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Abstract

Long standing evolutionary questions such as genetic basis of adaptations can now be investigated with
genome-scale empirical data. In this thesis, pinnipeds (seals, sea lions, fur seals and walrus) are employed
as a model species to investigate the evolution of novel phenotypes in Mammalia. In the 40 million years
since pinniped divergence, they have evolved extensive variation in life-history strategies, with unique
morphological, physiological, and behavioural adaptations. Much of this variation is related to the
constraints imposed from spatial and temporal separation of terrestrial parental care with marine
foraging. Whilst many of the key differences in ecology between pinniped species are understood to be
underpinned by lactation related traits, the molecular basis of these trait differences is poorly
understood. In Chapter 2, | describe high-quality de novo genomes assemblies for Caspian (Pusa caspica)
and Hooded (Cystophora cristata) seals employing long and short read sequencing data. | developed and
applied a novel annotation pipeline to identify protein coding regions of the generated assemblies. In
Chapter 3, | resolve the phylogeny for pinnipeds within the Carnivora by combining the gene models
generated in Chapter 2 with 15 additional publicly available pinniped genomes. | employed multiple
phylogeny reconstruction methods identifying and excluding influences from genes outlying phylogenetic
signals and resolving a congruent phylogeny across multiple reconstruction methods. In Chapter 4, |
combine the species phylogeny and gene models, with codon-based models of evolution to perform
genome-wide scans of selective pressure variation, identifying candidate genes under positive selection.
| find signals in many genes known to influence milk properties in cattle, or lipid associated metabolic
disease phenotypes in humans — which suggests lactation traits in pinnipeds have evolved because of

selection on metabolic pathways which are conserved across mammals.
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A key challenge in evolutionary genomics is to understand the genetic basis of differences in adaptive
traits among species, and how these relate to the selective pressures arising from environmental and
ecological factors. Suites of novel adaptations often arise as species diversify to exploit new environments
or ecological niches. Genomic analyses of taxa arising during such radiations have significantly advanced
my understanding of the nature and genetic architecture of novel adaptations. Within Mammalia, marine
mammals have developed some of most extreme adaptations in morphological, physiological, and life-
history traits as they shifted from terrestrial to marine habitats. Pinnipeds are the group of marine
mammals containing seals, sea lions, fur seals, and walrus and are unique in that their behaviour is
constrained to breed on solid substrates (land and ice), but the rest of their life-history is dependent on
the marine environment. This has led to the evolution of traits unique to Pinnipedia, with a suite of

adaptations related to how they provision their young.

Some of the traits seen in Pinnipedia are extreme when compared to other mammals, such as the ability
to temporarily pause lactation, in sea lions and fur seals, or the Hooded seal possessing the highest fat
content of milk of any extant mammal. Such diversity within an evolutionary recent clade gives a unique
opportunity to examine how environmental and ecological factors interact with molecular processes to
drive the evolution of novel adaptations. In this thesis, | generate de novo assemblies for the previously
unsequenced Caspian seal and Hooded seal genomes. | then use these genome assemblies and advanced
phylogenetic tools to resolve some of the phylogenetic uncertainty in the current pinniped phylogeny.
The phylogeny is then used to support analyses identifying genes showing species and lineage specific
signatures of selection, and the unique adaptions of pinnipeds they might be associated with, focusing on

lactation strategies.

1.1 Evolutionary history of pinnipeds

To fully understand the phenotypic adaptations in pinnipeds it is important to fully appreciate their
evolutionary history and the ecological drivers that have led to the diverse group seen today. Pinnipeds
are mammalian family which diverged from an arctoid carnivore common ancestor, a group which
includes procyonids, mustelids and ursids, around 30-40 million years ago (Mya) (Berta et al., 2018). They
have since diversified into 38 extant species, representing over 25% of current marine mammal species.
They are comprised of three families - Phocidae (true seals), Otariidae (sea lions and fur seals), and
Odobenidae (Walrus) (Berta et al. 2005). The relationships between the three families, with reference to

the sister taxon of pinnipeds, has been contentious (Uhen, 2007). Two competing hypotheses have been
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proposed — a monophyletic origin (Figure 1.1A), where Phocidae, Otariidae and Odobenidae all diverged
from a common ancestor; and a diphyletic origin of pinnipeds (Figure 1.1B), in which Phocidae derived
from basal Mustelidae, whilst Otarioids (Otariidae and Odobenidae) derived from basal Ursidae ancestor.
Early paleontological and morphological evidence supported the latter hypothesis (Tedford, 1976;
Repenning et al., 1979; de Muizon, 1982; Barnes, 1989; Wozencraft, 1989; Nojima, 1990; Kuhn and Frey,
2012; Koretsky et al., 2016). However, more recent reanalysis of morphological evidence, and
overwhelming support from DNA sequence data has now led to acceptance of a monophyletic origin
(Weber, 1904; Gregory, 1910; Davies, 1958; Wyss, 1987; Berta and Wyss, 1994; Flynn et al., 2005; Fulton
and Strobeck, 2006; Kohno, 2006; Sato et al., 2006; Higdon et al., 2007; Yonezawa et al., 2009; Nyakatura
and Binida-Emonds, 2012; Furbish 2015; Hassanian et al., 2021). Despite near-consensus support for a
monophyletic origin hypothesis, recent studies have disputed the arctoid group as most closely related to
pinnipeds. There is evidence to suggest Mustelidae, Ursidae, or an Ursidae-Mustelidae ancestry (Flynn

and Nedbal, 1998; Delisle and Strobeck, 2005; Feijoo and Parada, 2017).

The earliest diverging lineages are known as the Pinnipedimorpha clade, within which fossils with
characters suggestive of an Ursidae-sister hypothesis and Mustelidae-sister hypothesis are both present
(Orlov, 1933; Savage, 1957; Tedford et al., 1994; Jacobs et al., 2009). When a fossil of a primitive Pinniped,
subsequently named Enaliarctos was discovered, it was believed to be the earliest Pinniped, originating
in the eastern North Pacific between 30.6 and 28 Mya (Berta et al., 2018). Fossils for 5 species of
Enaliarctos spp. have been since been found (Berta et al., 2018). These fossils possess characters shared
with archaic bears, such as similar cranial features and heterodont dentition (differentiated teeth such as
incisors and molars), supporting a Ursidae-sister hypothesis (Berta, 1991). Enaliarctos spp. had key aquatic
adaptations ubiquitous across modern day pinnipeds, including large eyes, specialised inner ear, and
sensitive whiskers. Although, Enaliarctos spp. used both forelimb and hindlimbs for aquatic propulsion,
unlike modern day pinnipeds, Phocidae use hind limbs and Otarioid predominantly use forelimbs (Mitchell
and Tedford 1973, Flynn et al., 1988; Hunt and Barnes, 1994). More recently, fossils of Pinnipedimorpha
with otter-like characters have been found, including Puijila darwinii which occupied the Arctic 24-20 Mya
(Rybczynski et al., 2009). Their webbed feet appear to bridge the gap between the fully-flippered species
and terrestrial carnivores. Through cladistic analyses of morphological traits, Puijila and other
Pinnipedimorpha fossils cluster in early diverging lineages at the base of Pinnipedia. Thus, despite P.
darwinii appearing to display transitional characters between terrestrial and aquatic lifestyles, this

suggests that both Enaliarctos spp. and Puijila spp. are sister lineages to modern day pinnipeds rather than
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A) Monophyly B) Diphyly
Muselidae/Ursidae Ursidae

