
two countries (Australia and Brazil) (Figure 2.1; Table 2.1). Samples were collected between 1999 and

2015 using either a handheld biopsy pole (Bilgmann et al. 2007a) or a remote biopsy gun (Kritzen et
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al. 2002). A total of 29 samples across five Tursiops lineages and a single D. delphis lineage from
Australia were selected for whole genome sequencing (Table 2.1). Genomic DNA was extracted from
skin tissue following the salting out method described in Sunnucks and Hales (1996). In brief, a small
piece of skin tissue (~2 x 2 mm) was cut into smaller fragments that were then rinsed with H>O and
dried to remove the preservation buffer. The skin tissue was then placed in TNES buffer, Proteinase K
and RNase, and either incubated while shaking at 55°C for 3 hours (hr), or at 37°C overnight. The
solution was removed from the incubator and 5 mol NaCl was mixed into the solution, placed into a -
80°C freezer for 5 minutes (min) before being centrifuged for a further 5 min. The liquid was then
carefully removed and put into a new, clean tube (excluding the pellet), and repeated to ensure high
quality DNA was obtained. The DNA was then precipitated by washing the DNA with 100% ethanol,
before placing the solution in a -80°C freezer for 10 min and centrifuging. For cleaner DNA, the pellet
was washed with 70% ethanol, and centrifuged between each wash. Finally, the DNA was dried for at
least 5 min on an incubator at 37°C to remove all remaining ethanol and was then resuspended in warm
distilled water. The quality of DNA extractions was initially verified using a ND-1000
spectrophotometer (NanoDrop, Thermo Scientific), and quantity assessed using a fluorometer (Qubit,
Life Technologies). The quality of DNA was further visually determined on 2% agarose gels (produced
in-house). All extractions that passed quality controls based on standards set by the sequencing agencies
(Australian Genome Research Facility, AGRF, or Novogene) were sent for library preparation and

whole genome resequencing.

To ensure the sample selected to represent the SABD reference genome was of the highest quality, the
DNA was further cleaned using magnetic beads (Agencourt AMPure XP) at a low concentration ratio
of x.25ul of DNA stock volume. This was done to bind larger DNA fragments and remove small
molecular weight fragments (Quail et al. 2009). In short, the magnetic beads were mixed into the sample
and incubated on a magnetic stand at room temperature, prior to removing the supernatant liquid
containing small DNA fragments. Freshly diluted 80% ethanol was added to the remaining beads,
without disturbing them and then repeated. The ethanol was removed and dried, before disturbing the
magnetic beads attached to larger DNA fragments to release them. Finally, the supernatant liquid
containing the large fragments of DNA were extracted from the beads and the quantity and quality were

re-assessed as described above.

Libraries were prepared by the sequencing agency using the NEBNext Ultra Il DNA library prep kit
and either paired-end sequenced on two lanes of Illumina NovaSeq 6000 at AGRF, or paired-end
sequenced on a single lane of the same platform at Novogene. The cleaned SABD sample was
sequenced at a higher depth of coverage (~28x) to form the reference genome assembly, while all

remaining samples (n = 88) were sequenced between 5 and 11x coverage.
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2.4.2. Complementary data

The novel data for Tursiops and D. delphis lineages from the Southern Hemisphere generated in this
thesis were complemented with whole genomes from Tursiops that were either supplied by Moura et
al. (2020) or that are publicly available on the Sequence Read Archive (SRA) of the National Center
for Biotechnology Information (NCBI). Specifically, a single T. aduncus genome from the South
African lineage, which represents the supposed holotype lineage of T. aduncus was provided by Moura
et al. (2020). An additional three T. aduncus and four T. t. truncatus from the Northwest Pacific (Yim
et al. 2014, Vijay et al. 2018), and a T. t. truncatus genome from the Gulf of Mexico (Foote et al. 2015)
were also downloaded from the SRA. In addition, the killer whale (Orcinus orca) reference genome
(GCA _000331955.2) (Foote et al. 2015) was downloaded from the NCBI GenBank to be used as an
outgroup in the phylogenomic analysis. Locations of all samples used in this chapter are displayed in
Figure 2.1 and Table 2.1.

Samples were grouped into inshore, nearshore, and offshore ecotypes based on prior knowledge of the
populations and lineages sampled, except for the Gulf of Mexico T. t. truncatus which lacked metadata
but was believed to represent an inshore animal (Foote, pers. comm.). The inshore ecotype represents
dolphins that show a high degree of site fidelity to shallow coastal and estuarine waters and
embayment’s, while the offshore represents dolphins that inhabit less protected waters and exhibit
greater connectivity (Moller et al. 2007). D. delphis are generally highly mobile and inhabit coastal
and open oceans (Perrin 2009, Zanardo et al. 2016a), however some populations in eastern and
southern Australia exhibit site fidelity in shallow, urbanised areas and may represent a ‘nearshore’
ecotype for comparative purposes (Kemper et al. 2008). Details of all samples included in this study

and their respective ecotypes can be found in Table 2.1.

36



O INS T. aduncus

® NS T. aduncus (SABD)
@ OFF T. t. truncatus

® NS T. t. gephyreus

O NS D. delphis

8 % Km
B} T

Figure 2.1: Sampling locations of inshore, nearshore, and offshore dolphin lineages included in the
analysis of niche divergence and parallel evolution. All T. t. truncatus lineages represent offshore
dolphins, excluding the single genome from the Gulf of Mexico. Circles indicate data generated in this
study, while squares indicate genomes downloaded from the SRA (Yim et al. 2014, Foote et al. 2015,
Vijay et al. 2018) or provided by Moura et al. (2020).
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Table 2.1: Dolphin genomes generated in this thesis or downloaded from the Sequence Read Archive (SRA) or NCBI Genbank that were used for the inshore-
offshore comparative analysis of Chapters 2 and 3.

. . ) Year Genome- _
Species Sample Sex Sampling Location Ecotype sampled wide SRA accession Reference
coverage
ADI12A F Adelaide, South Australia 2014 28.1 SRR13817261
AD47 M Adelaide, South Australia 2014 8.8 SRR13817253
CJ149 F Cape Jervis, South Australia 2015 7.6 SRR13817237
PA33 M Port Augusta, South Australia 2005 8.4 SRR13817234 Data
PW88 M Port Wakefield, South Australia 2015 8.8 n/a generated in
TFBO12  F Twofold Bay, eastern Australia 6.3 na this project
T. aduncus PS16 M Port Stephens, eastern Australia Inshore 1999 8.8 n/a
PS86 F Port Stephens, eastern Australia 2000 7.9 n/a
YA19 F Yamba, eastern Australia 2007 9.3 n/a
SthAfrica M South Africa 20.1 n/a Mo(g:)azgt) al.
SRR5357656 F Jeju Island, South Korea 32.0 SRX2653495
SRR5357655 M Jeju Island, South Korea 25.0 SRX2653496
SRR5357657 M Jeju Island, South Korea 22 SRX2653497 Vijay et al.
SRR2148843 F Penglai, Shandong, China 10 SRX1136398 (2018)
SRR2148844 M Penglai, Shandong, China 12 SRX1136399
T vuncatus  SRR2148845  F Nanjing, Jiangsu, China Oftshore 12 SRX1136400 |
SRR940825 M Near Taiji-cho, Wakayamaken, Japan 43.0 SRX326370 Ygoilﬁ g
SRX200685 F  Off Isle au Pitre, Mississippi Sound, Louisiana  Inshore 34.0 SRX200685 Foggle;)a"
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CNO4 F Cape Nelson (Portland), southern Australia 8.7 n/a
CNO6 F Cape Nelson (Portland), southern Australia 10.7 n/a
CNO1 M Cape Nelson (Portland), southern Australia 8.3 n/a
TD12 M Southern Brazil 2010 8.6 n/a
TD13 F Southern Brazil 2010 7.6 n/a
) ] Offshore
APO1 F St. Paul's and St. Peter's Archipelago, Brazil 2006 8.3 n/a
AP08 M St. Paul's and St. Peter's Archipelago, Brazil 2007 8.8 n/a
SY04 M Sydney, eastern Australia 8.9 n/a
SY74 F Sydney, eastern Australia 9.8 n/a
YAO1 M Yamba, eastern Australia 10.7 n/a Data

- generated in

LP31 F Patos' Lagoon, Brazil 2009 10.0 n/a this project
T.t. LP40 M Patos' Lagoon, Brazil insh 2009 10.5 n/a

nshore
gephyreus LP43 M Patos' Lagoon, Brazil 2009 7.8 n/a
LP52 F Patos' Lagoon, Brazil 2010 8.8 n/a
GSV410 M Adelaide, South Australia 2014 6.1 n/a
GSVv412 M Adelaide, South Australia 2014 5.4 n/a
) GSv417 F Adelaide, South Australia 2014 5.6 n/a
D. delphis ) Nearshore

DD413 F Broughton Island, eastern Australia 2003 10.3 n/a
BY03 F Byron bay, eastern Australia 2005 8.6 n/a
TB14 F Twofold bay, eastern Australia 9.1 n/a

Foote et al.

O. orca Oorc F 200.0 GCA_000331955.2 (2015)

*The O. orca genome was only used in Chapter 2: The evolution of the bottlenose dolphin
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2.4.3. T. aduncus (SABD) reference genome assembly and quality checks

The SABD reference genome was de novo assembled following the protocol described in Lischer and
Shimizu (2017). This recently adapted assembly approach enables the use of a closely related species
to guide the genome assembly (Lischer and Shimizu 2017), in our case a subspecies of Tursiops. Briefly,
reads were quality trimmed, with sequencing adapters and PCR primers removed using Trimmomatic
v0.32 (Bolger et al. 2014). Reads were then mapped to the T. aduncus genome (South Korea, Northwest
Pacific lineage) (GCA _003227395.1) using Bowtie2 v2.4.3.2 (Langmead and Salzberg 2012). Base-
wise sequencing coverage was calculated with BEDTOOLS v2.27.1 (Quinlan and Hall 2010), and
blocks with continuous and homogeneous coverage were identified and annotated, before being merged
into superblocks with a total length of 12 kb. Superblocks exceeding the total length were divided into
overlapping superblocks of 100 kb with 300 bp overlap. Mapped and unmapped reads were then
identified using SAMTOOLS v1.9 (Li et al. 2009). The read dataset for each superblock was assembled
de novo using IDBA-UD, and the contigs from all superblocks were merged and aligned back to the
reference genome using Minimap2 v2.12 (Li 2018). Unmapped pairs were then extracted and assembled
de novo with IDBA-UD and added to the final assembly. Finally, scaffolds were generated by mapping
the super contigs to the T. truncatus genome (GCA_003314715.1) using minimap2 and medusa v1.6
(Bosi et al. 2015).

The SABD reference genome was then further assembled into chromosome-length scaffolds, following
a reference-assisted assembly method employed in the Ragout 2 package (Kolmogorov et al. 2018), and
using the newly available chromosome-length assembly South Korean (Northwest Pacific) lineage of
T. aduncus (Dudchenko et al. 2017, Dudchenko et al. 2018, Vijay et al. 2018). First, collinear blocks
were reconstructed with SibeliaZ (Minkin and Medvedev 2019) and then the final assembly was built
following a genome rearrangement approach using Ragout 2. Combined, this approach enables the
assembly of large and complex mammalian genomes by allowing the inclusion of multiple reference

genomes during the assembly process.

The X scaffold was identified by searching for X-linked genes across the chromosomes of the SABD
reference genome. To do this, each gene name was searched for within the annotated reference genome,
with 23 X-linked genes found on a single chromosome (Table S2.1). Given the reference genome is
from a female individual, the Y chromosome was not sequenced and therefore would have been
removed from the male genomes during the mapping process. The depth of coverage per scaffold was
then calculated using SAMTOOLS and compared between males and females (dolphins were sexed
prior using a polymerase chain reaction described in Banks et al. (1995)). Using this method of
coverage, the X chromosome was further validated, with the male X scaffold showing a reduction of
~35% coverage, while females showed minimal reduction in coverage (~1%). This scaffold was

removed for all downstream analyses.
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The quality of the SABD reference genome was then assessed using QUAST v5.0.2 (Gurevich et al.
2013) against the T. aduncus chromosome-length genome assembly (Dudchenko et al. 2017,
Dudchenko et al. 2018, Vijay et al. 2018). This was done to assess the quality and continuity of the
SABD scaffolds against the chromosome-length scaffolds. Next, the completeness of the assembly was
evaluated with Benchmarking Universal Single-Copy Orthologs (BUSCO) v3.1.0 (Simao et al. 2015,
Waterhouse et al. 2017) by investigating the expected gene content from single-copy orthologs from

the mammalia_odb9 database (4,104 genes).

2.4.4. Genome annotation

Annotation of the genome was performed using the GAWN v0.3.2. pipeline (Normandeau 2020), with
some modifications. This pipeline reduces computational effort and time by creating an evidence-based
annotation using the transcriptome from a closely related species, in this case the annotated T. t.
truncatus (GCF_001922835.1). The genome mapping tool GMAP was first used to index the SABD
reference genome before identifying and annotating the genes using the T. t. truncatus transcriptome.
Since this transcriptome has several overlapping transcripts that are gene isoforms, the open read frames
of the SABD genome-based transcriptome were merged, and the longest isoform of each transcript was
selected. The resulting genome-based transcriptome was then used to create the final genome
annotation, which was then aligned to the Swissprot Odontoceti protein database using Blastx. A total

of 15,953 unique coding genes were annotated to the SABD reference genome.

2.4.5. Sequence alignment, SNP calling and filtering

The individual raw resequencing data was pre-processed following the pipeline adapted from GATK
best practices [described in Batley et al. (2021), Chapter 4]. In short, adapters were removed, and poor-
quality sequencing reads were trimmed using Trimmomatic v0.38. Using Bowtie2 v2.2.7, the remaining
individual read pairs were then mapped to the T. aduncus (SABD) reference genome generated in this
study, before marking duplicate reads, and locally realigning indels with SAMTOOLS (Li 2011).
Finally, replicate reads from different sequencing lanes were merged into final individual BAM files
using SAMTOOLS.

A high-quality Single Nucleotide Polymorphisms (SNPs) file for each lineage was required to generate
a fasta file per lineage for downstream analysis (section 2.5.7). Therefore, SNPs were called from the
SABD reference genome and filtered to include only high-quality SNPs following the methods
described in Batley et al. (2021) (Chapter 4), with one change. In brief, BCFTOOLS (Li 2011) was used
to call SNPs for all genomes (i.e. all lineages combined) from the reference SABD genome, before
filtering the combined raw SNP dataset using VCFTOOLS and VCFFILTER (Danecek et al. 2011).
SNP filtering steps included removing SNPs that were genotyped in less than 99% of individuals and

had a Minor Allele Frequency (MAF) < 3%. Indels were then removed and only SNPs with a quality
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and depth ratio of 2%, mapping quality >30, and mean depth <12 were retained, with the resulting
dataset including 17,445,093 SNPs. To generate the SNP datasets per lineage, individuals from each
lineage were then extracted with no filtering parameters. Each lineage specific SNP dataset was then
zipped and indexed, before generating a consensus file per lineage using the ‘consensus’ tool in
BCFTOOLS and the SABD reference genome. Each individual per lineage was used to generate the

consensus fasta file to ensure that variation within the lineage was captured.

2.4.6. Phylogenomics

Complete and single-copy gene families from the vertebrata_odb10 database (3,354 genes in 67 species)
were used to construct a phylogenomic tree for the SABD and other sequenced dolphin genomes. First,
the BUSCO v5 pipeline was used for gene predictor training and to assess gene set completeness in all
sequenced lineages against the vertebrate orthologous database (Waterhouse et al. 2017, Seppey et al.
2019). Specifically, BUSCO uses hidden Markov models (HMMs) within HMMER (Eddy 2011) for
sequence comparisons, and AUGUSTUS (Keller et al. 2011) for gene predictions. Default parameters
in PRANK (Ldytynoja 2014) were then used to create multiple sequence alignments from the BUSCO
identified single copy, and complete gene sets. As PRANK implements a phylogeny-aware alignment
algorithm, a phylogenomic tree was first generated using PhyML v3.0 (Guindon et al. 2010). The
aligned sequences of 500 single-copy and complete genes were then used to reconstruct a maximum
likelihood phylogenomic tree using 1Q-TREE (Nguyen et al. 2015). The tree was run on eight bottlenose
dolphin lineages (excluding T. aduncus from South Korea due to computational demand), with D.
delphis and O. orca used as outgroups. D. delphis was included based on their relatively close
evolutionary relationship with Tursiops (Moura et al. 2020), while O. orca represents a more distantly
lineage within the family Delphinidae. The IQ-TREE was run with the WAG+G+F model for amino
acids with 1000 bootstraps (UFBoot), visualised in FigTree v1.4.4 (Rambaut 2014), and rooted with O.

orca.

2.4.7. ldentifying signatures of positive selection in the bottlenose dolphin genome

To assess variation in selective pressures between species, subspecies and lineages, a protein coding
database was generated for six cetacean genomes available in OrthoDB v10 (Kriventseva et al. 2019):
the common bottlenose dolphin, sperm whale (Physeter macrocephalus), killer whale (Orcinus orca),
beluga whale (Delphinapterus leucas), minke whale (Balaenoptera acutorostrata) and Baiji (Lipotes
vexillifer). The generated set of 12,112 genes included only those that were present in 80% of the species
and that were single copy orthologs. Following the method described above, single copy and complete
genes were identified for each sequenced lineage using BUSCO, and multiple sequence alignments

were generated using PRANK. From the aligned genes, only those that were present in 90% of lineages
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were kept, with a robust dataset of 9,464 single copy and complete genes selected for analysis of positive

selection.

To test for evidence of positive selection on branches of the bottlenose dolphin tree and on branches
outside the ingroup (i.e. D. delphis and O. orca), the codeml package of PAML v4.9 was implemented
(‘Yang 2007). This was done separately at the species (T. aduncus, T. truncatus, D. delphis and O. orca)
and lineage (bottlenose dolphin branches only) levels to test whether changes in genes are associated
with divergent environmental niches. Each of the 9,464 genes were tested for signatures of positive
selection using the branch-site model A, which allows the ratio of non-synonymous to synonymous
substitutions (dN/dS, denoted as ®) to vary among both sites and branches (Yang 2007). The three
models applied under the branch-site model A were M0, M1 and M2a. M0 assumes that the ® ratio
does not vary among sites or lineages, while M1 assumes there are two classes of sites, one that does
not vary between sites, but does between branches. Finally, M2 tests for selection by assuming three
classes of sites — one with a value of 0, one with a value of 1, and one with a non-fixed value. Models
M1 and M2a were tested for significance of difference of fit using a likelihood-ratio test (LRT). A gene
was under positive selection if the model was significant against the null (LRT > 2.71). Gene functions
of positively selected genes (PSGs) were then explored using gene ontology (GO) terms from
UniProtKB (UniProt 2019), while gene pathways were assessed using human ENSEMBL identifiers
and Reactome (Fabregat et al. 2018).

2.5 Results

2.5.1. T. aduncus (SABD) reference genome assembly and annotation

We assembled 2.37 Gb of the southern Australian bottlenose dolphin (SABD) genome, which is similar
in size to the Tursiops genomes published online (T. truncatus GCA _011762595.1, T. aduncus
GCA _011057625.1). Mapping the SABD genome against the T. aduncus chromosome-length assembly
resulted in an improved genome assembly comprising of 23 chromosome-length scaffolds, with 99.62%
of the initial genome assembly anchored onto these scaffolds. The remaining 0.38% (9.04 Mb) of the
assembly consists of 6,713 short scaffolds, and combined, the final assembly has an N50 of 121 Mb.
BUSCO analysis revealed a relatively high genome quality and level of completeness, with 93.6% of
the mammalian BUSCO gene set complete in the SABD assembly. Following the GAWN pipeline,
21,161 genes and pseudogenes were detected, of which 15,953 protein-coding genes overlapped with

the Odontoceti orthologous protein database (Table 2.2).
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Table 2.2: Southern Australian bottlenose dolphin (SABD) assembly metrics.

Quality metric

Total assembly size 2,378,373,335
Number of scaffolds 6,736

Largest scaffold size 159,031,325

N50 121,177,409

Mapping efficiency (T. aduncus) 95.47%

# chromosomes and plasmids 23 chromosome-length
Annotated genes 15,953

BUSCO completeness 93.6%

2.5.2. Phylogenomics

Reconstruction of the phylogenomic tree based on the 500 vertebrate orthologous genes shows that
Tursiops forms a monophyletic group separate from D. delphis, and all lineages of T. aduncus and T.
truncatus are respectively located in two well supported monophyletic clades (Figure 2.2). Within the
T. truncatus clade, the accepted inshore subspecies T. t. gephyreus showed a sister relationship to the
offshore T. t. truncatus, supporting its current classification (Committee on Taxonomy of the Society
for Marine Mammalogy 2020). SABD is nested within T. aduncus and exhibits a sister relationship to
the eastern Australian lineage (see Table S2.2 for ML distance matrix).

2.5.3. Signatures of positive selection

Of the 9,464 single copy and complete cetacean orthologous genes, a total of 42 unique genes were
found to be under positive selection within the three Delphininae species studied (T. aduncus, T.
truncatus and D. delphis) (Figure 2.2). Over 2,500 genes were found to be under positive selection in
the O. orca genome, however, given the focus is on the evolution of the bottlenose dolphin genome,
these results will not be discussed further. The greatest number of genes under positive selection was
found in the outgroup with 21 genes under selection exclusively in D. delphis, followed by T. truncatus
(10 genes) and T. aduncus (9 genes) (Figure 2.2). In general, gene functions (e.g., GO terms and
pathways) overlapped between species but overlapping genes were less frequent. Four genes were found
to be under selection within more than one species (D. delphis and either T. truncatus or T. aduncus)
(Figure 2.2). Based on GO terms, LRPAP1 and NDUFAF6 may have a broad role in the metabolism
pathway, while MYH7B is a slow twitch myosin and has functions relating to the formation of the
cardiac muscle (Foote et al. 2015) (Table S2.3). Genes with functions relating to disease or the immune

system functioning, gene expression (transcription), signal transduction, and metabolism were
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positively selected in all species (Figure 2.2). Genes that may relate to developmental biology or vision
and sensory perception were also found to be under selection in the three delphinid species investigated
(Figure 2.2 and Table S2.3 for all PSGs and GO terms).

Between species, genes with functions involved in cell cycling and apoptosis (TUBGCP6, ORCS5,
BIRC7 and TERT) were found to be under selection within T. aduncus and D. delphis (NEK3, RELT),
while genes relating to wound healing (T. truncatus: EGFR, WNT4, NF1; D. delphis: EVPL) were
positively selected within D. delphis and T. truncatus (Figure 2.2).
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Figure 2.2: Maximum likelihood tree based on 500 complete vertebrate orthologous genes, depicting
phylogenomic relationships of Tursiops lineages (D. delphis used as outgroup), and genes identified as
putatively under positive selection; a) the number of unique and overlapping genes positively selected
at the species level, and b) positively selected genes unique to each species and their functions.
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Across all bottlenose dolphin lineages, between six and 17 genes were found to be under positive
selection depending on the lineage (Figure 2.2), and a total of 78 unique genes were identified across
the nine lineages. In general, a greater number of genes were under positive selection within lineages
that occupy inshore habitats, and likewise, the same gene was generally found to be under selection in
multiple inshore lineages, rather than in their offshore counterparts. For example, of the 17 genes
positively selected in multiple lineages, 13 were positively selected between multiple inshore lineages,
while four and no genes were under selection between mixed (inshore and offshore) and multiple
offshore lineages, respectively (Table 2.3). In particular, the gene DFFA has functions relating to
apoptosis and programmed cell death and it was found to be under positive selection within four of the
inshore lineages ((T. aduncus (East Aust), T. aduncus (Sth Africa), T. t. gephyreus and T. truncatus
(Gulf of Mexico)). Two other genes (ERN2 and CASP10) also have functions relating to apoptosis, and
they were also positively selected in the inshore T. aduncus (SABD) and T. aduncus (Sth Africa),
respectively (Table S2.3). In addition, one gene (BIRC6), which is involved in apoptotic processes, was
under positive selection within the offshore T. t. truncatus (Brazil) (Table S2.3). Genes with functions
relating to the immune system and disease pathways were also common within inshore lineages, with
eight genes (CASP10, DSP, MRC1, NLRC5, TNFRSF11A, ADAMTS16, HDAC4 and THBS2) positively
selected within inshore lineages, and one (RHBDF2) positively selected in one of the offshore lineages
(T. truncatus (Ch/Jp)) (Table S2.3). The gene CPAMDS8 was also positively selected within multiple
inshore lineages (T. aduncus (SABD), T. aduncus (Sth Africa) and T. truncatus (Gulf of Mexico)), and
this has functions relating to the development of the eye (Table 2.3). In addition, other sensory and
visual perception genes were under selection within the inshore T. aduncus (Sth Korea) (ESPNL) and
T. aduncus (Sth Africa) (CALHML), as well as one offshore lineage, T. truncatus (Aus) (RP1L1) (Table
S2.3). A further 18 genes with functions related to developmental biology, including the development
of organs, muscles, and tissues, and the morphogenesis of organs were also found to be under selection
in both inshore (14 genes across five lineages) and offshore (7 genes across three lineages) (Table S2.4).
Skin development and wound healing were also common GO terms among multiple lineages, with six
genes (GJB3, EVPL, FAM65A, SMOC2, WNT4) being under positive selection across four lineages
(two inshore and two offshore) (Table S2.3). Across the offshore lineages, similarities in gene functions
were rare, except for five genes (SZT2, FAM65A, LAMB1, ITPKA and INPP5J) that may be involved

in metabolism and starvation (Table S2.3).
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Figure 2.3: The number of positively selected genes (PSGs) in each bottlenose dolphin lineage from
inshore (pink) and offshore (blue) environments.
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Table 2.3: Positively selected genes (PSGs) in inshore (top) and offshore (bottom) bottlenose dolphin

lineages
PSGs in inshore lineages
Pathway Gene Lineages Biological GO terms
Cell cycle, cellular responses to
external stimuli, DNA repair,
DNA replication, gene T. aduncus (SABD, East DN'.A‘ dgmage, DNA .
. = RPA1 recombination, DNA repair,
expression (Transcription), Aus) I
. . DNA replication
metabolism of proteins,
reproduction
T. t. gephyreus
T. t. truncatus (Gulf Mex) .
Programmed cell death DFFA T. aduncus (East Aus, Sth Apoptosis
Africa)
MRC1 T. aduncus (Sth Africa) Host-virus interaction
Immune system T. L. gephyreus
TNFRSF11A T. aduncus (SABD) Adaptive immune response
T. t. gephyreus
Metabolism of proteins USP5 T. aduncus (SABD, East Endocytosis, Ubl conjugation
Aus) pathway
. Amino-acid transport,
SLC6A9 T aci_urj[cuse (ﬁthﬁ;ﬁirlca) Neurotransmitter transport,
Transport of small molecules -L-gephy Symport, Transport
SLCO4Al T. aduncus (East Aus) lon transport, Transport
T. t. gephyreus
CCDC138 T. aduncus (Sth Korea) Not found
T. t. gephyreus
T. aduncus (SABD, Sth
CPAMDS8 Africa, Sth Korea) eye development
LOC103019283 |- aduncus (Sth Africa, Not found
Sth Korea)
Not found T. aduncus (East Aus)
LOC103071834 ' Not found
T. t. gephyreus
RECQL4 T. aduncus (SABD’ Sth DNA repair, DNA replication
Africa)
SFXN2 T. aduncus (I_East Aus, Sth Amino-acid transport, Transport
Africa)
PSGs in inshore and offshore lineages
Pathway Gene Lineages Biological GO terms
T. aduncus (East Aus, Sth
CAPN15 Africa) Proteolysis
T. t. truncatus (Aus)
Cellular response to hormone
Extracellular matrix organisation T. aduncus (SABD) st_lmqlus, collagen fibril _
organization, collagen metabolic
PLOD3 T. t. gephyreus .
process, endothelial cell
T. t. truncatus (Aus) - . .
morphogenesis, epidermis
morphogenesis,
T. aduncus (East Aus)
EGFLAM T. t. truncatus (Ch/Jp, Animal organ morphogenesis
Not found Brazil)
CAND2 T. aduncus (SABD) Transcription, Ubl conjugation

T. t. truncatus (Brazil)

pathway
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2.6 Discussion

Reference genomes provide a wealth of biological information that can be used to clarify evolutionary
history and facilitate conservation and management efforts. Here, a reference genome was assembled
for the narrow endemic southern Australian bottlenose dolphin (SABD), providing an important
resource to disentangle key evolutionary questions about this and related dolphin lineages. This
assembly includes 23 chromosome-length scaffolds, with a low percentage of reads assembled onto
short scaffolds. It also represents one of the highest N50 values for any currently available cetacean
genome (Table S1.1). Gene content was similar to other cetacean genomes, with 93.6% of the complete
single copy mammalian gene set identified in the SABD reference genome. This resource had a low
level of fragmented and missing genes and a final annotated set of 15,953 orthologous genes.

In this study, the high-quality SABD reference genome was first used as a tool to investigate the
phylogenomic relationships among bottlenose dolphin lineages from different environments across both
Southern and Northern Hemispheres, and provide some support surrounding the proposed and/or
accepted sub-species. As niche divergence and adaptation to different environments is thought to drive
genomic differentiation, species and lineage-specific signatures of positive selection were also
explored. Reconstruction of the phylogenomic tree revealed that Tursiops forms a monophyletic group,
with strong divergence between two main clades, each represented by all T. aduncus or all T. truncatus
lineages and ecotypes. Inferred topologies and levels of divergence within each clade supports a
subspecies classification for T. t. gephyreus and T. aduncus (SABD). Functions of positively selected
genes identified here were generally similar among species (T. aduncus, T. truncatus and D. delphis),
with some of the same genes previously identified as under selection in other marine mammals or
cetaceans (Sun et al. 2013, Foote et al. 2015, Chikina et al. 2016). These results provide support for
convergent phenotypic evolution in marine mammals, particularly regarding their physiological
adaptations. Likewise, similar gene functions were positively selected across the bottlenose dolphin
lineages studied. Overlap of positively selected genes in the inshore lineages was far more frequent than
overlap with, and between the offshore lineages. These results suggest that among the inshore lineages,
the same genes, or genes with similar functions, may be evolving in parallel to similar selective
pressures of the inshore environment and may be particularly important in the successful colonisation
of these habitats.

2.6.1 Phylogenomic inferences

The taxonomy of Delphinidae and particularly bottlenose dolphins has been contentious, with over 20
different species previously proposed (Hershkovitz 1966). Confounding phylogenetic relationships
within this genus are likely caused by rapid radiations, incomplete lineage sorting and hybridisation

(Amaral et al. 2012, Moura et al. 2013, Gray et al. 2018). The phylogenetic tree presented here and
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based on over 500 orthologous vertebrate genes provides support to earlier findings about evolutionary
relationships within Tursiops based on nuclear data (Moura et al. 2020, Pratt 2020). Clear phylogenetic
divergence between the accepted subspecies T. t. gephyreus and the offshore T. t. truncatus was evident,
giving support to its current classification as a separate subspecies (Committee on Taxonomy of the
Society for Marine Mammalogy 2020). SABD, which was previously proposed as a separate species,
the Burrunan dolphin, T. australis (Charlton-Robb et al. 2011a), was more recently suggested to
represent a subspecies of T. aduncus (Moura et al. 2020, Pratt 2020). In our study, the SABD lineage
nested within T. aduncus, supporting the idea of the lineage not representing a separate species to other
bottlenose dolphins, with further taxonomic work required to inform whether classification as a separate
subspecies is warranted. While currently there is no set definition to classify a subspecies, a review on
guidelines and standards for delimiting cetacean subspecies defines a subspecies as “a population, or
collection of populations, that appears to be a separately evolving lineage with discontinuities resulting
from geography, ecological specialization, or other forces that restrict gene flow to the point that the
population or collection of populations is diagnosably distinct” (Taylor et al. 2007). In line with Moura
et al. (2020), the T. aduncus lineages form reciprocally monophyletic groups, and therefore appear to
be evolving separately. In addition, inshore bottlenose dolphin populations often show high site-fidelity
with limited connectivity to adjacent populations. Therefore, other T. aduncus (e.g., Sth Africa and
eastern Australia) and inshore T. truncatus lineages (e.g., Gulf of Mexico) require further studies to

clarify whether they should be classified as different subspecies”.

2.6.2. Positively selected genes in Delphininae species: Tursiops and Delphinus

Across the three Delphininae species examined (T. aduncus, T. truncatus and D. delphis), four genes
were found to be under positive selection in more than one species (LRPAP1, NDUFAF6, MYH7B and
LOC103019283). Of these four genes, LRPAP1 and NDUFAF6 may have a broad role in the
metabolism pathway. LRPAPL1 is a molecular chaperone for LDL receptor proteins (Bu et al. 1995),
that are important for cholesterol metabolism, familial hypercholesterolemia, and coronary heart
disease. LRPAPL1 also interacts with the apolipoprotein gene LRP1, which was previously suggested as
positively selected in the common bottlenose dolphin genome when compared to four terrestrial
mammalian genomes (Sun et al. 2013). Given the role of these two genes in the metabolism of
cholesterol and lipids, they may be particularly important in elevating lipid content and fat storage
across dolphin lineages (Sun et al. 2013). Maintaining lipid content and fat is a crucial adaptation of
marine mammals, as the thick layer of blubber reduces energy expenditure by adding buoyancy, and by

acting as a thermal insulator (Hagen et al. 2000, Liwanag et al. 2012).

MYH7B was also under selection in two of the species (T. aduncus and D. delphis). This protein is a

slow twitch myosin, is expressed in the heart and slow skeletal muscle of mammals, and has functions
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relating to the formation of the cardiac muscle (Rossi et al. 2010). Positive selection within this gene
has previously been detected within three marine mammal lineages (cetaceans, sirenians and pinnipeds)
(Foote et al. 2015), and may be linked to cardiovascular regulation during diving (Foote et al. 2015). A
gene from the same family, MYH11, which is expressed in smooth muscles, has also found to be under
parallel selection in inshore bottlenose dolphins and thought to have important implications for heart
functioning (Pratt 2020) . In this study, the MYH7B gene was under positive selection in the inshore (T.
aduncus) and the nearshore D. delphis. However, given this exact gene has been found to be under
selection in multiple marine mammal lineages, variation within this gene may be undergoing convergent

evolution in marine mammals more broadly.

In addition to these four genes, genes with similar functions often showed signatures of positive
selection among the three Delphininae species. For example, genes relating to the immune system, gene
expression, signal transduction, metabolism, and developmental biology functions were often under
selection in at least two of the species. Among mammals, enrichment of positively selected genes within
immune system pathways suggests a strong interaction between pathogens and hosts (Shultz and
Sackton 2019). In the marine environment, lower levels of diversity have been observed in immune
genes of cetaceans compared to terrestrial mammals, and this is thought to be due to lower or less severe
interactions with pathogens in the marine environment (Moreno-Santillan et al. 2016). Inactivation and
loss of some genes involved in the immune system has also been observed in cetaceans, such as the
presence of ORF disrupting mutations in interleukin-20 across nine cetacean species (Lopes-Marques
etal. 2018), and TRIM14 and TREML1 in four species (Huelsmann et al. 2019). It is unclear whether this
is due to the different pathogens found in the marine environment, or other adaptations of cetaceans that
protect against pathogens, including skin immunity adaptations (Lopes-Marques et al. 2018, Huelsmann
et al. 2019). In this study, however, the disease and immune system pathways had the greatest number
of genes positively selected across the three species, with at least ten different disease and immune
related genes found to be positively selected. As the climate continues to change and humans continue
to disrupt marine ecosystems, cetaceans are being forced to live in highly stressful environments, and
their ability to cope with pathogens may become vital to their survival. For example, in recent years the
reporting of unusual mortality events across cetacean populations has raised questions regarding their
health and the health of the oceans more broadly (Ross 2000, Wells et al. 2004, Gulland and Hall 2007).
Of particular concern is the seeming rise in emerging infectious diseases, and the incidences of viral
outbreaks across cetacean populations across the globe (Gulland and Hall 2007). Of the immune genes
found to be under selection in dolphins of this study, three genes (MRC1, SP110, EGFR) have functions
relating to host-virus interactions and may play a role in activating or inhibiting cellular responses to
viruses (Table S2.3). The genes NF1, EGFR, HDAC4, LAMAS and SOX13 also have functions relating
to signal transduction and may be important for eliciting changes in cell state or activity in response to

a stimulus (Table S2.3). Several signalling pathways are required to fight infections, including the
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MAPK and Wnt signaling pathways (Partridge et al. 2010). Genes involved in the MAPK cascade have
previously been suggested to be involved in immune responses to cetacean morbillivirus in bottlenose
dolphins (Batley et al. 2019, Batley et al. 2021). While no MAPK genes were found here, NF1 and
EGFR are involved in the MAPK signaling cascade (Table S2.3), adding support that the MAPK
cascade may play an important role in fighting infections in dolphins. Likewise, SOX13 may be involved
in regulating Wnt signaling pathways and the differentiation of T cells. Wnt proteins in the immune
system are regulators of T cell development and activation (Staal et al. 2008), and therefore by
regulating the Wnt signaling pathway, SOX13 may be important in responding to infection and other
stimuli by activating T cell proliferation in dolphins. Most studies investigating positive selection in
marine mammal genomes have focused on key marine phenotypic adaptations (e.g., hearing and vision,
hypoxia tolerance, buoyancy). However, our results suggest that selection in immune, disease and signal
transduction pathways may also prove vital to their survival due to enhanced presence of anthropogenic

stressors in the marine environment, particularly in coastal waters.

Between species, there was no obvious distinction between gene functions of PSGs identified. Briefly,
a greater number of genes relating to DNA replication and the cell cycle pathway were positively
selected in the T. aduncus genome, followed by D. delphis. Changes in gene expression of T. truncatus
has indicated that cell cycle progression may be hindered by exposure to contaminants (Mollenhauer et
al. 2009). In southern Australia, bottlenose dolphins have higher metal and toxin concentrations than
D. delphis, and the inshore T. aduncus generally have higher concentrations than T. truncatus (Lavery
et al. 2008, Gaylard 2017). However, the potential role of toxins and metals as a driving force of
selection in cell cycle genes is understudied, and therefore the biological importance of cell cycle genes

under selection in T. aduncus warrants further investigation.

These three species generally occupy distinct, but sometimes overlapping environmental niches, and
are therefore likely subject to somewhat disparate selective pressures. Despite this, similar genes and
gene functions showed signatures of positive selection across the three species. The minimal differences
between species may be due to the small number of genes under positive selection within each species
(T. aduncus = 11, T. truncatus = 12 and D. delphis = 23), which may reflect the species close
phylogenetic relationships. Alternatively, these results may suggest that that similar gene functions and
pathways may be hotspots of shared positive selection across delphinid species, or that differences in

gene expression may be more important.

2.6.3. Positively selected genes within Tursiops

Inshore and offshore habitats generally differ in their environmental and ecological features creating
contrasting selective pressures that can lead to local adaptation and reinforce genomic divergence.

Despite this, similarities between gene functions positively selected across the nine bottlenose dolphin
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lineages highlight the importance of developmental biology, skin development and wound healing
genes for Tursiops in general. A total of 18 genes with functions relating to developmental biology were
found to be under selection across the Tursiops lineages. The developmental genes identified here may
be involved in a wide range of functions, including the ageing process, the development of organs,
muscles, and tissues, and the skeletal and nervous systems. Specifically, five genes (RECQL4, DOP1B,
RAIL1, FSTL4 and RET) had functions relating to multicellular organism development, and the
progression of an individual from its early stages (e.g., zygote or young organism) to the later stages of
life (e.g., adult) (Table S2.3). As such, they may have important roles in the ageing process of bottlenose
dolphins. Dolphins are long-lived mammals and likely require some preventative mechanisms against
age-related conditions, as has been observed in other long-lived marine animals (Keane et al. 2015,
Marra et al. 2019, Tejada-Martinez et al. 2021). Genes involved in the longevity process have been
found to be under selection across seven divergent cetacean species (Tejada-Martinez et al. 2021), and
also in the longest-lived mammal, the bowhead whale, when compared to terrestrial mammals (Keane
et al. 2015). However, there was no overlap in the genes related to the ageing process found in the two
studies above and this study. Therefore, these ageing genes may be specific to the longevity of
bottlenose dolphins. In addition to ageing genes, nervous system genes were also under selection across
multiple bottlenose dolphin lineages. A great amount of variation is observed between the brain size of
marine mammals, with toothed whales evolving larger brains than expected based on their body size
(Marino et al. 2004). Subsequently, genes involved in neuronal development have been found to be
under selection in cetaceans (McGowen et al. 2012, Chikina et al. 2016, Pratt 2020). In this study, five
genes (ZNF592, FGF13, HDAC4, SZT2 and RET), which are involved in neuronal development (Table
S2.3), were positively selected in the studied lineages. Three similar genes (ZNF597, ZNF345 and
FGF11) have previously been identified as under positive selection in bottlenose dolphin genomes and
linked to the neuronal development of cetaceans (McGowen et al. 2012, Chikina et al. 2016, Pratt 2020).
It is difficult to link brain development genes with the phenotypic and behavioural traits of cetaceans,
however, it is clear that genes involved in the development of the neurological system may be important
in the evolution of brain size and complex social behaviours (McGowen et al. 2012). Other
developmental genes not discussed here include those that may be important for the development and
morphogenesis of muscles and organs, including the kidney and liver, which may be important for

aquatic adaptation.

Adaptations for wound healing and skin development were also evident, with genes relating to these
functions positively selected in both inshore and offshore bottlenose dolphin lineages. Wound healing
is an essential process to the survival of mammals, being vital to their protection against chemicals and
pathogens (Borena et al. 2015). Effective wound healing processes are particularly important in
dolphins as they are exposed to a wide range of threats, including predation from larger predators, boat

strikes and interactions with fisheries, as well as toxins and pathogens that can penetrate through
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wounds (Van Bressem et al. 2009a, Davidson et al. 2012). In addition, bottlenose dolphins are known
to frequently present tooth rake marks from interactions with conspecifics, particularly between adult
males, likely as a consequence of competition over receptive females (Scott et al. 2005, Lee et al. 2019).
High rates of cell proliferation in dolphins, therefore, enable them to heal from wounds quite rapidly
(Noren and Mocklin 2012). In this study, at least six genes had functions relating to wound healing and
skin development (GJB3, EVPL, FAM65A, SMOC2, WNT4), while four genes (EGFR, WNT4, NF1 and
EVPL) were also positively selected within D. delphis and T. truncatus at the species level, providing

molecular evidence to support the idea of effective wound healing in dolphins.

Despite occupying quite different environmental niches, genes relating to developmental biology and
wound healing were positively selected in both inshore and offshore lineages. These similarities suggest
that these functions may have key evolutionary roles in bottlenose dolphins and that different genes

with similar functions may be evolving in parallel.