=

Otaroids

Odobenidae

Muselidae
Otariidae
Phocidae | Phocidae

Figure 1.1. Phylogenetic origins of Pinnipedia. The alternative hypotheses of the evolutionary
relationships between pinnipeds (A) monophyly origin hypothesis, in which a single ancestor of
pinnipeds and (B) diphyly origin hypothesis in which Phocidae and mustelids exist as a sister taxon and

Ursidae and Otarioids exist as a sister taxon. Adapted from Berta et al. (2015).
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Figure 1.2. Time calibrated phylogeny of pinnipeds. Phylogeny of pinnipeds and their relationship
within Carnivora. Adapted from Nyakatura and Bininda-Emonds, (2012); Lopes et al., (2020) and

Paterson et al., (2020).
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direct ancestors (Paterson et al., 2020). P.darwinii lived in a cool temperate environment with seasonally
frozen lakes, suggesting the earliest pinnipeds were exclusively freshwater (Rybczynski et al., 2009). With
many early pinnipeds being primarily freshwater or near-shore, the hypothesis of transitional phases
leading to the extreme level of aquatic adaptations seen in extant species appears likely (Paterson et al.,

2020).

A major diversification in pinniped evolution is that between Otarioid and Phocidae, which is thought to
have occurred during episodic increases in Arctic Sea ice cover which began around 23 Mya (DeConto et
al., 2008). The changes in ice cover would have increased waters habitable by krill, changing arctic food
webs and creating new niches, which were exploitable by marine mammals. Phocidae have a rich fossil
record when compared to most marine mammals, based on fossil evidence it is thought that early
Phocidae evolved in the North Atlantic before dispersing into the whole of the Atlantic. Phocidae is
comprised of two major clades — Phocinae and Monachinae, which split around 14.7 Mya. Phocinae then
spread throughout the north Atlantic and Monachinae across the south (Figure 1.3) (Davis et al. 2004,
Higdon et al. 2007, Fulton & Strobeck 2010). Shifting Arctic oceanic events appear to have coincided with
speciation events in Phocidae. For instance, isotope records suggest the Arctic Ocean may have started
fully circulating with global oceans at the time of the earliest diversification in Phocinae, the Erignathini
(Haley et al., 2008). The divergence of the Cystophorini from the rest of Phocini is thought to have occurred
at a similar time to the opening of the Bering Strait (Fulton and Strobeck, 2010). Oceanic events go some
way to explain the diversification of Phocidae, but glaciation may have resulted in allopatric speciation,
for instance between the ribbon and harp seal (Deméré et al., 2003). The Pusa clade has not yet been fully
resolved, which makes determining the ecological factors responsible for the diversification of this clade
more challenging. Nevertheless, there is a consensus that landlocked seals, such as the Caspian seal and
Baikal seal (Pusa sibirica) appear to be a result of colonisation and subsequent isolation of inland water

systems (Chapskii, 1955; McClaren, 1960).

Otariidae and Odobenidae split from the Phocidae lineage approximately 20 Mya (Figure 1.2) (Nyakatura
and Bininda-Emonds, 2012; Yonezawa et al., 2009). Historically, Otariidae was thought to comprise of two
monophyletic groups Arctocephalinae (fur seals) and Otariinae (sea lions), based on the layer of
specialised underfur exhibited by the former. Molecular studies have since determined these subfamilies
to be paraphyletic (Wynen et al., 2001; Yonezawa et al., 2009). Northern fur seal (Callorhinus ursinus) is

in a sister clade to the rest of Otariidae, being the earliest diverging Otariid (Berta and Wyss, 1994; Berta
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vil.

viii.

Phocinae-Monachinae split (~14.7 Ma)

ii. Erignathini diverges (~11.3 Ma)
i. Cystophorini-Phocini diverge (~5.4 Ma)
. Phocini tribes split (~4.3 Ma);

Histriophocina spp. diverge (~3.3 Ma)
Phocina spp. diverge (~2.5-0.4 Ma)
Monachini tribe diverges (~7.8 Ma)

. Miroungini-Lobodontini split (~6.8 Ma)

Lobodontini begin moving southward

Miroungini remain in Atlantic
Mediterranean and Hawaiian monk
seal lineages diverge (~6.2 Ma)
Lobodontini enter Antarctic (>3.4 Ma)
Miroungini cross through Central American
Seaway before it closes (>3 Ma) and
species diverge (~2.5 Ma)

VNN
¥

Figure 1.3. Hypothesised movements of Phocidae. The expected movement of Phocidae species during
their evolution, with the time of diversification in the grey box. Adapted from Fulton and Strobeck,

(2010).
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et al, 2018). It is argued that the Otariidae achieved dispersal in the southern hemisphere by a single or
several trans-equatorial crossings (Deméré et al., 2003; Koretsky & Barnes, 2006; Yonezawa et al., 2009)
(Figure 1.4). The most recent molecular analysis supports diverging Otariid (Berta and Wyss, 1994; Berta
et al, 2018). It is argued that the Otariidae achieved dispersal in the southern hemisphere by a single or
several trans-equatorial crossings (Deméré et al., 2003; Koretsky & Barnes, 2006; Yonezawa et al., 2009)
(Figure 1.4). The most recent molecular analysis supports multiple crossings. An initial influx into the
southern hemisphere being aided through temperate conditions and high productivity approximately 3-5
Mya (Lopes et al., 2020). Fluctuating climates enabled an explosive radiation event which has resulted in
recent diversity of southern hemisphere Otariidae, Arctocephalus, approximately 3 Mya (Nyakatura and
Bininda-Emonds 2012; Lopes et al., 2020). Recent and rapid diversification of Arctocephalus, in addition
to possible introgression, makes resolving a simple phylogenetic relationship for these taxa difficult

(Churchill et al., 2014; Lopes et al., 2020).