2.6.4. Parallel evolution of genes in inshore bottlenose dolphin lineages

While inshore and offshore environments differ in their characteristics, inshore environments tend to
generally share similar features. Similarities in structural complexity and resource availability, depth,
sea surface temperatures, and freshwater inputs may create comparable selective pressures among
inshore habitats. Across their range, inshore bottlenose dolphins show phenotypic traits adapted to this
type of environment, including for feeding, diving behaviour and echolocation (Louis et al. 2020, Pratt
2020). The similar environmental features of inshore environments, and comparable phenotypic
adaptations of inshore bottlenose dolphins suggest the potential role of parallel adaptive evolution in
these inshore dolphins. Here, genes that were positively selected in multiple bottlenose dolphin lineages
mostly involved those that inhabit inshore environments. For example, across all bottlenose dolphin
lineages, 13 genes were positively selected within multiple inshore lineages, and in comparison, only
four and no genes were positively selected in multiple (inshore and offshore) and offshore lineages only.
These results support previous suggestions that similar selective pressures across the inshore habitats
are resulting in the parallel evolution of bottlenose dolphins inhabiting these environments (Louis et al.
2020, Pratt 2020). The genes that were positively selected in multiple inshore lineages had functions
relating to DNA damage, repair and apoptosis, the immune system, and eye development. DNA damage
and inaccurate repair can lead to mutations and potentially disrupt genes (Chatterjee and Walker 2017).
Therefore, accurate DNA repair is a vital protective process for inhibiting carcinogenesis (Chatterjee
and Walker 2017). The genes RECQL4 and RPA1 had functions relating to DNA damage and repair
(Table S2.3) and may be important in blocking cells from becoming cancerous in this long-lived species.
Apoptosis or programmed cell death is a secondary response to DNA damage, and is used as a protective

measure against damaged cells (Wang 2001). Apoptosis genes have been previously found to be under
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selection in several cetaceans (Tejada-Martinez et al. 2021), and in another delphinid, the inshore Indo-
Pacific humpback dolphin (Sousa chinensis) (Ming et al. 2019). In this study DFFA which has apoptotic
functions was positively selected in all inshore lineages (excluding T. aduncus (Sth Korea)). As
previously discussed, inshore lineages may be exposed to greater levels of toxin and heavy metal
pollution, with inshore populations exhibiting very elevated levels of contaminants in some regions of
the world (Lavery et al. 2008, Gaylard 2017). Toxins can distort DNA structure and potentially become
cancerous, making DNA repair mechanisms particularly important. The finding of these genes being
positively selected in inshore lineages may highlight the harshness of living in these inshore
environments, resulting in the adaptation of protective measures against molecular damage and
carcinogenesis. However, this finding is to the best of my knowledge, novel, and the biological

importance of these genes in the inshore environment warrants further investigation.

The immune genes MRC1 and TNFRSF11A were also positively selected in multiple inshore lineages.
The environment and host-virus interactions are key drivers of the evolution of the immune system in
dolphins (Fair et al. 2017), and may be the reason why some immune genes were positively selected in
the inshore bottlenose dolphin genomes, but not in the offshores. Inshore environments are generally
more stressful, particularly in areas of high human use, where dolphins are exposed to boat traffic,
fishing, coastal development and pollution outlets (Stock et al. 2018). Therefore, prominent human-
induced stressors that inshore lineage lineages are exposed to may be driving positive selection in these
immune related genes. Finally, the gene CPAMDS8 was positively selected in three inshore lineages, and
it has roles relating to eye development (Table 2.3). Likewise, over-enrichment of genes with functions
relating to photoreceptor activity and eye development has been found in inshore Indo-Pacific
bottlenose dolphins using reduced-genome sequencing techniques (Pratt 2020). This was the first
evidence of differences in visual perception of inshore and offshore dolphins, and it was suggested to
be influenced by differences in the turbidity and light levels between the two environments (Pratt 2020).
Here, further support is provided for differences in the visual systems between inshore and offshore

bottlenose dolphins.

2.7. Conclusion

This study makes available a new bottlenose dolphin reference genome, representing a potential
subspecies of T. aduncus, the southern Australian bottlenose dolphin, which can be used to further study
the evolution of bottlenose dolphins and to assist with the conservation management of this lineage.
Whole genome sequences from other bottlenose dolphin lineages and a common dolphin clarified
phylogenomic relationships within the genus Tursiops, providing further support for subspecies

classification of T. t. gephyreus and possibly SABD. This study also represents the first to investigate
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positively selected genes in bottlenose dolphins at both species and subspecies levels. Similarities in
functions of the genes identified between species suggest that the immune system, signal transduction,
metabolism, and developmental biology are likely hotspots of positive selection across delphinid
species. In addition, developmental biology and wound healing genes positively selected across inshore
and offshore bottlenose dolphins emphasise the importance of these functions within Tursiops. Finally,
the discovery of the same genes under positive selection in multiple inshore lineages suggests
comparable selective pressures across these environments, and potential parallel evolution in genes
relating to DNA damage, repair and apoptosis, the immune system and eye development. This research
broadly informs about the evolutionary mechanisms driving adaptation and genomic divergence in
bottlenose dolphins and highlights key pathways and gene functions that may be important for species

and lineage persistence.
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Chapter 3: Niche divergence and parallel genome evolution in bottlenose

dolphins
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3.2 Abstract

The colonisation of newly available habitats can be an important driver of population divergence, which
can also lead to reproductive isolation and speciation. In some cases, the colonisation of independent
but closely related lineages in similar environments can result in the parallel evolution of traits that may
pertain to niche specialisations. Bottlenose dolphins (genus Tursiops) have a widespread distribution,
occupying both inshore and offshore environments across almost all ocean basins. Inshore and offshore
populations show substantial patterns of morphological, ecological, and genetic differentiation thought
to be a product of ecotypic divergence and niche specialisation. However, the mechanisms that have
enabled the formation of ecotypes and the genomic consequences of niche divergence remain unclear.
In this study, the concept of parallel evolution driven by niche divergence is explored by comparing the
whole genomes of representative inshore and offshore bottlenose dolphin ecotypes from across the
globe. A very strong relationship between genomic diversity, runs of homozygosity (ROH), and ecotype
was observed, with the inshore ecotype less genetically diverse, and having a greater proportion of their
genome comprised by ROH than the offshore ecotype. Parallel demographic histories within ecotypes
were also observed, with the inshore ecotype generally showing a signal of bottlenecks during the Last
Glacial Maximum, while populations of the offshore ecotype expanded during this period. A recent
bottleneck detected for the inshore subspecies, the Lahille’s bottlenose dolphin (T. t. gephyreus) from
Brazil, may be the cause for the extremely low genomic diversity and many small ROH observed in
this lineage. These results highlight the role of coastal niche divergence in the parallel evolution of a
highly mobile and social marine mammal and provide support for natural selection facilitating local

adaptation of closely related populations and species to similar environments.

3.3 Introduction

The colonisation of newly available or underutilised ecological niches is a key driving force in the
divergence of populations, which can also lead to reproductive isolation and speciation (Schluter 2009).
Selective pressures associated with ecological and environmental niche divergence have led to the
diversification of several marine taxa, including penguins (Vianna et al. 2020), polar bears (Liu et al.
2014) and elasmobranchs (Sandoval-Castillo and Beheregaray 2020). However, understanding the role
of natural selection as a driver of diversification and speciation remains a challenge due to the often
unique environmental and evolutionary histories of populations and species (Elmer and Meyer 2011).
In some cases, the colonisation of closely related lineages in comparable but physically isolated
ecological niches can result in the parallel evolution of traits that may pertain to niche specialisations
(Elmer and Meyer 2011). This recurrent or replicated adaptation of closely related lineages to similar
environments is considered strong evidence of natural selection and provides insights into the genomic

mechanisms underlying adaptation to ecological niches. For example, the study of parallel adaptation
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of threespine sticklebacks to freshwater environments (Jones et al. 2012), rabbit populations to infection
by the myxoma virus (Alves et al. 2019), and high-altitude species to the low availability of oxygen
(Qiu et al. 2012) have provided an understanding of how selection has acted to produce similar
phenotypes that relate to ecological niches.

Repeated colonisation and adaptation to similar environmental niches also appear to exist across some
marine mammal populations. For instance, bottlenose dolphins show high levels of morphological,
ecological and genetic differentiation across their vast geographical range, which is often suggested to
result from niche divergence and ecotype formation (e.g. Moura et al. 2013, Gridley et al. 2018, Moura
et al. 2020). Within the genus, only two separate species are currently accepted: the common bottlenose
dolphin (Tursiops truncatus) and the Indo-Pacific bottlenose dolphin (Tursiops aduncus) (Committee
on Taxonomy of the Society for Marine Mammalogy 2020). Although both species sometimes occupy
overlapping habitats, they have contrasting evolutionary histories and face different selective pressures.
The common bottlenose dolphin has a cosmopolitan distribution, occupying inshore, nearshore and
offshore waters, and often exhibit hierarchical population structure, with high levels of divergence
generally observed between inshore and offshore populations — or ecotypes (e.g. Hoelzel et al. 1998,
Louis et al. 2014a, Fruet et al. 2017). These divergences are thought to be driven by the repeated
colonisation of offshore T. truncatus into coastal habitats following sea level rise during interglacial
periods (Natoli et al. 2004, Louis et al. 2014a). This is supported by higher levels of gene flow in
offshore Tursiops, as well as morphological and ecological differences between the inshore and offshore
ecotypes (Louis et al. 2014a, Louis et al. 2014b, Nykanen et al. 2019). In comparison, Indo-Pacific
bottlenose dolphins are only found in inshore and nearshore areas, occupy coastal zones of temperate
and tropical regions, and exhibit fine-scale population structure, small population sizes and high site
fidelity, often to regions heavily utilised by humans (Méller et al. 2007, Charlton-Robb et al. 2014,
Zanardo et al. 2016b, Pratt et al. 2018). Inshore bottlenose dolphins are repeatedly found to have lower
genetic diversity than their offshore counterparts, likely due to a rapid decay in the gene pool following
founding events by a small number of individuals into new coastal habitats (Hoelzel et al. 1998, Natoli
et al. 2004, Lowther-Thieleking et al. 2015). The subsequent divergence is thought to be driven by
adaptation to local prey resources and environmental conditions, which is then reinforced by natal site
philopatry (Méller and Beheregaray 2004, Wiszniewski et al. 2009, Fruet et al. 2014).

Phenotypic and/or genomic divergence between bottlenose dolphin populations and ecotypes has led to
the proposal of several subspecies in the Southern Hemisphere. In the Southwest Atlantic Ocean,
observed morphological, ecological and genetic differentiation between inshore and offshore bottlenose
dolphins has led to the general acceptance of the Lahille’s bottlenose dolphin (T. t. gephyreus) as a true
subspecies within the genus (Costa et al. 2016, Wickert et al. 2016, Fruet et al. 2017). This subspecies

inhabits estuaries and coastal waters from southern Brazil to Argentina, with at least two distinct
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populations (southern Brazil to Uruguay, and Bahia San Antonio, Argentina) (Fruet et al. 2014, Fruet
et al. 2017). This inshore lineage currently has a small and declining population, and the lowest genetic
diversity so far recorded for any bottlenose dolphin population (Fruet et al. 2014, Fruet et al. 2017). In
Australia, inshore and offshore populations have been classified as separate species, with T. aduncus
reflecting the inshore populations and T. truncatus representing the offshore populations (Méller and
Beheregaray 2001). However, in coastal waters of southern Australia, a third putative species, the
Burrunan dolphin (Tursiops australis) has been described by Charlton-Robb et al. (2011a), based on
genetic evidence (Moéller et al. 2008, Charlton-Robb et al. 2011a), but its morphological distinctiveness
is apparently insufficient to support a separate species (Jedensjo et al. 2017, Jedensjo et al. 2020). Other
recent genetic studies have suggested that this lineage is likely a subspecies of T. aduncus (Moura et al.
2020). Due to the current taxonomic disagreement, this lineage will be referred to here as the southern
Australian bottlenose dolphin (SABD).

The rapid rate of anthropogenically induced climate change threatens marine biodiversity, with changes
in ocean temperatures, sea level, sea ice coverage and salinity all predicted to impact cetaceans directly
and indirectly (Learmonth et al. 2006, Hamilton et al. 2019, Albouy et al. 2020). Under these changing
conditions stressors including extreme weather events, exposure to pathogens and contaminants, habitat
modification and human interactions are all expected to intensify and lead to range shifts, and changes
in abundance, population structure, disease susceptibility, reproductive success, and competition
(Learmonth et al. 2006, Gulland and Hall 2007). Inshore bottlenose dolphin populations exemplify the
biological features found in organisms at substantial risk of human impacts: low genetic diversity, small
population sizes, low gene flow with neighbouring populations, and living in semi-enclosed
environments with small home ranges and philopatric behaviour (Méller and Beheregaray 2004, Méller
et al. 2007, Charlton-Robb et al. 2014, Fruet et al. 2014, Zanardo et al. 2016b, Pratt et al. 2018). In
particular, T. t. gephyreus has been classified as vulnerable by the International Union for the
Conservation of Nature (IUCN) due to their decreasing population trend, low genetic diversity and
increasing levels of anthropogenic stressors including from fishing, pollution, boat traffic and habitat
degradation (Secchi 2007, Vermeulen et al. 2019, Genoves et al. 2020). Within the geographical range
of this lineage the total number of mature dolphins is estimated to be approximately 360 (Vermeulen et
al. 2019), which is well below the “genetically safe” threshold of 5,000 mature individuals (Hoban et
al. 20204, Laikre et al. 2020). Yet, the causes of the small population size and low genetic diversity in
T. t. gephyreus are unknown and warrants investigation into its evolutionary history. In addition, the
species T. aduncus has been classified as Near Threatened by the IUCN due to human disturbances,
development, and pollution (Braulik et al. 2019). In Australia, extreme weather events and pathogen
exposure also threaten bottlenose dolphin populations. For example, a recent marine heatwave in
Western Australia has led to the long-term decline in survival and reproductive rates of T. aduncus from

the Shark Bay population (Wild et al. 2019), and the highly infectious cetacean morbillivirus has
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recently been implicated in unusual mortality events of coastal Tursiops in western and southern
Australia (Stephens et al. 2014, Kemper et al. 2016). Prior to 2009, the virus had not been implicated
in any coastal Tursiops death in Australia, suggesting a potential changing environment and possibly
new selective pressures faced by the inshore dolphin populations. By contrast, T. truncatus are currently
IUCN-classified as Least Concern (Hammond et al. 2008, Wells et al. 2019) due to their larger
population sizes, wider distribution and relatively high gene flow with neighbouring populations.
Clarifying patterns of genetic diversity and demographic histories between inshore and offshore
bottlenose dolphin populations will provide a better understanding of how these dolphins have
recurrently evolved in response to divergent selective pressures, and how they may continue to adapt to

continued environmental and climatic changes.

Contrasting demographic histories between inshore (T. aduncus) and offshore (T. truncatus)
populations have been observed for the Northern Hemisphere (Yim et al. 2014, Vijay et al. 2018),
however these studies only used a representative of one inshore population and did not investigate the
parallel evolution of ecotypes. Louis et al. (2020) extended this by exploring the genomic basis
underlying repeated divergence between inshore and offshore common bottlenose dolphins (T.
truncatus) from two ocean basins in the Northern Hemisphere. In the Southern Hemisphere, little is
known about the evolutionary history of bottlenose dolphins, and the mechanisms driving genetic
diversity and adaptation. Pratt (2020) explored the genomic basis of ecotype formation in bottlenose
dolphins using reduced representation genome sequencing, and implicated variation within genes
associated with the cardiovascular, musculoskeletal and energy production systems in the evolution of
inshore lineages. Here, these studies are expanded by exploring the niche divergence and potential
parallel evolution of bottlenose dolphins using whole genomes of inshore and offshore lineages from
across the globe. Specifically, 23 whole genomes from samples representing three inshore and three
offshore bottlenose dolphin lineages from across the Southern Hemisphere were sequenced. These data
were then combined with publicly available genomes from inshore and offshore bottlenose dolphin
populations from the Northern Hemisphere (Yim et al. 2014, Foote et al. 2015, Vijay et al. 2018), an
inshore T. aduncus genome from the same location as the proposed holotype lineage off South Africa
(Moura et al. 2020), and with genomes from the nearshore, closely related common dolphin species
(Delphinus delphis) for a comparative purpose. To the best of our knowledge, this study represents the
first whole genome study of all currently recognised bottlenose dolphin lineages in the Southern
Hemisphere and includes the first whole genome sequences for T. t. gephyreus and D. delphis. With
this dataset, the concept of parallel evolution driven by niche specialisation is broadly tested and
investigated. It is hypothesised that independent events of niche divergence in similar environments by
the same ecotype (inshore vs offshore) will be reflected in similar genomic signatures of diversity and

ROH and on concordant demographic histories.
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3.4 Methods
3.4.1 Sampling design and genome sequencing

Biopsy samples from free-ranging bottlenose dolphins (Indo-Pacific bottlenose dolphins, T. aduncus,
and common bottlenose dolphins, T. truncatus) from the Southern Hemisphere (Australia and Brazil)
were collected between 1999 and 2015 using either a remote biopsy gun (Kritzen et al. 2002) or a hand-
held biopsy pole (Bilgmann et al. 2007a). At least five individuals from each bottlenose dolphin lineage
were selected. This dataset was supplemented with six biopsy samples from the closely related species,
D. delphis, from Australia. The latter species is generally highly mobile and abundant, travel in large
schools, and inhabit coastal and open oceans with high productivity (Perrin 2009, Zanardo et al. 2016a).
However, in Australia, these animals can exhibit site fidelity in shallow, urbanised areas, such as Gulf
St Vincent in South Australia (Kemper et al. 2008) and therefore represent a ‘nearshore ecotype’ for
comparative purposes. Genomic DNA was extracted from skin tissue following the salting out method
as described in chapter 2 (Sunnucks and Hales 1996). Samples that passed the quantity and quality
standards (> 20 ng/ul, A260/280 ratio of 1.8-2.0) were sent to the Australian Genome Research Facility,
AGRF, and Novogene for library preparation and whole genome resequencing. Libraries were prepared
with the NEBNext Ultra 11 DNA library prep kit for Illumina, and either sequenced on two lanes of the
Illumina NovaSeq 6000 S2 platform (150 bp PE) at AGRF, or on a single lane of the same platform at
Novogene. All samples (n = 88) were sequenced at between 5 and 11X coverage, however only 29 of
these samples with the highest coverage, which spanned all available lineages were used (Chapter 2,
Figure 2.1 and Table 2.1).

Genomes of bottlenose dolphins that are publicly available on the Sequence Read Archive (SRA) were
downloaded to complement the data generated, as per Chapter 2 (Chapter 2, Figure 2.1). Specifically,
three genomes of inshore T. aduncus (South Korea) and four offshore T. truncatus from the Northwest
Pacific (Ch/JP), as well as an inshore T. truncatus from the Gulf of Mexico were downloaded from the
SRA (Yim et al. 2014, Foote et al. 2015, Vijay et al. 2018). A single T. aduncus genome from the South
African lineage that is thought to represent the same lineage as the holotype (Perrin et al. 2007) was
also provided by Moura et al. (2020). The final dataset of 38 genomes were grouped into inshore and
offshore ecotypes based on prior knowledge of the populations and lineages sampled. The Gulf of
Mexico T. truncatus lacked metadata but was believed to be an inshore animal (Foote, pers. comm.),
while D. delphis was grouped into a nearshore ecotype for comparative purposes. Details of samples

included in this study and their respective ecotypes can be found in Table 2.1 (Chapter 2).

3.4.2 Bioinformatics and SNP calling

Individual raw resequencing reads were pre-processed following the pipeline adapted from GATK best

practices, with modifications as described in (Batley et al. 2021). Briefly, individual sequencing reads
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with low quality were trimmed and adapters removed using Trimmomatic (Bolger et al. 2014). The
remaining reads were mapped to the T. aduncus (SABD) chromosome-length reference genome
[generated and detailed in chapter 2] using Bowtie2 v2.2.7 (Langmead and Salzberg 2012). From the
resulting mapped files, duplicates were marked and sorted, before locally realigning indels. Finally,
replicate reads from different libraries were merged using SAMTOOLS (Li et al. 2009). As a female
dolphin was used to form the reference genome, the Y chromosome was not sequenced for this
individual. The X scaffold, however, was identified [chapter 2] and removed using SAMTOOLS, for

all downstream analysis.

Single Nucleotide Polymorphisms (SNPs) were called from the SABD reference genome using
BCFTOOLS (Li etal. 2009) and filtered to only include high-quality SNPs with VCFTOOLS (Danecek
et al. 2011) following methods described in Batley et al. (2021). Since genome sequences became
available at different times, SNPs had to be called on two separate occasions. All analysis involving the
Northern Hemisphere genomes were completed using a filtered dataset of 19,408,848 SNPs generated
using all 38 individuals, while analysis of the other samples was completed using 18,705,648 SNPs
generated using the 30 Southern Hemisphere genomes (details under Results). The SNPs from the eight
Northern Hemisphere samples were called with the same 30 Southern Hemisphere samples. The
difference between the datasets may relate to regions that are not variable in the Southern Hemisphere
samples, and therefore it is expected that the different datasets did not substantially influence the results.

For SNPs retained at each filtering step see Table S3.1.

The 19,408,848 SNP dataset was then thinned to 77,813 SNPs using VCFTOOLS. To assess genomic
structure within and between lineages, a principal component analysis (PCA) was run for this dataset
(consisting of 38 individuals from ten lineages, and 32 individuals from nine lineages — excludes D.
delphis) in RStudio v3.5.3 and with the package FACTOMINER (L& et al. 2008).

3.4.3 Analysis of genomic diversity

Whole genome and autosomal heterozygosity were calculated using sample allele frequency likelihoods
in ANGSD v0.931. This software was selected as it accounts for biases that may arise during genotype
calling of low and medium coverage genomes by considering genotype likelihoods and statistical
uncertainties in the analysis (Korneliussen et al. 2014). First, the site allele frequency likelihoods were
generated following ANGSD’s suggested filters, and those described in Westbury et al. (2019) to
include only high-quality reads (-mingmap 25, -uniqueOnly 1, -dosaf 1, -fold 1 -mingq 20). Using this
output, the heterozygosity was calculated as the proportion of heterozygous genotypes across the
autosomes. Levels of heterozygosity were compared between lineages, and to previously reported
values for other mammalian species (Robinson et al. 2016, Morin et al. 2020b). The mean

heterozygosity within and between lineages was tested for significant differences using two-sample t-
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tests and one-way ANOVAs. Finally, to explore the distribution of heterozygosity across the genome,
considering the filtered SNP datasets (19,408,848 and 18,705,648) and only the autosomes,
heterozygosity was calculated in 100 kb non-overlapping windows using a customised script from
Robinson et al. (2019). This was calculated by dividing the number of heterozygotes by the total number
of called genotypes per window (Robinson et al. 2019).