Despite Walrus (Odobenus rosmarus) being the only surviving species of Odobenidae, rich fossil evidence
has shown that this was a once diverse family, containing at least two other clades (Boessenecker and
Churchill, 2013). Fossils of Odobenus have been recorded from as far south as southern USA and France,
from the middle and late Pleistocene suggesting that the current range restriction to the Arctic is a recent

phenomenon (Berta et al, 2018).

1.2 Evolution of Lactation Strategies in pinnipeds

Extant pinnipeds occupy a wide range of habitats, from tropical waters, e.g., Hawaiian monk seal, to the
polar regions. Pinnipeds have adapted to various foraging ecologies, ranging from shallow coastal waters
to deep, oceanic habitats. Different foraging ecologies have also emerged with a range of prey
specialisations from the filter feeding of krill to predation of large prey such as Penguins and other
pinnipeds (Kienle and Berta, 2018). The evolution of different lactation strategies is likely to be an
important factor in facilitating the exploitation of different niches, whilst also coping with the spatial-
temporal partitioning of marine foraging and terrestrial breeding. There are three lactation strategies
present in extant pinnipeds: capital breeding strategy, income breeding strategy, and nursing strategy
(Schultz and Bowen, 2005) (Figure 1.5). The capital breeding strategy is observed solely in Phocidae and
involves a long seasonal build-up of energy reserves before hauling out on land for parturition. Young are

provisioned for a short time frame during which the mother metabolises accumulated reserves whilst
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Figure 1.4. Hypothesised movement of the Otariidae. The expected movement of the Otariidae during
their evolution. 1 represents the emergence of the archaic Otariidae species, with 2 representing their
initial transequatorial dispersal and origin of southern hemisphere clade of Otariidae. 2-9 represent the
rapid dispersal of the Arctocephalinae species along the southern hemisphere. 10 represents the
transequatorial movement of San Fernandez fur seal (Arctocephalus philippii),, with 11 representing

the dispersal of the Zalophus clade. Adapted from Churchill et al. (2014).
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Figure 1.5. Lactation strategies as delineated by time allocation after parturition. A representative of

the various lactation strategies seen in pinnipeds, with time scales representing the proportion of time
spent on land nursing the young or in a marine environment foraging. The time scale is representative

as a proportion of lactation period.
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nursing. The income breeding strategy is ubiquitous in Otariidae, where in contrast to building up reserves
throughout the year, females provision their young over months to years. During provisioning, mothers
will make long intermittent foraging trips, ranging from days to multiple weeks, before returning to their
young to continue nursing. Elements of income breeding are also present to some degree in some smaller
bodied Phocidae species. In these species weaning of pups is still completed within a matter of weeks, but
females make short foraging trips towards the end of the lactation period to supplement resources. Lastly,
the nursing strategy is unique to the walrus. Walruses have the longest lactation length of any Pinniped,
ranging from 1-5 years, during this time they are constantly foraging and provisioning the young (Clark et

al., 2020).

A thorough understanding of pinniped evolutionary history is important to explain the phenotypic and
behavioural diversity present in relation to the lactation strategies. Stem pinnipeds, including some
Enaliarctos spp., had small bodies and heterodont dentition, indicating they still chewed prey and
frequently returned to land to consume prey (Repenning, 1976; Churchill and Clementz et al., 2015). This
type of foraging indicates stem pinnipeds would perform a lactation strategy similar to that of their
terrestrial ancestors, exploiting upwelling sites along coastal margins whilst provisioning young (Berta,

2018).

A thick layer of subcutaneous adipose tissue, blubber, is ubiquitous across pinnipeds. . Pinniped ecology
and life-history suggests two primary drivers for the evolution of blubber: thermal insulation, and energy
storage. Increased body size was prevalent in early Phocidae (Wyss, 1994), to decrease predation and
increase thermal retention. Increasing body mass also increased the ability to store energy as blubber and
facilitated the exploitation of colder environments that possessed seasonally highly abundant prey. Polar
water increases in productivity in summer months due to extended sunlight hours, and ice could be used
for parturition. The fundamental characteristics of capital breeding strategy appeared early in Phocidae.
The unstable nature and predation risk in sea ice in turn presented a selective pressure for a decrease in
lactation length with an increase in milk lipid levels and pup growth rates. Early members of the Phocidae
lineage, i.e., ancient Monachinae, had large body sizes, which could have facilitated the initial separation
of maternal foraging and lactation (Churchill et al., 2014). This separation would enable Phocidae to move
to exploit habitats with less productive local waters. Extant Monachinae species exhibit a capital breeding
strategy, with Elephant seals being an extreme example. Elephant seals consist of two species: the

Northern elephant seal (Mirounga angrustirostris) and Southern elephant seal (Mirounga leonina), with
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the former breeding on beaches or islands in the eastern Pacific Ocean, whereas the latter utilise remote
islands across the Southern Ocean. Despite breeding at remote locations adult female Elephant seals
spend up to 10 months of the year conducting extensive migrations to reach foraging grounds, sometimes
several thousand kilometres from breeding grounds (Hindell et al., 2016). At these foraging sites Elephant
seals perform continuous dives exceeding 100 minutes, reaching depths of more than 1,500m where they
feed on mesopelagic fish (Robinson et al., 2012; Adachi et al., 2021). This extreme foraging pattern is
facilitated by the large mass of Elephant seals, with female Southern elephant seals reaching up to 900kg
and males up to 4000kg. During lactation periods, females use their reserves to produce energy rich milk
whilst meeting maternal metabolic requirements. During this process adult females can lose up to 42% of

their initial body mass (Costa et al., 1985).

The Phocinae seals evolved in the Northern arctic water, where Miocene cooling led to ice sheet formation
with breeding on unstable pack ice (Fulton and Strobeck, 2010). The risk of ice break-up before pups are
weaned and increased to exposure to predation, has resulted in the evolution of traits supporting reduced
lactation periods. For example, the Hooded seal has a lactation length of 4-7 days, during which time the
mothers produce the highest percentage fat milk of all Mammalia. During this time the young accumulate
around 7kg of mass per day (Bowen et al., 1995). Even though some populations of northern Atlantic
seals, such as the Grey seal (Halichoerus grypus) and Harbour seal (Pusa vitulina), now breed terrestrially,
this is most likely a recent phenomenon exploiting land exposed after the glacial retreat from the end of
the Last Glacial Period. These species have an abbreviated ancestral lactation strategy, and other
remnants of an ice breeding past, such as a white lanugo coat in pups, although this is shed in utero in
Harbour seals (Shaughnessy and Fay, 1977). Several north hemisphere Phocidae, including landlocked
seals such as the Caspian seal, Ringed seal (Pusa hispida) and Baikal seal are all small bodied. This permits
or even necessitates, a hybridisation between income-breeding and capital breeding strategies. Antarctic
Phocidae species, such as the Weddell seal (Leptonychotes weddellii) have a more prolonged lactation
length, with weaning occurring at 6-7 weeks post-partum. The physical development of pups possibly
needed to be extended to reduce the risk of marine predation, with an absence of terrestrial predation

(Reijnders et al., 1990).