3.4.4 Runs of Homozygosity

Autosomal ROH were identified for each individual using the window-based approach implemented in
Plink v1.9 (Purcell et al. 2007). This is the most commonly used ROH detection method as it
outperforms other approaches in detecting autozygosity (i.e. homozygous by descent) (Howrigan et al.
2011). To minimise the effects of linkage disequilibrium (LD) and to ensure the detection of autozygous
ROHs, the SNP dataset was lightly pruned for LD prior to ROH detection using Plink. The SNPs with
r2> 0.9 were assumed to be linked and removed from the dataset. To further account for homozygosity
originating from LD, a minimum ROH length of 300 kb was selected, as empirical studies on humans
have estimated that ROH with tract length up to 100 kb can originate from LD (International HapMap
et al. 2007, Slatkin 2008, Ceballos et al. 2019).

A ROH was detected following criteria applied to killer whales, Orcinus orca (Hooper et al. 2020). In
short, the sliding window was set to 300 kb, requiring a minimum of 50 SNPs, and density of 1 SNP
every 50 kb. Given the high SNP density within the genomes (on average 1 SNP every ~ 228 bp), up to
5 heterozygous SNPs, and one missing SNP per window were allowed to account for genotyping errors.

Finally, a length of 1,000 kb was required between two SNPs to be called a separate ROH.

The number and length of ROH were compared between the different lineages as these metrics are
known to inform on demographic histories. Generally, longer ROH originate from recent inbreeding,
whereas shorter ROH reflect distant ancestors. Specifically, based on constant mammalian
recombination rates, ROH less than 1 Mb in length are thought to correspond to ancestral inbreeding 2-
12 kya, while ROH longer than 2 Mb may relate to inbreeding events within the past ~2,000 years (see
Hooper et al. (2020) for details). In addition, individual genomic inbreeding coefficients (FROH) were
estimated, where the total number of ROH greater than 1 Mb was divided by the total length of
autosomes (Hooper et al. 2020).

3.4.5 Demographic history and niche divergence

The Sequential Markovian coalescent + Plenty of Unlabeled Samples (SMC++) method (Terhorst et al.
2017) was employed to infer the demographic histories of Tursiops lineages from Australia, South
Africa, SWAO, and the Northern Hemisphere, along with D. delphis from Australia. The SMC++

method was chosen as it can integrate information from the site frequency spectrum of multiple

66



unphased genome sequences simultaneously, improving the robustness of population size estimates,
particularly for those with recent histories (Terhorst et al. 2017). Input data files were generated for
each lineage independently using the filtered VCF file and the vcf2smc function in SMC++. A mask
file for each chromosome was used to define large uncalled regions, so that these were distinguished
from long ROH. When generating the input files for each lineage, the distinguished individual (one
with highest genome coverage from each population within a lineage) was varied twice. This was done
to incorporate additional information from multiple distinguished individuals from different
populations to generate composite likelihoods, potentially improving power in the analysis (e.g. Louis
et al. 2020). As population structure can bias the analysis (e.g. Sellinger et al. 2020), demographic
histories between populations of the same lineage were also assessed following the same method but
using a single distinguished individual due to the smaller sample size for population comparisons
(Figure S3.1). Bootstrapping was performed by breaking the genome into twenty 5 Mb chunks per
chromosome, and 22 chromosomes per bootstrap (100 bootstraps). Population size history was assessed
using the ‘estimate’ function, a mutation rate of 1.5e-8 per site per generation (Moura et al. 20144,
Moura et al. 2020), and a generation time of 21.5 years for Tursiops and 12.8 for D. delphis (Taylor et
al. 2007). Times of divergence between the Tursiops subspecies were then estimated to better inform
on potential drivers of divergence, and whether divergence led to low diversity as a result of putative
founder events. This involved comparisons among T. t. gephyreus and T. t. truncatus, and T. aduncus
from the southern (SABD) and eastern coasts of Australia. Divergence was estimated by generating
datasets containing the joint frequency spectrum for the two lineages tested and running the ‘split’

function using default parameters.

3.5 Results

New whole genomes for 23 inshore and offshore bottlenose dolphins and six D. delphis were sequenced
at an average depth of 9x (Chapter 2, Table 2.1). The geographic distribution of these samples broadly
covers all recognised species and subspecies of bottlenose dolphins from across the Southern
Hemisphere (this study and Moura et al. (2020)), and are complemented with whole genomes of
bottlenose dolphins from the Northern Hemisphere (Yim et al. 2014, Foote et al. 2015, Vijay et al.
2018). All sequenced genomes mapped to at least 96% of the SABD reference genome, with 20,207,341
filtered, high-quality SNPs anchored onto 23 chromosome-length scaffolds, and 6,736 small scaffolds
that make up less than 0.4% of the genome. All downstream analyses were restricted to the 21 large
autosomal chromosomes and either 18,705,648, or 19,408,848 SNPs, with an average missing data of
less than 0.006% (SD = 0.004).
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3.5.1 Genomic structure and diversity

The PCA confirmed the clear genomic differentiation between the accepted bottlenose dolphin species
(T. truncatus and T. aduncus) and D. delphis (Figure 3.1). PC 1 explained 27.19% of variance including
splitting T. truncatus from T. aduncus, while PC 2 explained 22.28% of variance including splitting
between Tursiops and D. delphis. Genomic separation was observed between the T. aduncus lineages,
with a clear division between T. aduncus from eastern Australia and the putative subspecies (SABD)
from southern Australia. T. t. truncatus generally clustered together, with no distinct separation between
lineages, besides separation of T. t. truncatus (Gulf Mex) from the other T. t. truncatus lineages, and a
strong division between the accepted inshore subspecies T. t. gephyreus and the offshore T. t. truncatus
from Brazil (Figure 3.1).
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Figure 3.1: Patterns of genomic differentiation between a) species (T. aduncus, T. truncatus and D.
delphis) and b) bottlenose dolphin lineages from across the globe inferred via Principal Components
Analysis.
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Figure 3.2: Average genome-wide heterozygosity per ecotype (a) and lineage (b) and the sum of ROH
lengths in inshore (pink), nearshore (gold), and offshore (dark blue) dolphin lineages. Black horizontal
bars represent the median (inshore 0.001141, nearshore 0.0015237, offshore 0.001657), black boxes
encompass the interquartile range (inshore 0.000177, nearshore 0.0005541, offshore 0.000103), with
lower whiskers representing Q1-1.5 * IQR and the upper illustrating Qs+1.5 * IQR.

Mean autosomal heterozygosity ranged between 0.00022 and 0.0017 (Figure 3.2), with a significant
association observed between ecotype and genomic diversity (Figure 3.2, Table S3.2). Lineages of the
inshore ecotype always exhibited significantly lower genomic diversities than offshore ecotypes and
the nearshore D. delphis (Figure 3.2, Table S3.3). Among lineages of the inshore ecotype, the common
bottlenose dolphin lineages recorded lower genomic diversity than T. aduncus lineages, with the inshore
T. t. gephyreus recording extremely low genomic diversity (0.00022 + SD 2.02E-05) that was
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significantly lower than all other lineages (Table S3.3). In comparison, the adjacently distributed
offshore lineage (T. t. truncatus) is 7.5-fold more diverse (0.0016 + SD 6.94E-05) than T. t. gephyreus.
A significant difference in the mean heterozygosity was observed between all inshore lineages and the
T. t. truncatus from the Northwest Pacific (Ch/Jp), which exhibited the highest level of diversity of all
dolphin lineages (Table S3.3).

Patterns of heterozygosity across the genome highlight distinct differences between ecotypes. In
general, the genomes of inshore lineages displayed moderate levels of heterozygosity interspersed with
regions of low heterozygosity. In comparison, offshore lineages and the nearshore D. delphis showed a
more even distribution of higher heterozygosity, with negligible regions of low heterozygosity —
particularly in common dolphins (Figure 3.3). Patterns of heterozygosity were similar within ecotypes,
albeit the inshore T. t. gephyreus that displayed an even distribution of very low heterozygosity across
the genome.
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Figure 3.3: Average distribution of heterozygosity across the genomes of inshore (pink), nearshore
(gold), and offshore (blue) dolphin lineages. Bar plots represent per-site heterozygosity in non-
overlapping 100kb windows across the 22 autosomal chromosome-length scaffolds.
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3.5.2 Runs of Homozygosity

Runs of homozygosity were identified in all individuals, except for one nearshore D. delphis from Gulf
St. Vincent. Specifically, for the inshore ecotype the ROH covered a greater proportion of the genomes,
with many short (<1 Mb) and some longer ROH (>2 Mb). Fewer short and no longer runs were observed
for the offshore ecotype (excluding one T. truncatus from Aus, which showed higher levels of
inbreeding) (Figure 3.4). The nearshore D. delphis had very few and very short ROH. Across all
lineages, the genomes of T. t. gephyreus were covered by the greatest proportion of ROH, but the length
of ROH were generally short, with few ROHSs being larger than 2 Mb. In comparison, the T. aduncus
(Sth Korea) genomes were covered by less ROH, but the frequency of long ROH (>2 Mb) was far
greater than observed for all other lineages (Figure 3.4).

The inbreeding coefficient (FROH) was higher in all inshore lineages compared to the offshore lineages
(Figure 3.5), however, large standard deviations observed suggest that, at an individual level, some
exhibit higher levels of inbreeding (Figure 3.6, Figure S3.2 for individual comparisons). Within the
inshore ecotype, T. t. gephyreus have the lowest heterozygosity and the greatest proportion of their
genome covered by ROH, but the values of FROH were lower than in the other inshore lineages (T.
aduncus from South Africa, South Korea and the SABD), suggesting that recent inbreeding may not be
the cause for the low levels of diversity observed in that subspecies. The high FROH and long ROH
observed in T. aduncus from South Africa, South Korea and the SABD suggest very recent inbreeding
events. In comparison, the negligible number of long ROH observed for T. aduncus (East Aus), inshore
T. t. truncatus (Gulf Mex) and all offshore and nearshore lineages, suggest a general lack of recent

inbreeding events in these lineages.
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Lineage

Figure 3.5: The average inbreeding coefficient (FROH) for inshore, nearshore, and offshore dolphin
lineages examined. Pink bars represent lineages of the inshore ecotype, and dark blue bars represent
lineages of the offshore ecotype. D. delphis genomes exhibit negligible inbreeding (FROH 0.0007 £
0.0018).

3.5.3 Demographic history and niche divergence

The SMC++ analysis revealed consistent demographic histories within the offshore ecotype,
irrespective of the lineage or ocean basin (Figure 3.6). The inshore ecotype showed more diverse
patterns, but these were generally different to the patterns observed for the offshore ecotype including
in both the deep (e.g., the LGM) and recent past (Figure 3.6). The offshore and nearshore ecotype
experienced population expansions towards the start of the last glacial period, and more rapid
expansions towards the end of the LGM. In comparison, T. aduncus lineages of the inshore ecotype
generally experienced population declines during the LGM followed by stable, small population sizes.
By contrast, the inshore T. truncatus lineages followed similar patterns to the offshore ecotype, with
population expansions towards the end of the LGM, while T. aduncus from eastern Australia also
displayed this pattern. All inshore, nearshore, and offshore ecotypes maintained stable populations
throughout the last ~1,500 years, until the very recent past when changes in population sizes are
observed for the inshore ecotypes. While lineages of the offshore and nearshore ecotype maintained
stable population sizes, the N, of all inshore lineages began to expand, while T. t. gephyreus appears to
have experienced a population bottleneck. The SMC++ split analysis estimated that T. t. gephyreus
diverged from their offshore counterpart towards the end of the penultimate glacial period (~151 kya,
95% CI 62,798-77,987) (Figure S3.3), while the putative subspecies of T. aduncus from Australia’s
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southern coast (SABD) appears to have maintained a small population size since diverging from the
Australian east coast’s T. aduncus ~51 kya (95% Cl 45,145-51,622) (Figure 3.6).
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Figure 3.6: Demographic history of inshore, nearshore and offshore dolphin lineages from three ocean
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3.6 Discussion

Repeated colonisation of independent but closely related lineages to similar environmental niches
provides a great opportunity to understand the role of niche divergence in the parallel evolution of
genomes. For bottlenose dolphins, divergence between inshore and offshore ecotypes offers insights
into the genomic basis of ecotype formation. Here, data from 38 whole genomes and over 18 million
SNPs are used to explore the genomic consequences of repeated niche divergence between closely
related dolphin lineages. To the best of our knowledge, this represents the largest whole genome study
of dolphins at a global scale. A very strong association between genomic diversity, inbreeding and
ecotype was detected. Lineages of inshore ecotypes were consistently less genetically diverse than
lineages of offshore ecotypes. Demographic reconstructions highlighted similar histories of niche
divergence in lineages of the same ecotype, but different histories between ecotypes. Results also
indicated that a recent bottleneck may be the cause of exceptionally low diversity observed in an inshore
ecotype with a narrow range (T. t. gephyreus), shedding light on the role that historical factors play in
shaping genome-wide diversity. This study provides evidence for parallel genome evolution due to
niche divergence in a highly mobile marine mammal and points to the role of natural selection in

shaping adaptive potential of bottlenose dolphins.

3.6.1 Genome-wide diversity and inbreeding

Patterns of genome-wide diversity and ROH differed between ecotypes (inshore and offshore) and the
nearshore D. delphis. Overall, inshore dolphins appear to be most vulnerable to environmental changes,
with genome-wide levels of heterozygosity considerably lower than offshore lineages. Genetic studies
have repeatedly observed lower genetic diversity in inshore populations compared to their offshore
counterparts (Hoelzel et al. 1998, Natoli et al. 2004, Lowther-Thieleking et al. 2015, Fruet et al. 2017),
and this is further supported in this study based on whole genomes. This global pattern is thought to
represent founding events by a small number of individuals from offshore populations, followed by
negligible gene flow with their offshore counterparts and enhanced drift (Hoelzel et al. 1998, Natoli et
al. 2004, Moller et al. 2007, Louis et al. 2014a, Lowther-Thieleking et al. 2015, Ellegren and Galtier
2016, Pratt 2020). Of greatest concern is the inshore subspecies T. t. gephyreus found here to be at least
five times less diverse than all other inshore lineages. This lineage exhibits the lowest diversity for any
Tursiops population studied to date (Fruet et al. 2014, Fruet et al. 2017, Pratt 2020). In comparison to
other mammals, this lineage has similar levels of heterozygosity to some of the most vulnerable and
endangered species worldwide, including the cheetah (Acinonyx jubatus) (Dobrynin et al. 2015), snow
leopard (Panthera uncia) and white African lion (Panthera leo) (Cho et al. 2013), and the Tasmanian
devil (Sarcophilus harrisii) (Miller et al. 2011, Hendricks et al. 2017) (Figure S3.4). Although
populations with low genetic diversity can persist, they need the capacity to adapt to stressful conditions,

particularly given the increasing pressures from climate change. For example, the low diversity
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observed in the cheetah and the Tasmanian devil have been associated with increased disease
susceptibility (Dobrynin et al. 2015, Morris et al. 2015). The extremely low diversity of T. t. gephyreus,
coupled with their susceptibility to anthropogenic impacts (e.g., fisheries by-catch) and reported
declining population trend raises serious concern over the population’s capacity to persist (Fruet et al.
2014, Vermeulen et al. 2019).

Despite the low diversity of T. t. gephyreus, heterozygosity was evenly distributed across its genome
and the length of ROH were generally small. This is particularly the case in comparison to the other
inshore lineages that displayed higher levels of heterozygosity, interspersed with regions of low
heterozygosity, and a greater number of long ROH. This pattern of heterozygosity and ROH observed
for all other inshore lineages are consistent with populations that have experienced recent inbreeding
events, or low levels of gene flow following a bottleneck or founder event (Briiniche-Olsen et al. 2018).
For T. t. gephyreus, the colonisation of inshore habitats by a small number of individuals after the LGM
was suggested as a possible reason for their low diversity (Fruet et al. 2017, Pratt 2020). The evenly
distributed diversity across the genome of T. t. gephyreus suggests a small and isolated population, as
proposed for Tibetan and Ethiopian wolves (Robinson et al. 2019), while a high number of small ROH
may perhaps represent a recent bottleneck (Ceballos et al. 2018). In addition, the finding of small ROH,
very few long ROH and low inbreeding (FROH) in comparison to other inshore dolphin lineages is
consistent with reports of negligible levels of inbreeding in T. t. gephyreus based on a small
representation of the genome (Fruet et al. 2014, Pratt 2020). The difference in heterozygosity and ROH
patterns observed between T. t. gephyreus and other inshore lineages imply that additional demographic

factors may be involved.

In contrast, lineages of the offshore ecotype generally exhibited an even distribution of heterozygosity,
with a very small number of regions of lower heterozygosity and very few or nil long ROH. This pattern
may be indicative of large populations with high gene flow, and potentially some ancestral inbreeding.
Offshore lineages throughout the Southern Hemisphere have been found to be more genetically similar
to each other than to adjacent inshore populations (Pratt 2020). Connectivity between offshore lineages
may extend to the Northern hemisphere, with shared mtDNA haplotypes reported for offshore dolphins
from Brazil and the northeastern Atlantic Ocean (Quérouil et al. 2007, Oliveira et al. 2019). These
studies support the demographic patterns inferred from genome-wide heterozygosity and ROH of large
populations, with evidence of long-range gene flow. The lack of ROH and even distribution of high
heterozygosity across the nearshore D. delphis genome is also consistent with large, long-term
populations with minimal signs of inbreeding as found in the Xinjiang and Minnesota wolves (Robinson
et al. 2019). High diversity and lack of inbreeding is generally characteristic of D. delphis populations
worldwide and support the idea that the high diversity observed in this species is driven by large, long-

term populations with high gene flow (Amaral et al. 2009).
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3.6.2 Parallel demographic histories of bottlenose dolphin ecotypes

To clarify the parallel evolution of closely related lineages, and the history of bottlenose dolphin
ecotypes, demographic histories were reconstructed using SMC++. Concordant with heterozygosity and
ROH results, the offshore ecotype exhibited consistent demographic histories, and patterns that
generally contrast to the inshore T. aduncus lineages. As the availability of coastal habitats were
disrupted during the last glacial period, it is expected that many populations inhabiting those
environments would have experienced bottlenecks, as generally observed for the inshore ecotype and
other cetacean species (e.g. gray whales (Eschrichtius robustus) (Bruniche-Olsen et al. 2018), sperm
whales (Physeter macrocephalus) (Warren et al. 2017) and killer whales (Orcinus orca) (Moura et al.
2014a)). In contrast, population expansions of offshore bottlenose dolphins during the last glacial period
were demonstrated for lineages of the Northern Hemisphere based on whole genomes (Yim et al. 2014,
Vijay et al. 2018, Louis et al. 2020), and likewise found for all offshore lineages and the nearshore D.
delphis examined here. This pattern may relate to either stable or improved conditions of offshore
environments during the last glacial period, the original larger population sizes of offshore ecotypes,
and their higher gene flow over greater spatial scales. During the last glacial period, bottlenecks in
populations of large predatory species, such as killer whales and large sharks (O’Brien et al. 2012,
Moura et al. 2014a), may have led to less prey competition and predation upon T. truncatus (Vijay et
al. 2018). Alternatively, the population expansions may reflect increased connectivity of offshore
animals during this time, rather than true expansions in N (Nykanen et al. 2019, Louis et al. 2020). All
offshore lineages and the nearshore D. delphis also showed continual expansions after the LGM, which
may reflect the maintenance of higher gene flow due to greater spatial scale movements and home
ranges, more fluid social structures, and larger population sizes (Méller 2012, Moura et al. 2013,
Gaspari et al. 2015).

In comparison, inshore lineages were shown to have experienced bottlenecks during the LGM. This,
however, excludes the two inshore T. truncatus (T. t. gephyreus and Gulf of Mexico), which followed
similar patterns to the offshore lineages during the LGM only, and may reflect the increased
connectivity during a period where available inshore habitats were scarce. Previous studies on inshore
dolphins from the North Atlantic Ocean proposed that bottlenecks followed by population expansions
after the LGM likely reflected founding events of coastal areas, with habitat preference and
environmental conditions then driving genetic divergence between the two ecotypes (Hoelzel et al.
1998, Natoli et al. 2004, Louis et al. 2014b, Louis et al. 2020). Due to the low diversity consistently
observed within inshore lineages, this has been previously hypothesised for other areas of the world
where inshore and offshore bottlenose dolphin ecotypes exist (Fruet et al. 2017, Pratt 2020). However,
the bottlenecks observed for all inshore (T. aduncus) lineages seem to have occurred prior to the peak

of the LGM, during a period of increasing ice volume and sea level, and thus reduced habitat availability
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(Ludt et al. 2015). Species with restricted ranges may have been particularly vulnerable to these
changes. Despite a general lack of physical barriers to the dispersal of dolphins in ocean environments,
small home ranges and natal philopatry are typical of inshore Tursiops (Méller 2012). Inshore and
offshore bottlenose dolphin environments generally differ in water depth, currents, salinity, and
temperature, as well as resource availability and productivity (Moller 2012). Therefore, as inshore
lineages were possibly forced to retreat into deeper, cooler, and less productive waters during the LGM,
they may have found it difficult to adapt to the different ecological and environmental conditions of the

offshore environment.

It is noteworthy that the bottleneck observed in the South African lineage is far less pronounced than in
T. aduncus from other ocean basins. Interestingly, during the LGM, a decline of killer whales was
inferred for most populations across their global range, but with the exclusion of southern Africa (Moura
et al. 2014a). The productivity of waters off southern Africa were relatively stable during periods of
environmental change in the Pleistocene and may have been an important factor influencing
demographic stability in populations of killer whales, and potentially of T. aduncus, off South Africa
(Moura et al. 2014a). This highlights the importance of ocean productivity in the persistence of marine
populations during periods of climatic change. Similarly, environmental changes during the last glacial
period were more amenable on the east coast of Australia compared to the southern coast, with sea
temperatures and currents differing only slightly between glacial and interglacial stages (Lawrence and
Herbert 2005, Hostetler et al. 2006). Although a bottleneck during the LGM was also observed for the
eastern Australian T. aduncus, it was the only T. aduncus lineage to exhibit a population expansion after
it. After the LGM, the glacial coastline on Australia’s east coast retracted, and the Eastern Australian
Current re-strengthened and warmed (e.g. Lawrence and Herbert 2005, Hostetler et al. 2006), which
may have led to greater connectivity within this dolphin lineage. These unique oceanographic
conditions of Australia’s east coast during the last glacial period and the potential enhanced connectivity
may have had an overall impact on levels of heterozygosity of this lineage, including the shorter ROH
lengths, lower FROH and higher diversity in comparison to the other T. aduncus lineages. By contrast,
the lack of recovery of the other T. aduncus lineages could reflect greater re-arrangement of coastal
habitats after the LGM in the respective ocean regions, such as Australia’s southern coast, which
favoured restricted distributions, strong genetic differentiation, and small population sizes, most typical

of the inshore lineages (Moura et al. 2020).