Early Otariidae inhabited isolated terrestrial rookeries to avoid land-based predation and gain proximity
to productive local prey areas, whilst retaining a relatively small body size (Churchill et al., 2014). Early

Otariidae had evolved homodont dentition, suggesting an adaptation to foraging and consummation of
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whole prey at sea (Costa, 1993). Climate cooling during the Miocene selected for increased body sizes in
Otariidae, which enabled the exploitation of larger prey and distant offshore foraging trips (Churchill et
al., 2014). Increased foraging distances would have selected for faster surface travel, and the ability for
mammary glands to temporarily cease lactation whilst remaining functional, which is unique to Otariidae
amongst mammals. The income breeding strategy is ubiquitous in Otariidae although the length of the
lactation is variable between species, ranging from 3 — 36 months (Trillmich and Lechner, 1986; Donohue
et al., 2002; Sapriza, 2018). Milk fat composition is also variable between species, with the fat content
increasing with trip duration rather than the length of lactation (Boness and Don Bowen, 1996; Sapriza,
2018). Itis hypothesised that the reduced frequency of offspring provisioning in combination with reduced
or less predictable prey availability, selected for slower pup development (up to 2-3 years). This is
observed in extant tropical Otariids — Galapagos sea lion (Zalophus wollebaeki) and California sea lion
(Zalophus californianus). Otariidae at higher latitudes have access to more predictable marine
environments, which has allowed them to retain a longer lactation period, whereas species at lower
latitudes have developed shorter lactation lengths due to the short seasonal productivity periods (Sapriza,

2018).

The nursing strategy is only 28exhibited in one species and the only extant member of the Odobenidae
family. Walrus are the most social pinniped species, regularly found in groups on ice floes or land, where
they rest, moult, and provision young (Fay, 1981). Female walruses give birth on pack ice and after
partition the mother will return to the sea for a few days. Unlike other pinnipeds the pup will join the
mother in these foraging trips, with the pup remaining at the surface during dives (Kovacs and Lavigne,
1992). Walruses have a unique feeding mode, in which bivalves, which reside on the seafloor, are
consumed by sucking the organism out its shell. It is thought that during the early stages of lactation the
pup must learn this feeding mode, and created a selective pressure for this unique lactation strategy
(Fisher and Stewart, 1997). The pups start to consume food at around 5 months, but it has been seen that
they will consume milk and solid foods for up to 5 years (Clark et al., 2020). As a consequence of a lack of
spatial-temporal separation between feeding and lactation in walrus, lactation pressures that have
affected lactation length and milk energy content appear to have been relaxed. Which may possibly

explain the low-fat content and long lactation period in this unique species.
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1.3 Signatures of positive selection on protein coding elements in the evolution of

novel traits in marine mammals

Marine mammals offer key macroevolutionary transitions, from terrestrial to land environments
(McGowern et al., 2014). A recolonisation of the marine environment has occurred at least three times in
mammals and led to several behavioural and physiological adaptations convergently evolving (Berta et
al.,, 2005). This convergence creates a model system to investigate the genomic basis of ecological
adaptations. To date convergence has been observed the genomic level, with marine mammal groups
possessing amino acid substitutions in the same coding regions or even at identical residues in genes
possibly responsible for these adaptations (Mirceta et al., 2013; Foote et al., 2015; Zhou et al., 2015; Lui
et al., 2019).

In marine mammals, sensory systems have been tailored to suit an underwater system (Hank and
Dehnhardt, 2013); bodies have become streamlined, resulting in appendage or limb loss in some species
(Wang et al., 2013); and a whole remodelling of the respiratory system has been observed which enable
marine mammals to occupy deep depths within the water column (Kooyman, 2006). Marine mammals
can tolerate depths that would be detrimental to terrestrial mammals. Cardiovascular control and cell-
level hypoxia tolerance adaptations have attracted great interest for their medical relevance (Hooker et
al., 2012; Hopkins et al., 2001; Williams et al., 2021). With the emergence of genomics, understanding of
the molecular underpinnings of specialised traits, including increased oxygen storage and hypoxia
prevention, has become more widely known. Marine mammals have much higher levels of oxygen-storing
myoglobin in their muscles than terrestrial mammals (Kooyman and Poganis, 1998; Poganis et al., 2011;
Hooker et al., 2012; Parraga et al., 2018). Myoglobin structure is highly conserved in both terrestrial and
marine mammals, although is found to be more stable in marine mammals when aggregating at high
concentrations (Antonini et al., 1971). Mirceta et al. (2013) found that net surface charge of myoglobin
was highly correlated with the maximal concentration of myoglobin. By investigating the sequences of
myoglobin from different species amino acid substitutions were observed in lineages of mammals that
endure aquatic or semi-aquatic lifestyles. It was then found that these substitutions increased the net
surface charge of myoglobin, thus allowing marine mammals to have higher myoglobin concentrations,

and thus higher oxygen concentrates, accumulate in muscle tissue.
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Heat transfers around 25 times more quickly in water than it does air, giving significant implications for
endothermic marine mammals. The ability to store energy in dense vascular layers of fat is a ubiquitous
feature across marine mammals. Blubber serves as both an energy source and insulator, with a low
conductivity around 1/10™ of water, blubber can limit heat transfer (Favilla and Costa, 2020). Due to the
prominent role of adipose tissue in obesity, the evolution of genes related to blubber composition are of
medical significance (Zhou and Rui, 2013). Studies have centred around the leptin (LEP) gene, a crucial
gene in controlling body weight (Zhang et al., 1994). Leptin was shown to be under positive selective
pressure in species of cetacean and pinnipeds (Ortiz et al., 2011; Yu et al.,, 2011). Another common
phenotypic adaptation in response to thermal loss, is the increase of a volume to surface area ratio, this
makes marine mammals an excellent model to study the evolution of large body size. Large body size, and
therefore large cell number, has been used to investigate Peto’s paradox, the lack of correlation between
cancer risk and body size (Peto et al., 1975). Signatures of positive selection in known cancer related genes
were first seen in Bowhead whale (Keane et al., 2015), expanding this to more large, bodied cetacean
lineages found, many cancer-linked pathways (including 33 genes that are mutated in human cancers)

identified as under positive selection (Tollis et al., 2019).