3.6.3 Niche divergence of bottlenose dolphin ecotypes

Niche divergence and subsequent local adaptation is suggested to be an important driver of genetic
differentiation between bottlenose dolphin populations (Hoelzel et al. 1998, Natoli et al. 2004, Louis et
al. 2014b, Louis et al. 2020). In the Southern Hemisphere, strong evidence for genetic differentiation

between T. aduncus from southern and eastern Australia has led to the proposed subspecies, the SABD
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(Moura et al. 2020, Pratt 2020). Here, clear separation was observed between the two lineages and this
distinction is hypothesised to be driven by the colonisation of newly released habitats. To test this
hypothesis, divergence between the two lineages was estimated. Divergence was predicted to have
occurred at approximately 51 kya (95% ClI 45,145-51,622), during the last glacial period, but not
particularly in the LGM. This period was characterised by fluctuating atmospheric temperatures,
resulting in many glacial and interglacial periods, and the associated emergence of land bridges
(Lambeck and Chappell 2001). The Bassian land-bridge connected Tasmania and mainland Australia
from ~43 to 14 kya, but several short periods (~76 kya and 68 to 62 kya) of the eastern land connection
may also have existed (Lambeck and Chappell 2001), and could have potentially led to initial allopatric
differentiation. This land barrier has been proposed to be a driving force in the population divergence,
and in some cases speciation of coastal marine species (e.g. jelly fish (Dawson 2005); Nerita (Waters
et al. 2005); sea-stars (O'Loughlin et al. 2003, Waters et al. 2004); seadragons (Wilson et al. 2016)) and
potentially other delphinids (D. delphis (Bilgmann et al. 2008)). Contemporary oceanographic features
likely maintained the disjunction between the east and west biota in southern Australia (Waters 2008),
while natal philopatry and adaptation to their local environmental and ecological niches may have
reinforced divergence between the dolphins.

In the Southwest Atlantic Ocean (i.e., Brazil), divergence between the inshore and offshore Tursiops
ecotypes has been hypothesised to have occurred after the LGM, as a small number of individuals
moved into the coastal habitats (Fruet et al. 2017, Pratt 2020). However, in this study it was estimated
that the two ecotypes diverged approximately 151 kya. Given the incongruence in the estimated time
of divergence and the confidence intervals, further effort needs to be placed on accurately determining
the time of divergence between these two lineages. Nevertheless, it is apparent that the inshore lineage
diverged from the offshore T. truncatus during the last glacial period. This suggests that a post-LGM
induced founder event is not the most likely reason for the extremely low diversity observed for this
subspecies, but rather a more recent bottleneck. While the resolution of analyses of very recent
demographic changes is limited, the inferences of a recent bottleneck are supported by the pattern of
many small ROH, which can be indicative of a bottleneck. Previous studies have also recognised that
this subspecies is typically represented by very small populations, and there is a general declining trend
for the subspecies across its range (Fruet et al. 2014, Vermeulen et al. 2019). Along Brazil’s
southernmost coast, there are also high levels of mortality of dolphins as bycatch in fisheries,
particularly young dolphins before recruitment into the adult population (Fruet et al. 2012, Fruet et al.
2014, Venuto et al. 2020). In addition, substantial coastal development, prey depletion, pollution,
bioaccumulation of PCBs, and increasing observations of skin lesions and diseases are known threats
to individuals of these populations (Tagliani et al. 2007, Van Bressem et al. 2007, Van Bressem et al.
2015, Secchi et al. 2016, Vermeulen et al. 2019). The low genetic diversity potentially caused by a

recent bottleneck to this subspecies, their small population sizes, the narrow range of the lineage, and
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the multiple increasing threats raise serious concerns for the conservation of this coastal bottlenose

dolphin subspecies.

3.6.4 Conservation management

Genetic diversity is essential for maintaining global biodiversity and evolutionary processes, especially
under increased threats of climate change (Laikre 2010). It provides populations with the potential to
adapt to changes and stressors, reduces the harmful effects of inbreeding, and enhances disease
tolerance and resistance (Lotze et al. 2011, Wernberg et al. 2018, Hoban et al. 2020b). Yet over the past
century, the genetic diversity in wild populations has declined, mostly in response to climate change,
habitat loss, emerging infectious diseases, and subsequent small population sizes (Laikre 2010, Leigh
et al. 2019, Hoban et al. 2020b). It is therefore particularly important to identify vulnerable species and
populations to ensure effective management and conservation measures are implemented, such as those
related to maintaining or rescuing genetic diversity and stabilising or increasing population sizes.
Inshore dolphins are particularly vulnerable to climatic and anthropogenic changes given their small
ranges, high site fidelity in coastal and often urbanised regions, and because they generally live in small
and isolated populations with low levels of genetic diversity (Mdller et al. 2007, Charlton-Robb et al.
2014, Fruet et al. 2014, Zanardo et al. 2016b, Pratt et al. 2018). This was exemplified by our finding of
low genomic diversity, small population sizes and population bottlenecks without recovery (particularly
in T. t. gephyreus), that may have directly or indirectly been caused by climatic events, habitat loss
and/or anthropogenic stressors. Given coastal dolphins often live in close proximity to areas with high
human use, they are highly vulnerable to the bioaccumulation of heavy metals and toxins, habitat loss,
boat strikes, noise pollution, coastal development, fisheries by-catch, disease outbreaks, climate change
and extreme weather events (Fruet et al. 2012, Bilgmann et al. 2019, Vermeulen et al. 2019, Bonneville
et al. 2021). Anthropogenically accelerated climate change threatens to enhance these stressors, and the
lack of population size recovery found in inshore populations highlight the need to apply management
measures to reduce human-induced impacts and maintain genetic diversity and population sizes. In the
case of T. t. gephyreus, findings from this study suggest a recent population bottleneck as a potential
main cause for their extremely low genomic diversity. This is in agreement with the International Union
for the Conservation of Nature (IUCN) current classification of this subspecies as Vulnerable, citing a
declining population trend, small population size and increased susceptibility to anthropogenic stressors
as the main threats to the persistence of populations (Vermeulen et al. 2019). The reduction of
anthropogenic stressors on this subspecies should therefore be a major management priority. Where
conservation efforts have focused on minimising human exploitation and destruction, some patterns of
recovery in depleted marine species have been observed, particularly in coastal and estuarine
populations (Lotze et al. 2006, Lotze et al. 2011). It is recommended that managers should design

conservation strategies that aim to reduce anthropogenic stressors and maintain connectivity between
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the five management units identified for this subspecies in the SWAO and monitor changes in their
genetic diversity and population sizes over time. Indeed, population viability analysis suggested that
the implementation of a dolphin protection area, in a section of major by-catch risk for dolphins
belonging to three of the management units, would likely lead to an increase in population size of about
20% over 60 years (Fruet et al. 2021).

While nearshore and offshore dolphins exhibit large population sizes with high gene flow and genetic
diversity, and may have a considerable capacity for adapting to increased selective pressures, it is still
important that knowledge about population structure and status be available in the event of unforeseen
impacts, such as large-scale oil spills and emerging infectious diseases (e.g. Batley et al. 2019, Batley
et al. 2021).

3.6.5 Limitations and future directions

Here, we used SMC++ to infer the demographic histories of bottlenose and common dolphin lineages.
This program is particularly useful in that it integrates information from multiple unphased genomes to
improve the robustness of estimates. In this study, between 4 and 6 genomes of low to moderate
coverage (between 5 and 28x) were available for most lineages, and only one genome for the South
African T. aduncus and inshore Gulf of Mexico T. t. truncatus (20x and 34x, respectively). We therefore
compared patterns ascertained from our study with previously inferred demographic histories that used
some of the same genomes and multiple methods. Vijay et al. (2018) inferred demographic histories of
Tursiops from the Northern Hemisphere using both PSMC and SMC++, and our results are consistent
with their findings of contrasting demographic histories between T. aduncus and T. t. truncatus (Vijay
et al. 2018). This is particularly important for the inshore T. t. truncatus (GM), where only one genome
was available for the SMC++ analysis. The authors used PSMC to infer the demographic history of this
genome, which only integrates information from one individual and therefore requires a high coverage
genome. This method has improved accuracy for older time periods but given the low-medium coverage
of our data, SMC++ was the most appropriate method. This was also the case for the South African T.
aduncus, with our results resembling those inferred in Moura et al. (2020). While it is undesirable to
use one genome for the SMC++ analysis, these comparisons suggest that SMC++ may still be useful
for detecting demographic histories based on single genomes. However, while patterns are similar, the
N. estimates were generally very large with SMC++. This could be due to combining individuals from
more than one population into a single lineage for the demographic history analysis. The model assumes
that all individuals are from a single panmictic population, which was not the case here, particularly for
the inshore lineages. However, the Ne estimates when comparing multiple individuals from a single
population were just as large. To test whether sample size influenced the large Ne estimates, we ran the
estimate function for 30 individuals from a single T. aduncus population (Gulf St. Vincent, South

Australia [genomes from Batley et al. (2021)]). Interestingly, the population size patterns were similar
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between the comparisons, but the N. estimates when using 30 individuals were slightly larger,
suggesting a more pronounced expansion (Figure S3.5). Recent abundance estimates for this population
based on line-transects are between 657 and 2,201 individuals (Bilgmann et al. 2019), indicating that
the Ne estimates are likely overstated here. Furthermore, this algorithm produced estimates up until the
present day for all inshore lineages, but not for the nearshore or offshore lineages. Although SMC++
can infer more robust histories for more recent time scales, it is still limiting in the very recent past, and
the timing of patterns may be somewhat inaccurate. The recent coalescent estimates for inshore dolphins
may be a result of the small population sizes and low genetic diversity. It is therefore important to take
caution in interpreting these recent estimates, particularly in relation to the expansions of the inshore
lineages. The population decline in T. t. gephyreus may be an artefact of the extremely low genetic
diversity or may be a true representation of the recent population trend. Given this uncertainty, and the
multiple limitations involved in estimating demographic histories, it is important that future work aims
to elucidate these patterns using other algorithms and higher coverage genomes of individuals across
the subspecies range. For example, PSMC using a single high coverage genome will add confidence to
older estimates, while other algorithms, such as IBDNe may prove more accurate for estimating
population sizes from around four to 200 generations, even when populations are small (Browning and
Browning 2015).

3.7 Conclusion

This whole genome study clarified the genomic consequence of repeated niche divergence between
closely related dolphin lineages. A strong association between genomic diversity, ROH and ecotype
was detected, with lineages of the inshore ecotype being significantly less genetically diverse than those
of the offshore counterpart and the nearshore D. delphis. Of great concern is the remarkably low
genomic diversity for the inshore lineage T. t. gephyreus, which was 7.5-fold lower than its offshore
counterpart, and as low as some of the most vulnerable and endangered mammal species worldwide.
Patterns of historical demography highlighted parallel evolutionary histories within ecotypes, with the
inshore T. aduncus lineages generally experiencing population bottlenecks during the LGM, while the
inshore T. truncatus lineages and the offshore ecotype experienced population expansions during the
same period. Recent estimates of population size in all inshore lineages highlighted that a bottleneck
may be the cause of the extremely low diversity observed in T. t. gephyreus. These estimates may be
an artefact of small sample sizes and it is therefore advised that very recent estimates be taken with
caution. Overall, small population sizes, low genetic diversity and high site fidelity of inshore dolphins
render them particularly vulnerable to environmental change and anthropogenic stressors. Ongoing
population size and genetic monitoring will aid the efforts to conserve the more vulnerable inshore

populations, particularly during a time of environmental change where species responses are likely to
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vary. This study also marks the first to incorporate genomes from both inshore and offshore bottlenose
dolphins from the Southern and Northern Hemispheres. Importantly, it uncovered evidence of parallel
evolution across the genomes of bottlenose dolphins and emphasizes niche divergence and natural
selection as drivers of local adaptation in bottlenose dolphins around the world.
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Chapter 4: Whole genomes reveal multiple candidate genes and

pathways involved in the immune response of dolphins to a highly

infectious virus

This chapter is published in the special issue on the “Use of Whole Genome Sequences in Molecular
Ecology” in Molecular Ecology (Batley, K.C., Sandoval-Castillo, J., Kemper, C.M., Zanardo, N.,
Tomo, I., Beheregaray, L.B., Moller, L.M. (2021). "Whole genomes reveal multiple candidate genes
and pathways involved in the immune response of dolphins to a highly infectious virus." Mol Ecol. doi:
10.1111/mec.15873). This chapter has been reproduced with permission.
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4.1 Contributions

Kimberley Batley — conception of study design, data analysis and interpretation, writing of manuscript.

Luciana Moller — primary supervisor — conception of study and guidance in design and interpretation,
collection of samples southern Australia, and drafting of manuscript.

Luciano Beheregaray — associate supervisor — guidance in design and interpretation and drafting of
manuscript.

Jonathan Sandoval-Castillo — guidance and assistance in bioinformatics and data analysis.
Catherine Kemper — Collection of stranded dolphins, and conduction of post-mortem examinations.
Ikuko Tomo — Collection of stranded dolphins, and conduction of post-mortem examinations.

Nikki Zanardo — Collection of biopsy samples from live, free-ranging dolphins.
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4.2 Abstract

Wildlife species are challenged by various infectious diseases that act as important demographic drivers
of populations and have become a great conservation concern particularly under growing environmental
changes. The new era of whole genome sequencing provides new opportunities and avenues to explore
the role of genetic variants in the plasticity of immune responses, particularly in non- model systems.
Cetacean morbillivirus (CeMV) has emerged as a major viral threat to cetacean populations worldwide,
contributing to the death of thousands of individuals of multiple dolphin and whale species. To
understand the genomic basis of immune responses to CeMV, we generated and analysed whole
genomes of 53 Indo- Pacific bottlenose dolphins (Tursiops aduncus) exposed to Australia's largest
known CeMV- related mortality event that killed at least 50 dolphins from three different species. The
genomic data set consisted of 10,168,981 SNPs anchored onto 23 chromosome- length scaffolds and
77 short scaffolds. Whole genome analysis indicated that levels of inbreeding in the dolphin population
did not influence the outcome of an individual. Allele frequency estimates between survivors and
nonsurvivors of the outbreak revealed 15,769 candidate SNPs, of which 689 were annotated to 295
protein coding genes. These included 50 genes with functions related to innate and adaptive immune
responses, and cytokine signalling pathways and genes thought to be involved in immune responses to
other morbilliviruses. Our study characterised genomic regions and pathways that may contribute to
CeMV immune responses in dolphins. This represents a stride towards clarifying the complex
interactions of the cetacean immune system and emphasises the value of whole genome data sets in
understanding genetic elements that are essential for species conservation, including disease

susceptibility and adaptation.

86



4.3 Introduction

Climatic variations, natural and anthropogenic alterations to ecosystems, changes in host behaviour,
and the movement of pathogens and vectors have all contributed to the emergence of infectious diseases
(EIDs) in wildlife populations (Williams et al. 2002, Morens et al. 2004, Cunningham et al. 2017,
Titcomb et al. 2019). Infectious diseases have become a major conservation concern due to pathogens’
abilities to rapidly evolve, their short generation times and often complex transmission dynamics, as
well as being able to cause swift and widespread mortality, diminish genetic diversity and contribute to
population declines and extinctions (Altizer et al. 2003, Blanchong et al. 2016, Stejskalova et al. 2017).
Disease outbreaks are beginning to become a cause for concern in cetacean populations worldwide,
especially for species that exhibit high social connectivity and gregarious behaviour, and for populations
that are immunologically naive, small, threatened, or immune-supressed (Gulland and Hall 2007, Van
Bressem et al. 2009a, Weiss et al. 2020). In recent years, the reporting of EIDs and strandings in
cetaceans has increased, with one highly contagious and virulent pathogen emerging as a major threat
to their populations; cetacean morbillivirus (CeMV) (Sacristan et al. 2015). CeMV belongs to the genus
Morbillivirus, which affects both terrestrial mammals [humans (measles virus), canines (canine
distemper virus), cattle (rinderpest virus), goats and sheep (peste des petits ruminants virus), and two
novel morbilliviruses in cats and bats] and marine mammals [true seals (phocine distemper virus) and
cetaceans] (Alfonso et al. 2016, Ohishi et al. 2019). These viral species are distinct, but share acommon
phylogenetic origin, similar genome structure, symptoms of infection and pathomorphology (da
Fontoura Budaszewski and von Messling 2016, Diaz-Delgado et al. 2019). This, along with observed
cross-species transmissions (Stejskalova et al. 2017, Jo et al. 2018, Padalino et al. 2019), suggests that
knowledge gained on immune responses for one viral species may be applicable more generally to

morbilliviruses.

Since its discovery in the late 1980’s, CeMV has become of great conservation concern given the
increased reporting of unusual mortality events (i.e. unexpected and significant die-offs of a marine
mammal population that warrants a rapid response by managers (MMPA 1972, Kemper et al. 2016))
in a larger number of known host species and populations (Di Guardo et al. 2005, Van Bressem et al.
2009a).The virus has been implicated in the death of tens of thousands of cetaceans worldwide (Van
Bressem et al. 2014), but until recently had only been recognised as a contributing factor in the death
of a small number of bottlenose dolphins (Tursiops spp.) across Australia (Stone et al. 2011, Stone et
al. 2012, Stephens et al. 2014). However, in 2013 CeMV was identified in dolphins that died during an
unusual mortality event involving at least 50 individuals of three species (Indo-Pacific bottlenose
dolphin, Tursiops aduncus; common bottlenose dolphin, T. truncatus; and common dolphin, Delphinus
delphis) in South Australia, becoming the largest confirmed CeMV outbreak in Australia and the first

recorded deaths from CeMV in this state (Kemper et al. 2016). This unusual mortality event lasted
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approximately seven months (March to September), and the initial months of the outbreak coincided
with climatic anomalies that resulted in abnormally high sea surface temperatures (Kemper et al. 2016).
Indo-Pacific bottlenose dolphins were the most affected, with 31 testing genetically positive for the
virus, and majority of these were neonates, calves, and juveniles. Twenty-nine were from Gulf St
Vincent (GSV), a population that is relatively small (700-1,200 dolphins, Bilgmann et al. 2019),
exhibits high social connectivity (Zanardo et al. 2016b), shows relatively low genetic diversity (Pratt et
al. 2018), and is considerably vulnerable to epizootic events (Reed et al. 2020). These characteristics,
coupled with the CeMV-related mortality event, provides a unique opportunity to understand the

importance of host genetic factors affecting disease susceptibility in cetacean species.

Host genetic factors are known to be key drivers in the plasticity of immune responses in natural
populations, being major determinants of an individual’s susceptibility (“the state of being very likely
to be influenced, harmed or affected by something” (Susceptibility 2021)) and resistance (“the ability
not to be affected by something, especially adversely” (Resistance 2021)) to infection (Karlsson et al.
2014, Stejskalova et al. 2017). For example, inbreeding can reduce fitness through homozygosity in
deleterious recessive alleles, lack of genetic diversity can reduce adaptive potential, and homozygosity
in immune-related genes may hinder pathogen recognition (Smith et al. 2009, Blanchong et al. 2016).
Yet studies investigating the role of host genetic factors in disease susceptibility and resistance in
wildlife populations are relatively limited. Association-based studies provide a favourable framework
for identifying associations between genomic locations, regions or genes, and complex traits in natural
populations. Studies addressing the role of host genetics in combating infection have generally targeted
a small number of genomic regions of known functional importance, and genes with strong effect. For
example, the Major Histocompatibility Complex (MHC) are among some of the most targeted and well-
studied immune associated genes in model and non-model species, including cetaceans (Martin and
Carrington 2005, Acevedo-Whitehouse and Cunningham 2006, Cammen et al. 2015b, Elbers et al.
2018, Pagan et al. 2018, Manlik et al. 2019). For example, by comparing two populations of Indo-
Pacific bottlenose dolphins with varying levels of reproductive output and population viability, Manlik
et al. (2019) found that the population with low reproductive output had lower levels of MHC diversity
and therefore was possibly at greater risk of succumbing to human induced pressures. In the case of
immune responses to the measles virus, specific alleles within the human leukocyte antigen (HLA) genes
class I and 1l (B; DQA, DQB, DRB) have been associated with varying antibody titers following
vaccination against the virus (Haralambieva et al. 2015). However, many other non-MHC genes have
been proposed to be involved in host immune responses to morbilliviruses. For example, the signalling
lymphocyte activation molecule (SLAM) has been identified as an immune cell receptor for measles,
canine distemper, rinderpest and peste des petitis ruminants viruses, and is suggested to be a universal
receptor for entry and propagation of morbillivirus in all mammals, including cetaceans (Sato et al.
2012, Shimizu et al. 2013, Melia et al. 2014, Ohishi et al. 2019). Other genes, including viral binding
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genes, cytokine receptor genes, pathogen-associated sensing genes and antiviral genes were also
suggested to be involved in immune responses to morbilliviruses (Hashiguchi et al. 2011, McCarthy et
al. 2011, Haralambieva et al. 2015, Stejskalova et al. 2017).

Advancements in next generation sequencing, computational power and improved availability of
genomic data has enabled the move from a targeted to a non-targeted approach of association-based
studies. This approach enables the search for multiple genetic variants across the genome under
selection and associated with a trait, without the need of prior knowledge. This framework is frequently
utilised in humans, model organisms and agricultural systems (Elbers et al. 2018), and while still
limited, advancing technologies have now enabled association studies in wildlife populations. In
particular, whole genome data has been utilised to investigate immune responses of endangered and
vulnerable Australian marsupials (Tasmanian devil, Sarcophilus harrisii; and the koala, Phascolarctos
cinereus) to two highly damaging diseases that continue to threaten populations across their distribution
(Wright et al. 2017, Johnson et al. 2018). The move to non-targeted approaches and large genomic
datasets improves our ability to address the genetic basis of adaptation in wildlife populations and
allows us to understand the role that genetic variants play in the plasticity of immune responses, and in
the susceptibility of individuals and populations to infectious diseases.