The molecular underpinnings of lactation traits within marine mammals, including pinnipeds, is still poorly
explored. So far studies have identified possible positively selected genes that could play a role in lipid
transport (Noh et al., 2022), or could possibly prevent mammary gland involution (Reich and Arnould,
2007). To date, the majority of studies have investigated the molecular basis of lactation related traits
through expression analyses, covered in more detail in Chapter 4. Within other mammals lineages
morphological adaptations often require modifications in the protein coding regions of genomes. Thus, |
hypothesise that positive selection is a significant factor in the diverse nature of traits driven by lactation

strategy variation in pinnipeds.

1.4 Selective Pressure and Molecular Evolution

Darwin’s seminal work observed that species change over time and that the process of natural selection,
in which the frequency of traits within a population, are directly related to their impact on reproductive
success, and subsequent retention (Darwin, 1859). In the field of molecular evolution, the modifications
that occur in the sequences of cellular molecules such as DNA, RNA and proteins are studied to uncover
patterns and processes of “descent with modification”. Until the 1960s and the availability of empirical

sequence data, natural selection was thought to play the predominant role in determining the fate of
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alleles in a population (Duret, 2008). Under this hypothesis, positive selection drove advantageous alleles
to fixation, and these fixed alleles contributed to the adaptations of a species to its environment. This
‘selectionist’ view suggested that nonadaptive processes only played minor roles in genome evolution,
with most polymorphisms being assumed to be a product of balancing selection. Protein surveys
challenged this view, with empirical data to examine theories suggesting that the majority of variation in

molecular changes are caused by neutral mutations and not positive or balancing selection (Lynch, 2007).

1.4.1 Neutral theory of evolution

The neutral model of evolution suggests that the majority of variance across populations is caused by
stochastic factors (Kimura, 1968). The theory states that random mutations create variation and alleles
consequently move to fixation or extinction within a population. For neutral alleles, the probability of
these alleles becoming fixed within a population (P4) exists as inversely proportional to the effective
population size (Ne) (Equation 1.2). The rate of mutations per individual per generation (u) has an impact
on substitution rate. In a diploid population, the number of novel mutations per generation is 2Nep. Thus,
in the case of neutral mutations the rate of substitution (k) is equal to u (Equation 1.3) and is independent
of Ne. This is explained through mutation rates being higher in a population with large N. but with reduced
chances of fixation, whereas mutation rates will be lower in a population with small Ne but will have an

increased probability of fixation.

Equation 1.2 Probability of fixation of neutral mutation within a diploid population

1
P, =
2N,

Equation 1.3 The overall rate of substitution is equal to the rate of mutation for neutral mutations

k= 2Nep (2;3) - H

In populations that have experienced bottleneck events, the low population sizes have increased the
probability of neutral mutations becoming fixed in the population. For beneficial or deleterious mutations,

the probability of fixation within the population changes with strength of selection (i.e., selection

“u_ n
S

coefficient “s”) having an impact (Kimura, 1957). For a neutral mutation, the average time for a mutation

ou_n
S

to become fixed is 4N. generations (Kimura, 1980), but for a non-neutral mutation is a governing factor

(Equation 1.4). Therefore, smaller N have increased levels of genetic drift and consequently have lower
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genetic variability and rates of adaptive potential (Willi et al., 2006). Founder effects and bottlenecks

cause Neto occur at very low levels, these dynamics give an increased chance of losing genetic diversity.

Equation 1.4 The average time taken for fixation in non-neutral alleles
k = 4N,su

It was observed that rates of heterozygosity in populations were much more reduced than would be
estimated from a neutral mode of evolution (Ayala et al., 1972). From these observations the ‘nearly
neutral model of evolution’ was developed, accounting for substitutions that are slightly deleterious being
removed in larger populations (Ohta, 1973). Under this theory, functionally important sites will be highly
conserved, although substitutions can occur at functionally relaxed sites, which can be randomly driven

to fixation through genetic drift (Nei et al., 2010).

1.4.2 Natural selection

As random mutations enter a population through genetic drift their impact on fitness (reproductive
success) is assessed by natural selection. Natural selection acts on these mutations to either increase
“fitness” (i.e., reproductive success), or prevent a decrease in “fitness” of the population. Positive
selection occurs when mutations that increase the reproductive success of that individual, increasing the
frequency of this allele in the population. Purifying, or negative selection, acts on mutations in the

population that result in a decrease in fitness, and therefore decrease in frequency within the population.

Positive selection acts to only increase the reproductive success and this can act on sexual traits that offer
no survival advantage. Sexual related traits can either be honest indictors of survival advantage or can
impede the survival of individuals. For example, the bright blue feet of the blue footed booby (Sula
nebouxii) are honest indicators, i.e., the shade of blue becomes duller as the condition of the individual
decreases, therefore females are attracted to survival indictors (Velando et al., 2006). In contrast, female
peacocks are attracted to the male’s elaborate tail, showing they can thrive despite a handicap (Zhavi,
1999). Handicap features are often sexual dimorphic, and so the females will not carry the handicap but
would inherit the successful alleles. Positive selection can also occur on a group level, kin selection has
been used to explain altruism in communities of relatives (Foster et al., 2006). This is especially true for
the haplodiploid Hymenoptera, who due to the unusual ploidity — haploid males and diploid females,

sisters have a higher relatedness than they would to their own offspring (Hamilton, 1972).
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The debate about what level positive selection contributes to molecular evolution is still ongoing (Chen
and Zhang, 2020; Eyre-Walker, 2006; Lynch, 2007; Kern and Hahn, 2018; Nei et al., 2010). The ability to
determine whether a mutation is neutral or not is complex. Neutral mutations are defined as having no
positive or negative impact on the fitness of the organism. However, mutations proximal to positions that
affect fitness can avoid recombination by hitchhiking with their non-neutral neighbours, presenting
patterns akin to non-neutral sites (Barton et al., 2000; Eyre-Walker and Keightley, 2009; Pouyet et al.,

2018). Therefore, neutral mutations can be hard to detect in comparison to non-neutral mutations.

1.4.3 Positive selection and functional shift in protein coding regions

Differentiating between a beneficial selected allele and a neutral allele driven to fixation through genetic
drift can be difficult, especially considering that the adaptation can proceed from standing variation in a
population and can target phenotypic properties that are affected by multiple sites across different genes
(polygenic) (Buffalo and Coop, 2020). However, with the advent of sequencing technologies, it has become
feasible to empirically assess models of evolution. Combined with long term experimental evolution
studies we are now at a point where we can test core principles of my models of molecular evolution and
natural selection. For example, Lenski’s pioneering work on long term experimental evolution of E.coli in
vitro (Lenski, 2017) and rapid next generation sequencing has led to the emergence of ‘evolve and re-
sequence’ experiments (Tenaillon et al., 2017). With these powerful experimental systems, we can trace
allele frequency changes through time directly from genomic data (Schlotterer et al., 2015). These
approaches, whilst exciting for certain species, are not applicable for non-model species, due to large

genome sizes requiring extensive sequencing, and difficulties in cultivation of large populations.

Taking an alternative approach to understanding the processes of mutation, we can assess selective
pressure variation for proteins in organisms. This can be achieved using the ratio of non-synonymous
substitutions per nonsynonymous site (dN) to synonymous substitutions per synonymous site (dS). Non-
synonymous substitutions cause a substitution of the amino acid whereas synonymous substitutions
cause a silent substitution (a change in the codon used but not in the amino acid encoded) (Figure 1.6).
The assumption of this model is that dS is a proxy for neutrality, however synonymous substitutions have
been shown to be subjected to selective pressures, with roles involved in protein stability and splicing
(Hurst and Pal, 2001; Stoletzki, 2008). The ratio between dN and dS (w) is used to detect the type of

selective pressure acting at a particular region of a protein. The ratios can be classifiedintow <1, w =1
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and w > 1, which indicate purifying/negative selection, neutral evolution, and positive selection

respectively.

Positive selection, or adaptive evolution, has been shown to be responsible for 41-45% of protein coding
region substitutions in drosophila (Smith and Eyre-Walker, 2002; Welch, 2006) and approximately 30 to
60% within mammals (Kosiol et al., 2008), with common targets in immune system pathways (Schultz and
Sackton, 2019). Despite this high level of adaptive evolution, it is regarded that most codons within protein
coding genes are subjected to high levels of purifying selection (Hahn, 2018). The structure of proteins
dictates that there are only small regions of proteins that can be altered without making the protein non-

functional (Nielsen et al., 2005).

Positive selection leading to functional shift in the protein was theorised before it was recognised through
empirical analysis (Yang, 1998; Hughes, 2007). Methods to detect positively selected sites within a gene
are often detected using codon based in silico methods (Jeffares et al., 2015) covered in more detail in the
next section. The functional shift of these proteins requires combining detection methods with in vitro

analyses to empirically determine whether a change in function is observed (Hughes, 2008).

1.4.4 Methods for detecting selective pressure analyses

Various methods have been developed to detect signatures of selection variation within and between
species. This thesis focuses on between species comparisons where a single representative of a given
species is used to calculate variation in selective pressure over a set of genes. Population based methods
of selection pressure variation detection, such as the McDonald-Krietman (McDonald and Krietman, 1991)
and Tajima’s D (Tajima, 1989), are not the focus of this thesis due to costs, time constraints and the
endangered status of study species. These would be preferably complementary analysis for the future to
determine levels of fixation or variation of the candidate positively selected sites within a species. Early
techniques to assess selective pressure variation used codon degeneracy to inform nonsynonymous site
and synonymous substitution rates (Li et al., 1985). Sites were categorised into three classes: (i) non-
degenerate sites - where any substitution at any site were nonsynonymous, (ii) two-fold degenerate sites,
where a transversion would result in a nonsynonymous substitution, and (iii) four-fold degenerate sites
where any substitution at any site would be synonymous. This method, along with Nei and Gojobori
(1986), assumed random nucleotide substitution among the four nucleotides, but the rate of transversion

Is usually lower than that of transition. Thus, the number of synonymous sites is expected to be higher
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Amino acid: M A L K R I

Nucelotides: ATG GCA CTC AAA CGT ATC

Synonymous substitution / \ Nonsynonymous substitution

M A L KR | M AL K P |

ATG GCA CTC AAA CGA ATC ATG GCA CTC AAA CCT ATC

Figure 1.6. Representation of difference between a nonsynonymous substitution per synonymous
site (dN) and synonymous substitution per synonymous site (dS). The synonymous nucleotide
substitution (CGT to CGA) does not alter the amino acid and thus does not alter the sequence of the
protein. The nonsynonymous nucleotide substitution (CGT to CCT) alters the composition of the protein
by changing the amino acid (R to P), in some cases this may change the structure of the protein (dotted

box).
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than estimated and the resulting dS is overestimated (Li, 1993; Ina, 1995). Thus, the number of
synonymous sites is expected to be higher than estimated and the resulting dS is overestimated (Li, 1993;
Ina, 1995). Modified versions of these techniques were then introduced, using Kimura’s two-parameter
model (Kimura, 1980). Kimura’s two-parameter model uses a weighted average of synonymous transitions
at four-fold and two-fold degenerate sites and compares them to that of the weighted average of
nonsynonymous transversions at nondegenerate and two-fold sites to calculate w (Li, 1993; Ina, 1995).
Using a weighted average can be consequential as it lacks the statistical power to detect positive selection
when acting only a small number of sites within a sequence (Nei and Kumar, 2000). In addition, extreme
codon-usage bias can affect estimations of dN and dS, and so ad hoc methods have been developed to
account for both transitions and codon-usage biases (Yang and Nielsen, 2000). Distance based selective
pressure methods make it difficult to extract information on the exact sites contributing to positive
selection as a weighted average is used, also as no phylogenetic information is used, they are unable to

look at lineage-specific selective pressures.

The McDonald-Krietman (MK) test, first applied on the alcohol dehydrogenase (Adh) gene in Drosophila
melanogaster, is a phylogeny-based method developed as an extension of the Hudson-Kreitman-Aguadé
test (Hudson et al., 1987; McDonald and Krietman, 1991). As with other models discussed in this section,
the MK test uses a neutral model of evolution as a null (Kimura, 1968), which assumes most differences
between sequences are accumulated by genetic drift. McDonald-Krietman compared interspecific
(between species) divergence (D) and intra-specific (within species) polymorphisms (P). Following the
assumption that most mutations are neutral or strongly deleterious and that synonymous mutations are
neutral, it would be expected that the ratio of dN/dS at polymorphic sites (P./Ps) would be approximately
equal to the ratio of dN/dS interspecific divergent sites. In contrast, if positive selection is acting on a
region, sites are rapidly driven to fixation which would inflate D relative to P, thus dN/dS > P./Ps. A
weakness of the MK test is the assumption that deleterious mutations are constantly strongly selected
against is not always true. Aome slightly deleterious mutations will contribute to P, without interspecific
fixation, thus decreasing the power to detect positive selection in the region. A solution to this would be
to remove low frequency mutations, which would remove slightly deleterious mutations, but this has
been shown to be sensitive to the arbitrary cut off value (Fay et al., 2001; Charlesworth and Eyre-Walker,
2008). As this method is population based it is not suitable for my analysis but offers an avenue to validate

the fixation of positively selected candidates within species.
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Likelihood-based methods assess the probability of the data evolving under specified models of evolution.
Likelihood-based methods use likelihood ratio tests (LRTs) to determine the model of evolution that best
describes the observed data from a set of nested models (Anisimova et al., 2001). Assessing selective
pressure variation though likelihood-based methods can be achieved using evaluation on a site-by-site
basis, site-wise likelihood-ratio method (e.g., Massingham and Goldman, 2005), or on a whole sequence

basis, using information from all sites within a sequence (Nielsen and Yang, 1998).