In this study, we expand substantially on previous work based on reduced representation sequencing
(RRS) (Batley et al. 2019) to investigate the genomic basis of resistance and susceptibility of Indo-
Pacific bottlenose dolphins to CeMV using whole genomes. Using a much larger dataset, we searched
for regions of the genome under selection between case (non-survivors) and control (survivors) from
the viral outbreak to identify genetic variants, genes and pathways associated with resistance and
susceptibility to CeMV. Our study provides the first whole genome-based information to enable the
screening of other cetaceans for potential genetic risk factors, ultimately enabling the identification of

populations and species particularly vulnerable to large-scale CeMV outbreaks.

4.4 Materials and methods

4.4.1 Study Species, Sites and Sample Collection

Indo-Pacific bottlenose dolphins that died and stranded during an unusual mortality event throughout
South Australia between March and September 2013, were collected by the South Australian Museum
for post-mortem examinations. Histopathological examinations, Reverse-Transcription Polymerase
Chain Reaction (RT-PCR) and/or immunohistochemical assays confirmed that CeMV infection and

related pathologies were the main contributing factor in the dolphin deaths (Table S4.1 and see Kemper
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et al. 2016). Muscle tissue from 29 Indo-Pacific bottlenose dolphins from GSV and adjacent waters,
and one from Spencer Gulf that died during the unusual mortality event, tested positive for CeMV and
generally exhibited CeMV related pathologies (e.g., pneumonia with syncytial cells, lymphoid
depletion with systemic secondary infection by bacteria, fungi, or parasites) were provided by the South
Australian Museum and formed the case group. Case samples were classified into age classes, with the
majority of the strandings being young dolphins (neonates, calves, and juveniles: < 1.6 m in length)
(young n = 28, adults n = 2). These samples were frozen at -80°C and kept at the South Australian
Museum before being transferred to 90% ethanol and to the Molecular Ecology Laboratory at Flinders
University (MELFU).

Samples were complemented with biopsy samples from free-ranging Indo-Pacific bottlenose dolphins
from GSV and adjacent waters collected between 2014 and 2015 (Bilgmann et al. 2007a, Zanardo et al.
2016D, Pratt et al. 2018), which putatively survived the outbreak (i.e., control samples). These skin and
blubber samples were collected using either the PAXARMS biopsy system (Kriitzen et al. 2002) or a
hand-held biopsy pole (Bilgmann et al. 2007a). Age classes (calves, juveniles, and adults) of sampled
individuals were estimated in situ based on body size and association with an adult dolphin (see Zanardo
et al. 2016b for details). This resulted in a total of 34 control samples, with samples from young (n =
11), complemented with random adult samples from GSV and close adjacency (n = 23). These control
samples are considered putative survivors since they belong to the same genetic and socially cohesive
population (Zanardo et al. 2016b, Pratt et al. 2018) as the one most impacted during the unusual
mortality event and were collected within 18 months of the outbreak. Biopsy samples were preserved
in a salt-saturated solution of 20% dimethyl sulphoxide (DMSO) and stored at -80°C at the MELFU.
Dolphins were genetically sexed using a polymerase chain reaction (PCR) (Banks et al. 1995). The
phenotypic data for samples that passed DNA quality controls and were subsequently selected for whole

genome sequencing is available in Table S4.1.
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Figure 4.1: Sampling locations of Indo-Pacific bottlenose dolphins, Tursiops aduncus. Case (n= 19)
are non-survivors and control (n= 34) are survivors from the 2013, Gulf St. Vincent outbreak used in
the whole-genome association study of resistance and susceptibility to CeMV.

4.4.2 DNA Extractions and whole genome sequencing

Genomic DNA was isolated from control samples following the salting out method (Sunnucks and
Hales 1996), while genomic DNA was extracted from case samples using the Qiagen DNeasy blood
and tissue kit following the manufacturer’s protocol. The purity of extractions was verified using a ND-
1000 spectrophotometer (Nanodrop, Thermo Scientific), and quantity assessed using a fluorometer
(Qubit, Life Technologies). The DNA integrity was further assessed by gel electrophoresis (2% agarose
gels, produced in-house). All extractions were expected to pass quality controls based on standards set
by the Australian Genome Research Facility (AGRF), where libraries were prepared and sequenced.
Specifically, samples were required to have a quantity > 20 ng/ul, a high molecular weight (> 20 kb),
free of RNA (assessed on agarose gels) and an A260/280 (protein contamination) ratio between 1.8-
2.0. Extractions that did not pass quality controls were re-extracted a maximum of three times, using
the same method but with altering amounts of tissue to potentially increase the concentration and
improve the quality of DNA. As expected, extractions that failed the quality controls were typically of

case samples, since these were obtained from carcasses rather than free-ranging dolphins. Case samples
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with a low concentration for all extractions were then combined, and concentrated using a centrifuge
vacuum concentrator (Hetovac, Heto Lab). Extractions from 53 samples that passed all quality controls
(case, n =19 and control, n = 34) were subsequently selected for library preparation and whole genome
sequencing at AGRF (Table S4.1). Libraries were prepared using the NEBNext Ultra Il DNA library
prep kit and sequenced on two lanes of the lllumina NovaSeq 6000 S2 platform (150 bp PE). Samples
were sequenced at ~7x coverage, excluding one sample from GSV that was sequenced at a higher depth
of coverage (~28x) to form a reference genome (Batley et al. unpublished data). While throughout this
paper we refer to the species as the Indo-Pacific bottlenose dolphin (T. aduncus), it has been previously
suggested to represent a separate species, endemic to southern Australian waters, T. australis (Charlton-
Robb et al. 2011b). However, recent studies suggest this is more likely to be a subspecies of T. aduncus
(Moura et al. 2020), and therefore we refer to the reference genome here as the southern Australian
bottlenose dolphin (SABD). Details regarding the construction, quality and statistics of this reference

genome will be available in Batley et al. (in prep).

4.4.3 Read processing, SNP calling and filtering

Raw sequencing data was pre-processed following the pipeline adapted from GATK best practices (Van
der Auwera et al. 2013), with modifications. Firstly, reads were trimmed if read quality was below 23
in a sliding window of five nucleotides, while adapters were removed using Trimmomatic v0.38 (Bolger
et al. 2014). The remaining reads were mapped to the chromosome-length scaffolded SABD reference
genome using Bowtie2 v2.2.7 (Langmead and Salzberg 2012). The resulting SAM files were then
converted to BAM files, duplicate marked and sorted using Picard (Picard Toolkit 2019). Indels were
then locally realigned to correct mapping errors using GATK before merging the replicate reads from
different libraries with SAMTOOLS (Li et al. 2009).

SNPs were called from the mapped reads of all individuals using the SABD reference genome in a two-
part process using BCFTOOLS (Li 2011). This involved generating genotype probabilities at each
genomic position before calling the SNPs. SNPs were then filtered with VCFTOOLS (Danecek et al.
2011) and using parameters described in Brauer et al. (2016). In short, reads with a minor allele
frequency <3% and genotyped in <80% of the samples were excluded. Indels were removed and only
SNPs with a quality and depth ratio of 2%, mapping quality >30 and mean depth <12 were retained.
Finally, Hardy-Weinberg equilibrium was calculated within the two groups (cases and controls), and
SNPs that were out of HWE in each group were excluded. SNPs were called altogether, including those
available from whole genomes of common dolphins and common bottlenose dolphins (data not
presented here), but as this study focused on Indo-Pacific bottlenose dolphins from southern Australia,

only SNPs that are unique to this lineage were retained (see Table S4.2 for SNPs retained at each step).
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4.4.4 Whole genome association study

4.4.4a Potential effects of inbreeding, relatedness, sex, and age-classes.

As inbreeding can reduce disease resistance due to the loss of genetic diversity (Acevedo-Whitehouse
et al. 2003), levels of inbreeding were calculated to test for potential effects of inbreeding. The
inbreeding coefficient, F, was calculated within and between cases and controls using the het command
in Plink v1.9, based on an unlinked SNP dataset (189,178 SNPs). The mean F of each group was
compared using an independent samples t-test.

Levels of relatedness within and between cases and controls as well as differences in the representation
of sexes and age classes between groups were also calculated to assess the potential influence of these
factors on the outcome of an individual. Pairwise relatedness between individuals based on the
unadjusted Ajk statistic method of Yang et al. (2010) was estimated using VCFTOOLS. Pairwise
relatedness within and between groups, as well as the mean number of individuals of each sex and age

class between groups were then compared using an independent sample t-test.

4.4.4b Identifying SNPs under selection

Allele frequency differences between the two groups were calculated to identify SNPs potentially
involved in resistance or susceptibility. This analysis used 7,720,686 SNPs and was based on two
association tests implemented in Plink v1.9; the chi-square test and Fisher’s exact test. SNPs with a
highly significant P-value (p < 0.001) were selected as outlier SNPs, as per Batley et al. (2019). These
two tests were complemented by the Weir and Cockerham’s Fst (Weir and Cockerham 1984), which
estimates differentiation between groups based on allele frequency shifts. Fsr was calculated between
cases and controls using the --weir-fst-pop command in VCFTOOLS. SNPs with an Fsr value greater
than five standard deviations from the mean (0.0024 + 5SD) were selected as outlier SNPs (Axelsson
et al. 2013, Kardos et al. 2015). Outlier SNPs from each of the three tests were compared, and those
identified as outliers in at least two tests were selected as candidate SNPs to reduce false positives. The
two tests implemented in Plink also output Odds Ratios (OR), which were used to test the odds of the

minor allele being in association with an outcome (i.e. non-survival).

4.4 .4c Annotation of candidate SNPs

To annotate and explore the function of candidate SNPs, 600 bp flanking regions of the candidate SNPs
were aligned to T. truncatus proteins (GCF_001922835.1) using blastx v2.2.28. This used an alignment
length of above 30 amino acids, similarity above 50%, and an e-value threshold of 8e-07. For all

alignments to the proteins, the genomic region of the SNP (intronic or exonic) and their predicted
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functional effect (missense vs synonymous changes) were investigated using SnpEff (Cingolani et al.
2012). Specifically, a VCF file of all candidate SNPs with flanking regions that aligned to the protein
database was generated and the SNPs were annotated against the SABD reference genome. The SABD
reference annotation was used here as SNPs were initially mapped to the SABD reference genome and
SnpEff required knowledge on SNP location; however, the annotation was not available for the initial
protein annotation. Functions of the putative candidate genes were explored using Gene Ontology (GO)
terms provided by UniProtKB (UniProt 2019), and their involvement in immune pathways and gene

interactions were explored with human Ensembl identifiers and Reactome (Fabregat et al. 2018).

4.4.4d Candidate immune gene approach

Several genes potentially involved in immune responses to morbilliviruses have been proposed
(Hashiguchi et al. 2011, McCarthy et al. 2011, Haralambieva et al. 2015, Stejskalova et al. 2017), but
some of these genes were not identified as candidate genes in our dataset. To investigate whether SNPs
within these genes are in fact neutral between cases and controls, or alternatively, under selection but
did not align to the protein coding regions, the allele frequency and genotype counts for each SNP
within each gene were compared between cases and controls. To achieve this, each gene location was
extracted from the SABD reference genome and SNPs within the specified regions were extracted using
VCFTOOLS. As the SABD annotation is in a draft format, genes that were not found in the SABD
annotation were downloaded from NCBI (T. truncatus; GCF_001922835.1) and mapped to the SABD
reference genome using blast v2.2.28. Allele frequency differences were calculated using a chi-square
test, and genotypes of the top performing SNP within each gene (i.e. SNP with the greatest

differentiation between cases and controls) were counted using Plink.

4.5 Results

Whole genome sequencing produced a total of 4,274,472,237 reads for 53 Indo-Pacific bottlenose
dolphins from South Australia (Figure 4.1). After quality filtering, 3,310,493,013 reads (mean =
31,231,066 * 13,586,174) remained, of which an average of 96.81% of reads mapped to the SABD
reference genome. Calling SNPs from the genome resulted in a total of 33,386,256 SNPs, of which
17,226,558 remained after quality filtering (Table S4.2). Of these SNPs, 10,168,981 (on 23
chromosome-length scaffolds and 77 smaller scaffolds, Figure S4.1) were unique to T. aduncus. The
final dataset available for analysis therefore, consisted of 10,168,981 SNPs for 53 individuals with an
average of 1.02% missing data (SD + 1.32%). Missing data did not differ significantly between cases
and controls (cases = 0.95% + 0.61%; controls = 1.06% * 1.6%, P = 0.389).
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4.5.1 Potential effects of inbreeding, relatedness, sex, and age-classes

There was no significant difference in the mean inbreeding coefficient between the two groups (cases
= 0.0574 + 0.049; controls = 0.0289 = 0.061, P = 0.087), suggesting that genome-wide levels of

inbreeding did not influence susceptibility of case dolphins to CeMV during the outbreak.

The mean relatedness of pairs of individuals within and between groups was not significantly different
(cases = -0.0185 * 0.056; controls = -0.0184 + 0.051; case-control = -0.0226 0.036; all P > 0.05).
Likewise, there was no significant difference between the sex composition between groups (cases: M
=10, F=9; controls: M =21, F = 9; P = 0.527). There was, however, a significant difference between
the representation of different age classes in the two groups, but due to the limited number of adult case
samples (n = 2), the influence of age could not be accounted for in the analysis.

4.5.2 ldentifying SNPs under selection and annotation of candidate SNPs

Methods to detect SNPs under selection between case and control individuals identified outlier SNPs
in all three tests, with 13,000 outlier SNPs detected using the Fisher’s exact test, 17,398 SNPs for the
chi-square test and 36,726 SNPs for the Fsrtest of differentiation. Of these outliers, 5,105 SNPs were
present in two tests, and a further 10,664 SNPs were present in all three tests. A total of 15,769 SNPs
(< 0.16% of all SNPs) found on 22 chromosome-length scaffolds showed putative signatures of
selection between case and control individuals and were considered candidate SNPs.

Of the 15,769 candidate SNPs and associated flanking regions, 689 aligned and annotated to the
common bottlenose dolphin (T. truncatus) protein dataset and/or the SABD annotation. These SNPs
annotated to 295 protein coding genes and six uncharacterised proteins (Table S4.3). Investigation of
all candidate genes and their involvement in different pathways found that 131 candidate genes were
related to 856 different biological sub-pathways that can be grouped into 25 pathways (Table S4.4).
The key pathway of interest is the immune system (37 genes) (Figure 4.2, Table S4.4), however other
pathways of interest include disease (26 genes), signal transduction (32 genes), and cell-cell
communication (4 genes) (Table S4.4). The remaining 164 genes either did not have Ensembl identifiers
or could not be characterised into pathways. However, inspection of GO terms suggests that a further

13 genes could be involved in immune system pathways (Figure 4.2, Table S4.5).

Within the immune system pathways, genes were characterised into the innate, adaptive and cytokine
signalling pathways. Nine genes (PDIA3, FBXW10, FBXL7, UBA5, SEC31A, AREL1, LMO7, IKBKB
and ASB11) grouped into the MHC class | pathway of the adaptive immune system, which is important
for recognising and fighting intracellular pathogens. Fc receptor proteins (FCRs) were also well
characterised with ten genes (DOCK1, MHY9, ACTR3, GRB2, NFATC2, CARD11, RASGRP2, IKBKB,
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MAPKS8 and CALM1), while several F-box proteins were also identified (LMO7, FBXL7, FBX10 and
FBXW11). The FBXW11 was identified through the candidate gene approach, as it had been previously
proposed to be involved in CeMV susceptibility and resistance (Batley et al. 2019). Likewise, MAPKS8
was also identified as a candidate gene in this study (as well as in Batley et al. 2019), while the MAPK
cascade was well characterised with four candidate genes (FGF2, GRB2, BTC and CALM1) and a
further 9 genes with GO terms relating to the MAPK cascades (PDE6H, NTRK2, KIDINS220, INHBA,
NPSH1, PLCE1, HRH4, TGFB3, IKBKB). Finally, pathways and GO terms highlighted the importance
of the regulation and expression of interleukins and T cells (see Table S4.4 for all pathways and sub-

pathways).

Further inspection of the annotated SNPs, and the gene regions they fall within, revealed that majority
of the SNPs fell within introns (n = 485). In total, 59 SNPs were found in exonic regions, in which 29
caused a missense mutation and 30 SNPs resulted in synonymous substitutions (Table S4.6). Of the
SNPs that annotated to immune genes, twelve SNPs were found within exons, however just six of these
within three genes (CD300LF, NFATC2 and NFKBIZ) caused a missense change, while six SNPs within
four genes resulted in no amino acid change (DOCK1, FBXW10, MASP1, MHY9, HRH4, KCTD5)
(Figure 4.2). The odds-ratio (OR) suggest that for the SNPs that caused a missense change, the minor
allele increased the odds of succumbing to CeMV (Figure 4.2). Other genes of interest that were
annotated include IL4a, which had an OR of 16.25 (Figure 4.2) and PATJ, both of which have
previously been suggested to potentially be involved in immune responses to morbilliviruses (McCarthy
et al. 2011, Haralambieva et al. 2015, Batley et al. 2019).
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Figure 4.2: 36 immune-related genes putatively associated with cetacean morbillivirus resistance and
susceptibility; a) allele frequency differences between case and control individuals and their
corresponding odds ratio. Blue odds ratios represent non-applicable odds ratios (as allele frequency in
controls = 0); b) Immune sub-pathways of the candidate immune-related genes. Other immune refer to
the genes that had GO terms relating to immune functions. Stars represent the seven genes that include
exonic SNPs (filled = missense change; non-filled = synonymous change).
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4.5.3. Candidate immune genes

At least 29 genes have been suggested to potentially play a role in immune responses to morbilliviruses
in general (Hashiguchi et al. 2011, McCarthy et al. 2011, Haralambieva et al. 2015, Stejskalova et al.
2017), but only three of these (PATJ, MAPKS8 and IL4c) were found to be under putative selection
between cases and controls in this study. For the remaining 26 genes, 22 aligned to the SABD reference
genome. Within the aligned genes, 7,041 SNPs were extracted, of which 26 SNPs on four genes (RARD,
FBXW11, ANK3 and ACOX3) showed significant allele frequency differences (P < 0.001) between
cases and controls. These SNPs were identified as outliers in the tests for selection but did not align to
the common bottlenose dolphin proteins, and are therefore considered to be located within intronic,
promoter or enhancer regions of the genes. The majority of the 22 genes were highly polymorphic
(Table S4.7), however inspection of genotype counts for the top performing SNP within each gene (i.e.
SNP with greatest allele frequency differences between cases and controls) highlighted a lack of
heterozygosity within 11 of the immune genes across all samples (Figure 4.3, Table S4.7). For these 11
SNPs, at least 84% of all samples were homozygotes. For TLR8 and TLR3, all case samples were
homozygotes, while only four control samples were heterozygotes. The genes DQo, BSG and SLC11A1
also showed low levels of variation, with only four samples being heterozygotes.
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Figure 4.3: Genotype distribution for the most differentiated SNP (x?) between case and control
bottlenose dolphins for 23 genes previously suggested to be involved in morbillivirus immune
responses; a) average genotype frequency for all 23 immune genes in cases and controls; b) genotype
frequencies for each immune gene across all samples (cases and controls). * denotes the genes with
exceptionally high homozygosity (> 84% of individuals).
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4.6. Discussion

Host genetic factors play an important role in mobilising immune responses to invading pathogens, and
may influence the outcome of an individual; yet relatively few studies have assessed the importance of
these factors and immunogenetic diversity in wildlife disease risk (Smith et al. 2009, Bossart et al.
2019). Here, we used whole genome datasets to characterise genomic regions underlying resistance and
susceptibility of dolphins to a highly contagious and fatal virus, CeMV. First, we provide additional
support for previously proposed genes suggested to be associated with morbilliviruses and immune
responses in general. This includes genes that were found to be under selection between case and control
individuals from the same population using a reduced-representation genome sequencing approach
(Batley et al. 2019). We further expand on this, by uncovering host genetic variants across the entire
dolphin genome, and in genes and pathways associated with immune functioning, including in MHC
class | pathways involved in recognising pathogens. We also identified a lack of immunogenetic
diversity in the studied dolphin population within immune-related genes previously recognised as
generally important in the fight against pathogens. CeMV is of growing concern given ongoing climate
change threatening to lead to more stressful environments for populations and species, potentially
leading to immune suppression, and altering host and virus distributions (Burge et al. 2014). Since its
discovery, CeMV has been reported to be the causative agent of several unusual mortality events across
multiple cetacean species and populations (Van Bressem et al. 1999, Di Guardo et al. 2005, Van
Bressem et al. 2014). Through the identification of genes potentially involved in CeMV immune
responses, our work clarifies how host genetic factors drive CeMV outcomes and provides knowledge
about the diversity of immune responses, their interactions, and pathways in dolphins. More broadly,
this work provides an example of how advancing technologies can enable greater insights into the role
of host genetic factors in the variation of a trait across the entire genome, while also providing support

for RRS approaches in conservation genomics.

4.6.1 Comparison between RRS and WGS for identifying genes associated with disease resistance

As genomic technologies and capabilities continue to advance, conservation genomic techniques
including reduced-representation and whole genome sequencing to assess variation of a trait will
become more popular for wildlife populations. While the focus of this study is to understand host
genetics variants in CeMV resistance and susceptibility, where possible it is important to compare and
validate the potential use and constraints of RRS and whole genome sequencing approaches for

addressing important conservation questions (Wright et al. 2020).

In this study, we increased the number of loci from 35,493 SNPs (Batley et al. 2019) to 7,720,686 SNPs
across the genome to investigate associations between CeMYV resistance and susceptibility and host

genetic factors. In concordance with the RRS dataset, estimates of inbreeding were not elevated in case
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samples compared to controls at the whole genome level, supporting previous suggestions that the
outcome of an individual during this mortality event was not influenced by genome-wide inbreeding.
Levels of inbreeding within wildlife populations have been associated with disease emergence,
immunocompetence and increased disease susceptibility and severity (Valsecchi et al. 2004, Smith et
al. 2009). While the GSV bottlenose dolphin population exhibits relatively low genetic diversity (Pratt
et al. 2018), inbreeding estimates from both RRS and WGS did not suggest significant levels of
inbreeding. This provides support for a lower density of SNPs (RRS) being sufficient for estimating

inbreeding in this population.