Codon based models of evolution consider the molecular evolution at a codon level, attempting to
account for physiochemical properties of the encoded amino acids and thereby provide a more realistic
interpretation of evolutionary patterns than amino acid models (Arenas, 2015). The Markov models of
codon substitution, initially proposed by Goldman and Yang (1994), were developed to allow
heterogeneous variation of w values across sites (Nielsen and Yang, 1998; Yang et al., 2000) and branches
in a phylogeny (Yang and Nielsen, 2002). CodeML within the PAML package (Yang, 2007) applies these
models in a likelihood framework and combined with post hoc Bayesian analyses calculate probabilities
of selective pressure variation across sites in a multiple sequence alignment (MSA). Defining branches
(which can either be tips or monophyletic groups) as ‘foreground’, w values in specified lineages of interest

can be compared to that of background lineages.

The codon-based models of evolution are nested, with each model differing by a set number of
parameters thus providing additional complexity. Heterogeneous codon models calculate w across sites
and are more sensitive than the distance models that incorporated weighted averages of synonymous
rates (Nielsen and Yang, 1998). What follows is a brief description of the codon-based models
implemented in Chapter 4 of this thesis and the LRTs that permit their comparison in a likelihood

framework (Constantinides et al., in prep):

Site-specific models that available in CodeML (Yang, 2007), and described in Yang et al. (2000) are
summarised in Table 1.1. The simplest model, model 0 (MO), assumes that all sites are evolving at an equal
ratio w, calculated as an average over the whole alignment. The model 3 (k=2) and model 3 (k=3), are
discrete class models which are extensions of M0. Model 3 (k=2) allows for two unconstrained ratios, wo
and w;, over the sites, whereas Model 3 (k=3) accommodates an additional unconstrained ratio ws. Model
1a is a neutral model, where sites are partitioned into two classes, wo = 0 and w; =1. Model 2a (Selection

model) is an extension of model 1, adding one extra class, w,, which is unconstrained and may vary above
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Table 1.1. Parameters of site codon models within CodeML (Yang, 2007). Models of site-specific variation

in CodeML. w is equal to dN/dS ratio over a MSA with wo referring to purifying selection, w; referring to

neutral evolution and w; referring to positive selection if > 1. The proportion of sites evolving under w; is

denoted by p..

Model

Free parameters

Fixed parameters

Reference

Model O

Model 1

(Neutral)

Model 2
(Selection)

Model 3
Model 7 (beta)

Model 8 (beta &
w)
Model 8a (beta
& w)

w

Po, P1 (P1 =1 - po)

Po, P1, P2(p2 =1 —po—p1)

Po, P1, P2(p2 =1 —po—p1)

n/a

Po, P1 (p2=1—po—p1)

Po, P1 (p2=1—po—p1)

n/a

wo<l wi=1

(J.)0<1,(.L)1:1,u)2>1

Wo, W1, W2

P, d

ws>1

1]
=

Ws

(Goldman and Yang, 1994;
Yang and Nielsen, 1998)
(Nielsen and Yang, 1998; Yang
et al. 2005)

(Nielsen and Yang, 1998; Yang
et al. 2005)

(Yang et al., 2000)

(Yang et al., 2000)

(Yang et al., 2000)

(Yang et al., 2000)
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1. Model 7 beta models allow w to be beta distributed B(p,q), where p =0 and q = 1. Model 8 (beta + w >
1) is an extension of Model 7 and has a user-defined number of categories to approximate beta but is
extended to include an additional class where w > 1. Model 8a (beta + w = 1) is the null hypothesis of

model 8 where the additional category is set to be neutral, w = 1.

The site-specific codon models in Table 1.1 were developed to test selective pressure variation across sites
in an MSA (Goldman and Yang, 1994; Yang and Nielsen, 1998; Yang et al., 2000; Yang et al. 2005). Branch-
site (Table 1.2) models allow w to vary across sites and across branches in a phylogeny, identifying sites
under positive selection lineages of interest (foreground). Model A, which is an extension of Model 1a,
assumes two site classes are the same in both background and foreground lineages, with site class 0
containing wo < 1 and site class 2 containing w1 = 1, but allows for an additional class, 2a and 2b. For 2a
the foreground w; > 1 and the background wo < 1 and foreground, whereas 2b has a foreground w; > 1
and background wo = 1, and so allow for positive selection in the foreground and neutral or negative
selection in the background. Model B is an extension of model 3 (K=3), where site classes were estimated
from the data rather than set to wo < 1 and wo = 1. Model B did not test well during simulations with a
much greater proportion of false positives (Zhang, 2004). Model A null was developed as the null
hypothesis of model A, which differs from model A as the additional class is set as w; = 1, assuming neutral
evolution in the foreground branch. The model A and model A null models have been shown to perform

better than the previous model A and model B tests (Zhang et al., 2005) and will be applied in Chapter 4.

To reduce the risk of reporting results from a local, rather than global maxima multiple starting omega
values are used from 0-10 as in previous publications (Yang et al. 1998, Yang 1997, Webb et al. 2017,
Hyland et al., 2021). To assess the goodness-of-fit of each model to the data an LRT is performed between
nested models (Nielsen and Yang 1998, Yang et al. 2000). Models are compared between complex
parameter rich models and their simpler parameter sparse counterpart, with differences between the
models being only the number of parameters. LRTs are calculated by twice the difference of the log
likelihoods of both models (2Al), followed by a y? distribution. Degrees of freedom are derived from the
number of additional parameters in the more complex model, if the 2Al is greater than the critical value

the more complex model is determined as significant (Table 1.3).
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Table 1.2 Lineage specific models used within the CodeML analysis. Adapted from Yang, (2007).