In the case of the Tasmanian devil (Sarcophilus harrisii), which exhibits remarkably low genetic
diversity, SNP density was too low in a RRS data set (> 9,000 SNPs) to conduct a robust association
study to identify genes associated with breeding success (Wright et al. 2020). While the SNP density
was far greater for the bottlenose dolphin RRS dataset of Batley et al. (2019), it was limited in its
coverage across the genome, covering roughly 1% of its genome. This means that in addition to genes
potentially not being represented in the RRS dataset, gene regions may have been missed (e.g. exons).
Despite this limitation, variation within introns of five candidate genes (PATJ [INADL], MAPKS,
FBXW11, ANK3 and ACOX3) between cases and controls were identified as potentially important genes
for CeMV susceptibility. While these results are informative and important for understanding disease
susceptibility in this population, complex traits are often determined by many genes with small effect
(Santure and Garant 2018), and the RRS approach to investigate a genotype-phenotype relationship
may restrict the potential to identify variation in a large number of genes. The whole genome dataset
included a much larger SNP dataset, and analysis identified significant differentiation between cases
and controls in the same five genes as Batley et al. (2019), and in an additional 294 protein coding
genes and uncharacterised proteins, with variation in at least 50 immune-related genes observed. Unlike
the RRS approach, in this study variation was observed within exon regions of the genome and SNPs
within three immune genes (CD300LF, NFATC2 and NFKBIZ) caused missense mutations. RRS
datasets remain extremely important in conservation genomics, particularly when it is not feasible to
sequence whole genomes, or when reference genomes are not available. For example, RRS was
informative in elucidating the negligible influence of inbreeding on CeMV susceptibility and provided
a stride towards understanding the role of host genetic factors in CeMV immune responses. However,
our comparison highlights the more comprehensive functional knowledge gained through a whole

genome analysis.

4.6.2. Gene functions and immune system pathways

The immune system plays a key part in the outcome of an individual and we therefore focus on pathways

and genes associated to immune functions, however, other pathways and gene functions were also
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disclosed (see Table S3 and S4 for details). A wide range of well characterised immune related pathways
were found to be putatively under selection, including a similar number of genes from both the innate
and adaptive immune systems, as well as cytokine signalling pathways. These pathways are distinct,
but interconnected (Gelain and Bonsembiante 2019), reflecting the highly complex interactions and

networks of the mammalian immune system.
4.6.2a Innate immune system

The innate immune system is the first line of host defence and is rapid and non-specific in its response
to pathogens, involving the interplay of the complement system, pattern recognition receptors (PRRs),
cytokines and a diverse range of immune cells that detect and remove pathogens (Ohishi et al. 2011,
Gui et al. 2013). A comparison between healthy and CeMV seropositive common bottlenose dolphins
from estuaries in Florida and South Carolina revealed an upregulation of the innate immune system in
seropositive dolphins, and in particular in lysozyme activity and monocytic phagocytosis (Bossart et al.
2019). In this study, the innate immune system was well characterised, with 19 genes found to be under
selection between cases and controls. In particular, ten genes were grouped into Fc receptor proteins
(FcRs) that have important functions in the activation and down-regulation of immune responses
through their ability to bind to antibodies and stimulate cellular and humoral immune responses (Takai
2002, 2005). Genes within this pathway (DOCK1, MHY9, ACTR3, GRB2) may be important for
recognising foreign pathogens and stimulating phagocytosis to engulf and eliminate infectious agents
(Acevedo-Whitehouse and Cunningham 2006), while an additional three genes (NFATC2, CARD11,
CALM1) may be important for the release of inflammatory mediators (Turner and Kinet 1999). In
humans, measles virus proteins have been reported to interact with FcRs to generate
immunosuppression through impairment of the cells’ function, decreased production of interleukins,
and the loss of antigen specific T cell proliferation (Marie et al. 2001). Of particular interest, the gene
NFATC2 is part of a family that appear to be key mediators of immune responses, specifically by
regulating the transcription of cytokine genes (TNF-a and IL-13) (Turner et al. 1998, Klein et al. 2006,
Fric et al. 2014). These cytokine genes have been associated with defence against the measles virus
(Haralambieva et al. 2015), and also may have been important in fighting infection in this population.
While these genes (TNF-a and interleukins) are known to be important for morbilliviruses’ host
defence, this finding highlights the need to look beyond cytokine receptors, at activators and initiators

of these proteins, as they may play a role in an individuals’ response and outcome.

Neutrophils are among some of the most common white blood cells that circulate in the human body,
participating in the inflammatory responses by releasing cytotoxic proteins during degranulation (Lacy
2006, Naegelen et al. 2015). Neutrophils participate in inflammatory responses by releasing cytotoxic

proteins during degranulation (Lacy 2006, Naegelen et al. 2015). The morbillivirus infected dolphins
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in this study had a high prevalence (e.g. 18 out of 24 non-survivors examined) of lymphoid depletion
in the spleen and lymph nodes (Kemper et al. 2016). This develops immunodeficiency resulting in
secondary infections including from bacteria, protozoa, parasites and fungi (Di Guard and Mazzariol,
2016). The presence of neutrophils in morbillivirus infected dolphin is a sign of an acute inflammatory
response against those pathogens (Duignan et al. 1992, Diaz-Delgado et al. 2017, Diaz-Delgado et al.
2019). Here, we found evidence of selection within five genes (GZMB, PLAU, ADA2, RAB37 and
VAT1) that are involved in neutrophil degranulation. These results suggest that variation within these
genes may play an important role in the release of cytotoxic proteins during neutrophil degranulation
and may be key contributors to the coordination of an inflammatory response against the secondary

infectious pathogens that follow CeMV.

4.6.2b Adaptive immune system

The adaptive immune system, also known as the specific and non-rapid system, is mediated by B and
T lymphocytes, and recognises pathogens by high affinity receptors (Werling and Jungi 2003). In
regards to CeMV infection in cetaceans, Bossart et al. (2019) observed a reduced adaptive immune
response in CeMV seropositive dolphins, with a reduction in T cell lymphocyte proliferation and in T
helper cells. Here, we found significant differentiation between cases and controls in 15 genes that were
characterised into the adaptive immune system. Of particular interest is the MHC class | pathway, which
generally is involved in the fight against viruses. In this study nine candidate genes were characterised
into this pathway (PDIA3, FBXW10, FBXL7, UBA5, SEC31A, AREL1, LMO7, IKBKB and ASB11). The
MHC complex is of known immune importance, being involved in resistance and susceptibility to
disease through antigen processing and presentation (Acevedo-Whitehouse and Cunningham 2006, de
Sa et al. 2019). Genes here were characterised into antigen processing of the MHC class | pathway
(LMO7, AREL1, FBXL7, FBXL10, UBA5, IKBKB and ASB11) whereby foreign proteins are degraded
into short peptides for presentation to the MHC class | system (Strehl et al. 2005). The genes PDIA3
and SEC31A are involved in antigen presentation, folding, and loading of MHC class | receptors that
coordinates the movement of high-affinity peptides to MHC class | molecules (Santos et al. 2007,
Scholz and Tampe 2009). In addition, three genes (DCTN6, KIF5B and SEC31A) were characterised
into the antigen presentation of the MHC Class Il pathway and may be important for presenting antigens
to T-lymphocytes that initiate an immune response (Moreno-Santillan et al. 2016). Across vertebrates,
the MHC complex is one of the most well studied immune-related regions. It has been implicated in
responses to measles vaccination (Haralambieva et al. 2015), and suggested to be functionally important
in CeMV infection (Stejskalova et al. 2017). Although we found no evidence of selection within key
MHC genes (e.g. DQA, DQB), variation in several downstream genes suggests that the MHC Class |
and II pathways may be involved in a dolphin’s ability to fight CeMV infection.
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Some cell receptors may also play a role in modifying the response of immune cells. We found
significant variation between cases and controls within four genes (ITGA4, HRH4, IKBKB and
CD300LF) that may be involved in the regulation of immune functions. The gene CD300LF, found to
contain four SNPs that cause a missense mutation may positively regulate the 1L4-mediated signalling
pathway by acting as a coreceptor for IL-4 (Moshkovits et al. 2015); a cytokine signalling gene that has
been previously suggested to be important in morbillivirus immune responses, and found to be
putatively under selection in this study. ITGA4 may also promote viral resistance by permitting T-

lymphocytes to migrate to sites of inflammation.

A major immune response of humans to measles is controlled by T-lymphocytes that recognise measles
antigens (Haralambieva et al. 2015). These T-lymphocytes also play a key role in immune responses of
dolphins to CeMV, with seropositive dolphins showing a reduction in T cell proliferation in comparison
to healthy dolphins (Bossart et al. 2011, Bossart et al. 2019, Diaz-Delgado et al. 2019). Throughout the
2016 outbreak in GSV, all stranded dolphins showed clinical signs of lymphoid depletion (Kemper et
al. 2016), suggesting that T cell proliferation may have been reduced, hampering the ability of an
individual to fight the infection. Seven genes (CARD11, NFATC2, GRB2, NFKBIZ, HDAC4, UBASH3A
and IKBKB) were found to be putatively under selection and may be involved in other adaptive
pathways that relate to the signalling and differentiation of T and B cells. The candidate gene NFKBIZ,
which contained a SNP that caused a missense mutation, may be of functional importance in the T cell

receptor signalling pathway and in the regulation of inflammatory responses.

4.6.2c Cytokine signalling in the immune system

Cytokines and their receptors are very important in the modulation of immune responses and are key
components of host defence. Given their role in combating pathogens, cytokines have been the focus of
several vaccination efforts against measles (Haralambieva et al. 2015), and were proposed as candidate
genes for morbillivirus resistance and susceptibility (McCarthy et al. 2011). One of these cytokine
signalling receptor genes, 1L4a, was found to be under selection in our study, and selection in a further
eleven genes were also characterised into this system (CNTF, BCL2, CALM1, GRB2, ATF1, BTC,
PTPN3, IKBKB, TP53, MAPK8 and FGF2). These findings provide further support that variation within
cytokine signalling genes such as interleukins, and particularly 1L4a, play an important role in host

immune responses to morbilliviruses in general.

4.6.3 Other pathways

Other candidate genes found under putative selection in dolphins are involved in multiple pathways that
may indirectly be linked to immune responses. For example, signal transduction is an important process

where extracellular signals, such as hormones or growth factors change the cell state or activity (Nair
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et al. 2019). Here, three candidate genes (FGF2, GRB2, BTC and CALM1) are involved in the MAPK
family signalling pathway, and another nine (PDE6H, NTRK2, KIDINS220, INHBA, NPSH1, PLCE1,
HRH4, TGFB3, IKBKB) were associated to the MAPK cascades. These are involved in the initiation of
the innate immune system, activation of the adaptive immune system, and cell death after infection
(Dong et al. 2002). MAPKS8 was previously suggested to be involved in dolphin susceptibility and
resistance to CeMV, and was related to a response to heat stress (Batley et al. 2019). Likewise, it was
found to be under selection in this whole genome study. Two other genes (INHBA and BMPR1B) are
involved in signalling by the transforming growth factor family members that have important functions
in the regulation of inflammatory responses and in T cell regulation and differentiation (Li et al. 2006).
Transforming growth factors have been associated with immune responses to a range of diseases (Akdis
et al. 2016), but to the best of our knowledge, they have not been implicated in immune responses to

morbilliviruses.

4.6.4 Candidate immune genes

Numerous genes have been proposed to be involved in immune responses to morbilliviruses, including
binding genes, pathogen-associated molecular pattern sensing genes, cytokine-cytokine receptor genes,
antiviral genes, and vitamin A and D receptor genes (McCarthy et al. 2011, Haralambieva et al. 2015,
Stejskalova et al. 2017). Due to the high number of gene annotations, we mainly focused on SNPs that
annotated to protein coding regions and therefore may have missed variation between cases and controls
in intronic regions of important immune genes. We therefore assessed genetic variation and investigated
putative signatures of selection in 22 genes previously proposed to be important in resistance and
susceptibility to morbilliviruses. We found significant differentiation in intronic regions in four of such
candidate genes (RARb, FBXW11, ANK3 and ACOX3). While the identified SNPs are within introns,
the potential role of these genes in fighting CeMV should not be discarded. A large proportion of the
mammalian genome is made up of introns (Chorev et al. 2017), and in the SABD reference genome less
than 0.6% of SNPs are within exons (Batley et al. unpublished data). While many introns act in a neutral
manner with apparently no function, intronic SNPs might indirectly influence gene function and
immune response genes through the alteration of splicing (Dhiman et al. 2008, Seoighe and Korir 2011,
Singh et al. 2018, Guig6 and Ullrich 2020).

Genetic diversity is essential for natural populations to adapt to rapid and ongoing changes to their
environment (Manlik et al. 2019). Maintaining genetic diversity is particularly important for
populations to recognise and fight infectious diseases (Hendricks et al. 2017). Immune genes are
considered amongst some of the most polymorphic genes in wildlife populations (Morris et al. 2015,
Ruan et al. 2016, Dooley et al. 2018), with diversity suggested to be maintained through pathogen-host

balancing selection (Morris et al. 2015), and an excess of homozygous alleles likely impairing an
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individual’s ability to successfully fight pathogens (Smith et al. 2009, Shafer et al. 2012, Blanchong et
al. 2016). The dolphin population studied here has relatively low levels of standing genetic variation
compared to neighbouring populations (Pratt et al. 2018, Pratt 2020), and this may have negatively
influenced their susceptibility to CeMV. While we observed a high level of polymorphism in many
immune genes, we found a lack of heterozygosity in some that are thought to be functionally important.
This lack of diversity was observed across case and control samples, and therefore may not have led to
case dolphins being more likely to succumb to CeMV, but the population being more susceptible.
Within the GSV, T. aduncus and D. delphis are considered resident species (Kemper et al. 2008). D.
delphis are very gregarious and form a larger population (Zanardo et al. 2016a, Parra et al. in review)
and although a small number of D. delphis cases were recorded during the outbreak, the virus did not
seem to have a similar impact in this population (Kemper et al. 2016). D. delphis from GSV are more
genetically diverse than T. aduncus from the same bioregion (Bilgmann et al. 2014, Pratt et al. 2018),

and this difference in diversity may have influenced their ability to fight and survive CeMV infection.

4.7 Conclusions

This whole-genome association study disclosed the importance of key immune response genes and
pathways in susceptibility and resistance of dolphins to the highly infectious and fatal CeMV. While
the RRS study provided an important first step in uncovering genes potentially involved in CeMV
immune responses, by expanding to a whole genome level, we have uncovered novel genes and
pathways that have not previously been the target of morbillivirus immune response studies. In
particular, the genes CD300LF, NFATC2 and NFKBIZ may be involved in the regulation and expression
of interleukins and T cells, while the gene pathways FcRs and MAPK cascade may be important for
recognising pathogens and activating immune responses, and the initiation and activation of the immune
system, respectively. In addition, we found evidence for putative selection in genes previously
suggested to be potentially involved in responses to morbilliviruses, adding evidence that knowledge
gained on immune responses by one species can be more broadly applied to other morbilliviruses. The
results highlighted the importance of cytokines, T cells (particularly Th2) and IL4, in fighting infection
by these viruses. Overall, our work highlights the complex interactions between the innate, adaptive,
and signalling processes of the mammalian immune system in fighting infection by viruses and adds to
our understanding of major marine mammal immune responses. The unravelled interactions of the
immune systems emphasise the significance of whole genome studies to characterise the interplay of
immune responses and genes involved in combating infections. Additional whole genome studies of
larger CeMV outbreaks should clarify the role of these genes and pathways across virus strains, and

cetacean populations and species.

105



Chapter 5: General Discussion
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5.1 Introduction

Globally, we are losing biodiversity at a rapid rate and are on our way to entering the sixth mass
extinction event (Barnosky et al. 2011, Ceballos et al. 2015, Ceballos et al. 2017). Biodiversity loss,
including global and local extinctions of species and populations, and even changes in abundance has
severe and often permanent ramifications for ecosystem structure and function, and has become one of
the most serious environmental problems (Ceballos et al. 2020). The growing human population is often
linked to this crisis, with humans placing great stress on the natural environment through
overexploitation, habitat modification or destruction, the introduction and spreading of invasive species,
pathogens and parasites, pollution, and climate change (Pimm et al. 2014, Ceballos et al. 2017, Mazor
et al. 2018, Ceballos et al. 2020). Some species, including bottlenose dolphins may be particularly
vulnerable to anthropogenic pressures due to their population biology and life history traits of slow
reproductive rates and delayed age at maturity (Fair and Becker 2000, Silber et al. 2017), as well some
tendency to reside in coastal regions, and exhibit small population sizes with low levels of genetic
diversity and reduced connectivity (Mdoller et al. 2007, Charlton-Robb et al. 2014, Fruet et al. 2014,
Zanardo et al. 2016b, Pratt et al. 2018).

Under growing anthropogenic pressure and changing selective pressures, species and population
persistence will depend on their capacity to adapt to new and unfavourable conditions or track their
favoured ecological niche. It is therefore important that drivers of evolutionary divergence, genomic
diversity, and adaptation are evaluated to better understand the potential of biodiversity to persist
through ongoing habitat and climatic changes. This study used a comparative genomics framework to
better understand the evolutionary history and adaptive potential of inshore and offshore bottlenose
dolphins. First, a reference genome for the putative subspecies, the southern Australian bottlenose
dolphin (SABD) was generated. With this tool, the phylogenomic relationships of bottlenose dolphins,
and protein-coding genes evolving under positive selection between species and lineages were
identified. Parallel evolution driven by niche specialisation was then investigated by exploring the
relationship between genomic diversity and runs of homozygosity (ROH), and by comparing the
demographic histories of inshore and offshore bottlenose dolphins. In addition, lineages with reduced
genomic diversity that may be more vulnerable to anthropogenic impacts and climate change were
identified. Finally, in one population of SABD impacted by a cetacean morbillivirus (CeMV) related
unusual mortality event, the role of host genetic factors in disease resistance and susceptibility was
investigated. The comparative genomics approach employed throughout this study enabled great insight
into the evolution and adaptation of bottlenose dolphins, and findings from this work can be integrated

into management action plans to promote the effective conservation of vulnerable dolphin lineages.
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5.2 The SABD and the value of its reference genome

Within the past decade, considerable efforts have been made to generate reference genomes for all
vertebrate species, including cetaceans, and to improve the continuity of those already available (e.g.
the Cetacean Genomes Project and DNAZo0). These collaborative efforts, in addition to independent
researchers, have generated at least 77 cetacean genomes for 36 different species since 2012 (Table
S1.1). These genomes provide the necessary resources to address many evolutionary and biological
questions that are essential for species conservation, and are a much valuable tool for mapping
resequencing data and calling SNPs (Morin et al. 2020a). The SABD was first described as a separate
species (Tursiops australis) in 2011 (Charlton-Robb et al. 2011a) based on genetic data (Méller et al.
2008, Charlton-Robb et al. 2011a), but a combination of greater genomic resolution and restricted
morphological evidence suggests this is likely a subspecies of the Indo-Pacific bottlenose dolphin
(Tursiops aduncus) (Jedensjo et al. 2020, Moura et al. 2020, Pratt 2020). To further investigate the
evolution of this narrow endemic, putative subspecies, a high-quality reference genome was assembled
into 23 chromosome-length scaffolds, with an N50 of 121 Mb, and containing 93% of genes from the
mammalian orthologous database (mammalia_odb9) (Chapter 2). This genome constitutes one of the
first chromosome-length scaffolded assemblies for a cetacean species and is to the best of my
knowledge, among the highest quality cetacean genomes currently available. At the time of starting this
project, there was no available Indo-Pacific bottlenose dolphin reference genome, and the common
bottlenose dolphin (Tursiops truncatus) assembly was fragmented into thousands of scaffolds (Table
S1.1). Therefore, the SABD assembly became the primary resource for the comparative genomics
approach in this study by first becoming a tool to map the resequencing data of a further 88 genomes
from all currently known bottlenose dolphin species and subspecies from the Southern Hemisphere, and
a further three lineages from the Northern Hemisphere (Chapters 2 and 3). This much-needed tool
provided great insight into niche divergence and parallel evolution, adaptation, and disease
susceptibility of bottlenose dolphins, and will continue to contribute to our knowledge on the evolution

and conservation of this putative subspecies (summarised in Table 5.1).
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Table 5.1: Summary of the contributions to science that have been facilitated through the assembly of the SABD reference genome

Genomic analysis

Conservation questions

Conservation implications

Expected outcomes

Phylogenomics

Does phylogenomic position support the
proposed species classification of T. australis?

Genomic position within T. aduncus clade did not support
species classification; genomic differentiation may
warrant subspecies classification for SABD

SABD to be managed as a separate entity from T.
aduncus

Positive selection

Do signatures of positive selection relate to the
adaptation of species to different selective
pressures?

Do selective pressures associated with ecotypes
create signatures of positive selection?

Genes with similar functions between species suggests
hotspots of shared positive selection among delphinids

Same genes positively selected in multiple inshore
lineages; driven by similar selective pressures associated
with inshore habitats (parallel evolution)

Evidence of natural selection facilitating parallel
adaptation of lineages to similar inshore
environments

Genomic diversity and demographic
history

Does genomic diversity vary between species and
ecotypes?

Do independent lineages share similar histories of
niche divergence?

General relationship between ecotype, genomic diversity
and ROH; inshore dolphins more vulnerable to change

Parallel demographic histories within ecotypes generally
observed; environmentally or human induced bottlenecks
rather than founder effects in inshore populations

Evidence of natural selection facilitating adaptation
to ecotype; identification of vulnerable populations;
improved knowledge to aid effective conservation
measures (mitigate human disturbance, monitor
genetic diversity and population size)

Whole genome association study

Do host genetic variants make some dolphins
more susceptible to CeMV?

Is RRS data sufficient in identifying host genetic
factors associated with a trait?

Identification of novel immune genes potentially involved
in CeMV immune responses; no observed variation in
other immune genes; support for knowledge gained on

immune responses to one morbillivirus species being
applied to others

Sufficient in estimating inbreeding and genomic diversity;
provides initial insight into variation across the genome;
may lack resolution to investigate functional changes

Improved understanding of host genetic factors in
CeMV susceptibility; provided candidate genes to
screen other cetacean populations and species
affected by CeMV; better understanding of immune
gene diversity and cetacean immune response genes
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5.3 Phylogenomic relationships of bottlenose dolphins

Incomplete lineage sorting resulting from recent and rapid radiations, as well as hybridisation among
Delphininae species had led to a long history of confounding phylogenomic relationships (Amaral et
al. 2012, Moura et al. 2013, Gray et al. 2018). For bottlenose dolphins, at least 20 species have been
proposed (Hershkovitz 1966), but currently only two species are recognised (T. truncatus and T.
aduncus) (Committee on Taxonomy of the Society for Marine Mammalogy 2020). Ecotypic divergence
and niche specialisations of bottlenose dolphins have further complicated efforts to resolve
phylogenomic relationships, with multiple species and subspecies proposed across the Southern and
Northern Hemispheres (Charlton-Robb et al. 2011a, Costa et al. 2019). The phylogenomic relationships
of bottlenose dolphin lineages across ocean basins from both Hemispheres were investigated based on
500 vertebrate orthologous genes. The bottlenose dolphin genus formed a monophyletic group, with the
two accepted species forming distinct and well supported clades. The proposed species, the Burrunan
dolphin (T. australis) was nested within T. aduncus, but genomic divergence from other T. aduncus
lineages (Figure 2.2, Figure 3.1), support suggestions that SABD could be named as a subspecies
(Moura et al. 2020, Pratt 2020). Estimates of divergence times between the SABD and eastern
Australian T. aduncus (~51 kya, 95% CI 45,145-51,622) suggests an initial event of allopatric
differentiation potentially driven by the Bassian land-bridge between mainland Australia and Tasmania
(Lambeck and Chappell 2001), with contemporary oceanographic features, natal philopatry and local
adaptation potentially reinforcing divergence (Chapter 3).Appropriate classification is vital to ensuring
targeted conservation and management action plans are in place and are tailored to the lineages
ecological and environmental conditions. This is particularly important for inshore lineages with
relatively narrow ranges (such as SABD) that are vulnerable to anthropogenic pressures (e.g. toxin and
heavy metal accumulation (Lavery et al. 2008), tourism interactions (Peters et al. 2012) and viral
outbreaks (Kemper et al. 2016)). It is therefore recommended that conservation strategies for the
divergent SABD lineage and their classification (taxonomy and IUCN Red List) be reassessed to ensure
the persistence of this metapopulation (Pratt et al. 2018) into the future.

Support was provided for the subspecies classification of T. t. gephyreus, with the lineage nested within
T. truncatus but showing substantial genomic divergence from other lineages (Figure 2.2, Figure 3.1).
This is in line with morphological (Costa et al. 2016) and genetic evidence (Costa et al. 2019, Oliveira
et al. 2019) that recommended a subspecies classification rather than the proposed species status (e.g.
Wickert et al. 2016, Hohl et al. 2020). Until this study, little was known about the evolutionary history
of this subspecies, but it has been hypothesised that it diverged after the LGM when individuals
colonised the newly available inshore habitats (Fruet et al. 2017). This study found no signal of a post-

glacial founder event for T. t. gephyreus and estimated an older time of divergence. Further analysis
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with alternative methods may clarify whether the older, or an earlier, time of divergence is more likely

for the separation of this subspecies.
5.4 Bottlenose dolphin evolution and adaptation

Divergent selection and adaptive divergence associated with environmental heterogeneity is a known
driver of population divergence and eventual speciation (Schluter 2009). This is particularly the case
for bottlenose dolphins, where species, sub-species and population-level genetic differentiation is
suggested to be caused by adaptation to local environments (Natoli et al. 2005, Bilgmann et al. 2007b,
Moller et al. 2007, Wiszniewski et al. 2009, Pratt 2020). To explore the role of divergent selective
pressures associated with occupying different habitats, lineage-specific signatures of positive selection
were explored (Chapter 2). A dataset comprising of 9,464 single copy and complete cetacean
orthologous genes for nine bottlenose dolphin lineages, and for a single lineage of D. delphis and one
of O. orca revealed that four genes were positively selected in more than one species (excluding the O.
orca), while different genes with similar functions were also positively selected between species. This
was further highlighted by evidence of positive selection in MYH7B in the D. delphis and T. aduncus
genomes, which has previously been found to be under selection in other marine mammals (Foote et al.
2015). This gene has functions relating to the development of the cardiac muscle and may be important
in heart development of marine mammal species. Different genes involved in the immune system, signal
transduction, metabolism and developmental biology were also positively selected in multiple species
and may therefore be hotspots of shared positive selection across delphinid species.

At the lineage-level, different genes with similar functions were positively selected across bottlenose
dolphin lineages. These include genes involved in developmental biology and wound healing. Wound
healing genes were also positively selected within D. delphis and T. truncatus at the species level and
may therefore be important in the evolution of delphinids. Wound healing is an important biological
process that protects the individual from foreign substances and infectious agents. Some dolphin
populations are exposed to a wide range of threats that may act as strong selective pressures, including
predation, boat strikes and incidental fishing (Fair and Becker 2000, Donaldson et al. 2010), and
therefore, selection in these genes may support the effective wound healing that is often observed in
dolphins (Noren and Mocklin 2012). A further 18 genes were positively selected across the bottlenose
dolphin lineages, which had functions relating to developmental biology, including the development of
multicellular organisms (e.g. ageing), neuronal development, and the development of different muscles
and organs. Genes involved in developmental biology may be linked to a wide range of traits, including
the evolution of brain size and complex behaviours (McGowen et al. 2012) and in response to many
aquatic pressures (e.g. shallow and deep diving, osmotic regulation, sensory perception) (Nery et al.
2013, McGowen et al. 2014, Foote et al. 2015). While the phenotypic traits linked to the 18
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developmental biology genes under selection requires further investigation, it is evident that genes with
these functions are important in the evolution of dolphins, potentially to the aquatic environment and

their evolved complex behaviours.

5.5. Parallel evolution in the genomes of inshore lineages

While inshore and offshore environments differ in their environmental features, inshore environments
generally share similar features that create comparable selective pressures among inshore habitats. This
was evident when comparing genes under selection between inshore and offshore bottlenose dolphin
lineages, with 13 genes positively selected among multiple inshore lineages, while no genes were
positively selected in more than one of the offshore lineages (Chapter 2). This finding supports the idea
that similar selective pressures associated with the inshore environment are resulting in the parallel
evolution and adaptation of inshore bottlenose dolphins (Pratt 2020). The genes likely to be under
parallel evolution in the inshore lineages relate to DNA damage, repair and apoptosis, and the immune
system and eye development. These genes may be evolving in parallel in response to the greater stress
associated with living near areas of high human use. For example, toxin and heavy metal pollution can
distort DNA structure, and potentially lead to cancer (Chatterjee and Walker 2017). Bioaccumulation
of toxins and heavy metals have been recorded to be higher in inshore populations in southern Australia
(Lavery et al. 2008, Gaylard 2017), and genes involved in DNA repair and apoptosis could therefore be
important in reducing the risk of mutagenesis in the inshore lineages. There is no study that suggests
inshore populations are exposed to a greater diversity or abundance of pathogens, however, disturbance
of inshore environments have been reported to influence marine mammal mortality events and the
spread of disease (Fury and Reif 2012, Meager and Limpus 2014). For example, poxvirus-like lesions
in inshore dolphin populations in Australia have been linked to flooding events (Fury and Reif 2012),
while the CeMV outbreak in South Australia was thought to have been influenced by stress induced by
abnormally high sea surface temperatures within the gulf environments (Kemper et al. 2016, Batley et
al. 2019). Therefore, the added human-induced stress associated with the inshore environment may be
driving selection in immune functioning genes. Selection within immune and DNA damage, repair and
apoptosis genes in marine mammals have been previously reported (Ming et al. 2019, Tejada-Martinez
etal. 2021). However, no evidence of these gene functions being positively selected in offshore lineages
may suggest that selective pressures associated with the stressful conditions of the inshore habitat are

driving this parallel evolution in the inshore lineages only.

The genomic consequence of repeated niche divergence was further highlighted by comparing patterns
of genomic diversity, ROH and demographic histories between inshore and offshore lineages (Chapter
3). Avery strong relationship between genomic diversity, ROH and ecotype was observed, with inshore

lineages exhibiting significantly lower genomic diversity than the offshore lineage. Likewise, a greater
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proportion of their genomes were covered by ROH, reflecting the recent inbreeding events or reduced
levels of connectivity following a bottleneck (Briiniche-Olsen et al. 2018). Parallel demographic
histories were observed within ecotypes, with the inshore lineages generally experiencing population
bottlenecks during the LGM, while offshore lineages expanded during the same period. The two inshore
T. truncatus (T. t. gephyreus and Gulf of Mexico) followed similar patterns to the offshore lineages
during the LGM only, potentially reflecting the increased connectivity during a period where available
inshore habitats were scarce. The comparable environmental features of the inshore habitat may be
creating similar selective pressures, resulting in the consistent finding of parallel evolution in the
genomes of inshore lineages. These results highlight the importance of niche divergence in the evolution
and adaptation of bottlenose dolphins and provide strong evidence of natural selection facilitating local

adaptation in inshore populations.
5.6. Host genetic factors and disease susceptibility

As the climate continues to change and habitats are altered, modifications to disease dynamics will
likely challenge the persistence of populations and species (Smith et al. 2009). Changes to pathogens
and host ranges, and increased host susceptibility induced by anthropogenic and environmental stress
are likely to lead to shifts in the prevalence, severity, and transmission of disease in wildlife populations
(Drew Harvell et al. 2002, Williams et al. 2002, Hoegh-Guldberg and Bruno 2010). This has become
evident in recent times, with the emergence of SARS-CoV-2, with many variants of concern rapidly
emerging and spreading across the globe. Regarding wildlife populations, an apparent increase in the
diversity and incidences of disease outbreaks has been observed, with the emergence of morbillivirus
in many marine mammal populations around the world among some of the most pressing examples
(Smith et al. 2009).

Despite host genetic factors, including levels of inbreeding and diversity, and variations within genes
being important drivers of an individual’s susceptibility and resistance to infection (Karlsson et al. 2014,
Stejskalova et al. 2017), few studies have addressed the role of host genetics and disease susceptibility
in wildlife populations. Therefore, whole genomes from surviving and non-surviving Indo-Pacific
bottlenose dolphins (SABD) from one genetic population that was affected by a cetacean morbillivirus
(CeMV) related unusual mortality event were sequenced. These were included in an association-based
study to understand the role of host genetic factors in CeMV susceptibility. Estimates of inbreeding
confirmed previous findings from reduced representation data that inbreeding was not a major driver of
CeMV susceptibility, with inbreeding being similar within and between survivors and non-survivors
(Batley et al. 2019). The population, however, has low genomic diversity and a high proportion of their
genome covered by ROH compared to other dolphin species from the same region (D. delphis and T. t.

truncatus), which apparently had only a few animals succumbing to the disease during the outbreak
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(chapter 3). In particular, D. delphis are thought to be a resident species in Gulf St Vincent, are highly
gregarious and form a larger population (Kemper et al. 2008, Zanardo et al. 2016a, Parra et al. in
review). They have greater genetic diversity, and minimal ROH, and its greater diversity may have
enhanced their ability to fight and survive CeMV infection.

Significant genetic differentiation between the two groups (survivors vs non-survivors) was observed
for thousands of candidate SNPs and assumed to be potentially involved in CeMV susceptibility or
resistance in this population. Gene annotations and their pathways revealed that genes involved in the
immune system were particularly important. Building on work by Batley et al. (2019), the whole
genome approach improved resolution to detect variation within genes across the genome, but also to
investigate the gene region of candidate SNPs (e.g. exons or introns) and their impact (e.g. synonymous
or non-synonymous substitutions). Given their importance in fighting infection, variation within
immune genes and pathways were of the most interest, with twelve of the SNPs within immune
pathways found within exon regions. Half of these SNPs caused a missense change, while the remaining
half resulted in synonymous substitutions. Most of the candidate SNPs fell within intron regions (or
potentially promotor/enhancer regions), however the importance of SNPs within introns in CeMV
susceptibility should not be disregarded. A large proportion of the mammalian genome is covered by
introns (Chorev et al. 2017). For example, 25% of the human genome is made up of introns (Jo and
Choi 2015), and only 0.6% of all SNPs within the SABD genome annotated to exons. The importance
of intronic variations in species evolution and adaptation are only beginning to be realised, and
therefore, candidate SNPs in this study that annotated to immune genes in both intron and exon regions
of the SABD genome were assumed to be putatively involved in CeMV resistance and susceptibility.

Regarding the immune genes with significant differentiation between survivors and non-survivors, the
three main immune pathways were well represented (i.e. innate, adaptive and cytokine signalling),
highlighting the complex interplay of the immune system in combatting CeMV infection. Novel genes
and pathways that have not been the target of previous immune response studies were differentiated
between survivors and non-survivors, while support for genes previously suggested to be involved in
fighting morbillivirus was also provided (e.g. IL4a, McCarthy et al. (2011); PATJ, MAPKS8, FBXW11,
ANK3 and ACOX3, Batley et al. (2019)). Specific MHC class | genes were not significantly
differentiated in coding regions of the genes, however at least nine genes were characterised into this
pathway, and may be important in recognising foreign molecules and initiating an immune response.
Genes involved in cytokine and T cell signalling were well represented and are assumed to be important
mediators of immune responses to morbilliviruses. Viral species within the genus Morbillivirus share
similar characteristics, and likewise it has been suggested that the signalling lymphocyte activation
molecule (SLAM) is a universal receptor for entry and propagation of morbillivirus in all mammals,
including cetaceans (Sato et al. 2012, Shimizu et al. 2013, Melia et al. 2014, Ohishi et al. 2019). While
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variation was not observed within SLAM in this study, the finding of differentiation within IL4a and
genes involved in cytokine and T cell signalling provide further support that knowledge gained on

immune responses for one viral species may be applicable more broadly to morbilliviruses.

These findings support the use of reduced representation genome sequencing in the initial stages of
identifying host genetic variants associated with a trait as a proof of concept, and in estimating levels
of inbreeding and diversity. Whole genome sequences provide greater resolution to identify genes
across the genome and the relationship between variation and amino acid changes, providing an
opportunity to look at variation within genes previously hypothesised to be important for a particular

trait.

5.7 Vulnerability of inshore lineages to a changing environment

Inshore lineages are particularly vulnerable to a changing climate and increased anthropogenic and
selective pressures due to low genomic diversity and small population sizes (chapter 3), ecological
factors including small home ranges, high site fidelity to urbanised regions, specialised diets and feeding
strategies (Moller et al. 2007, Zanardo et al. 2016b, Pratt et al. 2018), and biological traits such as slow
reproductive rates and delayed age at maturity (Fair and Becker 2000, Silber et al. 2017).

Throughout this thesis, molecular evidence highlighted the heightened vulnerability and reduced
adaptive potential of inshore bottlenose dolphins. For instance, signatures of positive selection
suggested that adaptations of inshore lineages may potentially be driven by greater anthropogenic stress
associated with site fidelity to areas of high human use (chapter 2). The low genomic diversity and
small populations sizes of inshore lineages may reduce their adaptive potential. This is highlighted by
population bottlenecks experienced by the inshore lineages during the LGM (chapter 3). This finding
across multiple inshore lineages suggests that as the ocean cooled and sea levels dropped, these lineages
may have been unable to adapt to the deeper, cooler, and less productive waters that they were likely
forced to retreat to. In particular, extremely low genomic diversity was recorded for the inshore T. t.
gephyreus, being similar to other vulnerable species (e.g. the cheetah (Acinonyx jubatus), snow leopard
(Panthera uncia) and Tasmanian devil (Sarcophilus harrisii)) (Miller et al. 2011, Cho et al. 2013,
Dobrynin et al. 2015), and this may be linked to a recent bottleneck. Genomic diversity can enhance an
individual’s potential to adapt to changes, reduce the harmful effects of inbreeding, and influence
disease tolerance and resistance (Lotze et al. 2011, Wernberg et al. 2018, Hoban et al. 2020b). In
addition to the low genomic diversity observed for the inshore lineages, within one population of
SABD, negligible diversity was found in immune genes that were previously thought to be important
in fighting viral infections, and particularly CeMV (Hashiguchi et al. 2011, McCarthy et al. 2011,
Haralambieva et al. 2015, Stejskalova et al. 2017) (Chapter 4). Negligible genomic diversity in immune
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genes may hinder a population’s ability to recognise and fight infectious diseases (Smith et al. 2009).
Therefore, low genetic diversity coupled with negligible diversity in key immune genes and potential
stress induced by abnormally high sea surface temperatures may have hindered the SABD population’s

ability to fight CeMV infection, leading to the larger mortality observed in this population.

The Lahille’s bottlenose dolphin and Indo-Pacific bottlenose dolphin are currently classified as
Vulnerable and Near Threatened, respectively, by the International Union for Conservation of Nature
(IUCN), citing residential and commercial development, human intrusion and disturbance, and
pollution as key threats (Braulik et al. 2019, Vermeulen et al. 2019). While the IUCN recognises the
importance of genomic diversity in maintaining global biodiversity (Reed and Frankham 2003, Garner
et al. 2020), molecular evidence of species vulnerability are rarely incorporated into species
conservation strategies (Laikre 2010, Garner et al. 2020). In this thesis, evidence from three genomic
subfields (i.e. evolutionary, population and functional genomics) highlight the vulnerability of inshore
lineages to anthropogenic stressors, emphasising the importance of integrating genomic findings into
policy and action plans that promote sound conservation strategies. It is suggested that where possible,
conservation efforts be focussed towards minimising human impacts, promoting connectivity and
population replenishment, and monitoring genetic diversity and population sizes over time, particularly

in the vulnerable inshore populations.

5.8 Limitations and future directions

This work provides baseline knowledge on the evolution, demographic history, and adaptation of
dolphins, and to the best of my knowledge, represents one of the first, and largest comparative genomic
studies for cetacean species and subspecies. As the field of molecular ecology and conservation
genomics continues to progress, our understanding of the power and constraints of whole genome data
will grow. Many low coverage genomes were included in this study, and while this provides great
resolution to understand genomic diversity, inbreeding and adaptation within a population, the use of
multiple low coverage genomes to reliably detect patterns of demographic history is relatively
unknown. While patterns were similar within species and to previous studies (Vijay et al. 2018, Moura
et al. 2020), the analysis was restricted to within the past 200 kya and produced estimates up until
present day (for inshore lineages only). These recent estimates have large ramifications for the
management and conservation of these lineages, and it is therefore recommended that future work
further assess the patterns observed, as well as estimated times of divergence. This can be achieved by
expanding the number of individuals included, and at a higher coverage (at least 15x), using other
algorithms that are better suited to estimating demographic histories for small populations, or by using

a single representative genome per lineage (at least 20x) in a PSMC analysis.
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To the best of my knowledge, this work also represents the first whole genome association study of
disease susceptibility and resistance in a marine mammal species. Future work should aim to screen
other marine mammal populations, particularly those that have been affected by Morbillivirus, to
confirm the role of the identified candidate immune genes in the resistance and susceptibility of
populations and different species to the virus. By doing so, markers can be developed to screen marine
mammals, ultimately identifying those at risk of succumbing to one of the greatest infectious disease
threats to these animals worldwide. This work also highlighted an apparent lack of genetic diversity in
several immune genes in one population of SABDs, which may have large implications for the health
of the population. It is first recommended that future studies expand on this knowledge gained by taking
a targeted approach to investigate variability in a greater number of characterised immune genes,
including MHC genes that are important for immune responses and reproductive success (Manlik et al.
2019). Secondly, it is recommended that variation in immune genes in this population is compared to

other populations and species, to further understand the implications of this lack of diversity.

Concluding remarks

This thesis used 98 whole genomes and a comparative genomic approach to advance our knowledge on
eco-evolutionary patterns and the adaptive potential of bottlenose dolphins. The resulting work informs
about the role of niche divergence and natural selection in the differentiation and adaptation of
bottlenose dolphins, but also addresses the vulnerability of lineages to past climatic events and current
selective pressures. The thesis advances our knowledge on eco-evolutionary patterns and processes, as
well as adaptive potential of bottlenose dolphins, which can be incorporated into policy and action plans

to promote more sound conservation management strategies.
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Figure S2.1: Demographic histories between populations within each dolphin lineage (Tursiops and D.
delphis) examined from the Southern Hemisphere.
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Figure S3.2: FROH (total sum of ROH > 1MB divided by the total length of autosomes) for the 38
individual dolphins analysed from the inshore ecotype (top), nearshore D. delphis and offshore ecotype
(bottom). For sampling locations see Table S1.
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Figure S3.3: Estimated time of divergence between the offshore T. t. truncatus and the inshore T. t.
gephyreus from the Southwest Atlantic Ocean, estimated using SMC++ (~151 kya, 95% ClI 62,798-
77,987).
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Figure S3.4: Comparison of genome-wide heterozygosity among mammals. Heterozygosity values are
downloaded from Morin et al. (2020b) and based on (Robinson et al. 2016). Dark blue bards indicate
terrestrial mammals; light blue bars indicate marine mammals (including the common bottlenose
dolphin), and pink bars represent data generated in this study (Lahille’s bottlenose dolphin; T. t.
gephyreus, the Southern Australian bottlenose dolphin; T. aduncus (SABD), and the Indo-Pacific
bottlenose dolphin; T. aduncus). See Table S4 for heterozygosity information.
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Figure S3.5: Comparison of demographic histories for T. aduncus (SABD) using all available
genomes from this lineage (n = 30) (red line) and the five genomes used in the main text of this

chapter (n =5).
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Figure S4.1: The number of SNPs anchored onto 22 chromosome-length scaffolds and 77 short
scaffolds, used in a whole genome study of susceptibility and resistance of Tursiops aduncus to
cetacean morbillivirus in Gulf Saint Vincent, South Australia.
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