Model Parameters Foreground Background
M1Neutral Po:wo<1 n/a n/a
modelA Po (W, P1:W1, P2:Wo, W2, P3:W1,W2 w;>1 O<wo<l, wi=1
modelAnull Po :Wo, P1:W1, P2:Wo, W1 w;=1 O<wo<l, wi=1

Table 1.3 Likelihood ratio test summary for models implemented in CodeML. Comparison of nested
models, degrees of freedom (df), multiplication of amount of difference in the InL scores between models

(Al), and critical 2 values for each comparison. Adapted from Morgan et al. (2012).

Comparison df Al Critical 2 values
Model 0 vs Model 3 (k=2) 2 X2 >5.99

Model 3 (k=2) vs Model 3 (k=3) - X1 >1.00

Model 1a vs Model 2a 2 X2 >5.99

Model 7 (beta) vs Model 8a (beta & w) 2 X2 >5.99

Model 8 (beta & w) vs Model 8a (beta & w) 1 X2 > 2.71 (0.05 significance)
Model 1a vs Model A 2 X2 >5.99

Model A vs Model A null 1 X2 > 3.84 (0.05 significance)
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The posterior probability (PP) of each specific site within the positively selected category is calculated
using empirical Bayes estimates (EB) (Yang et al., 2005). Naive empirical Bayes (NEB) estimates (Yang et
al. 1998) and Bayes empirical Bayes (BEB) estimates (Yang et al. 2005) are both calculated. NEB estimates
are susceptible to Type | errors in small datasets (Anisimova et al., 2002), and so BEB estimates are an
improvement. BEB estimates assign a prior probability of observing positive selection to the model

parameters, and integrates over their uncertainties (Yang et al., 2005).

Past studies using branch-site models have used tests to correct for multiple testing calculated in tests
such as Benjamin-Holberg false discovery rates (FDR). It has since been argued that these tests are
inappropriate for branch-site models, as these approaches assume the null model has uniformly
distributed P values when true (Strimmer, 2008; Noble, 2009), and the distribution for the P values of the
favoured null genes are rarely investigated. In the Model A model, it is assumed that a proportion of sites
will be under positive selection in the foreground branch (p2: w > 1), whereas in the null model the same
proportion of sites will evolve neutrally (w = 1). In reality, some sequences will be under strict purifying
selection and have no proportion of sites neutrally evolving, leading to misspecification of the model. In
a study from Potter et al. (2021), simulations of specified numbers of false positives were used to
determine that a blind application of FDR tests is not appropriate for these tests that have already been

deemed very conservative.

In Chapter 4 | use branch-site models of across protein coding regions of 5 lineages of pinniped to attempt
to identify sites under positive selection, the information in this section provides the background to the

theoretical basis of that analysis and its limitations.

1.5 Building Phylogenies from Genome Scale Datasets

Analyses, such as selective pressure variation discussed in section 1.2, are dependent on accurate and
detailed relationships being known between the species in question. Phylogenetic trees are mathematical
representations of evolutionary relationships and are named as such due to the tree-like structure that
evolutionary relationships theoretically follow. Etymological features of phylogenetic trees continue along
same theme with features of a phylogenetic tree named: root, branches, and leaves (Figure 1.7). The base
of a phylogenetic tree, the root, being the most distant evolutionary ancestor of all the taxa in a tree. Each
taxon is named as a leaf, or operational taxonomic unit (OTU), and relationships to other leaves in a tree

are dependent on the evolutionary branch on which they evolve with the resulting formation referred to
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MRCA of D,E and F F D
G F

Figure 1.7. A comparison of unrooted and rooted tree. The figures show the same topology but in a

rooted and unrooted tree. In this diagram D, E and F are an example of a monophyletic group/ clade.
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as the tree’s topology. The points at which branches split are referred to as nodes, taxa all resulting from
a single node are named monophyletic groups in rooted trees and clans in unrooted tree (Wilkinson et al.,
2007). The node for a monophyletic group represents the most recent common ancestor (MRCA) of the
group (Figure 1.7), unrooted trees have no such ancestral node. Rooted trees can be very useful in
determining directionality of patterns and processes across the tree, with branch lengths from the root
either proportional to evolutionary rates or time, calibrated using fossil data, these rooted trees are called
phylograms. Phylogenetic trees have been used since the origin of the evolutionary biology field and

remain an integral tool.

1.5.1 Phylogenomic principles and practices

1.5.1.1 Data types in molecular reconstruction

Prior to the availability of molecular data such as DNA and protein sequencing, phylogenetic inference
was dependent on the analysis of morphological comparisons. Using discrete characters to draw
relationships between different species is an important resource in assessing phylogenetic relationships
alongside molecular data (Li and Palci, 2015). Phylogenetic estimates though morphological traits can
offer advantages of molecular data, especially in a deep-time levels (Keating et al., 2020). Their ability to
integrate fossils, which can help calibrate molecular clocks and break long branches (Weins, 2001).
However, molecular analyses offer an advantage as they can analyse many more discrete characters and
incorporate empirically derived evolutionary models. It is widely regarded that no single data type
contains all the information needed to comprehensively reconstruct phylogenetic trees or phylogenetic

networks and the use of morphological and molecular datatypes are essential (Zhou and Zhang, 2016).

Molecular phylogenies, for a long time, were dependent on data from small fragments of DNA in the form
of expressed sequence tags (ESTs) or partial sequences of mitochondrial genes. As methods to generate
molecular data increased, mitochondrial genomes and complete genes been used in phylogenetic
analyses (Springer et al., 2004; Chan et al., 2013; Foley et al., 2016; Prum et al., 2015). The advent of rapid
and large-scale sequencing has significantly facilitated the growth of genomic data available to
phylogenetic analyses, even for non-model organisms bringing us now firmly within the “phylo-genomic
era”. Although, the wealth of data has increased, complications including long branch attraction and

incorrect orthologous assignments are still apparent (covered in more detail later in this section). The use

of coding regions reduces the complexity in inferring homology and constructing alignments across
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species, but the format of these coding regions can be dependent on the timescales being analysed.
Nucleotide sequences are often used as they provide more phylogenetic information than amino acid
sequences, with non-synonymous changes being apparent between samples. When dealing with deeper
timescales amino acid data is commonly used, which removes noise produced by rapidly evolving

synonymous sites (Zwick et al., 2012).

1.5.1.2 Taxon sampling

Limiting the number of taxa reduces the computational requirements of the analysis, whilst also reducing
occurrences of common characters being shared across species by chance, rather than common descent
(i.e., homoplasy) (Brandley et al., 2009). A denser sampling of taxa is well known to increase support for
branch topology. Thus, increasing the accuracy of phylogenetic inferences, with support for monophyletic
clades being drastically reduced or non-existent when sampling is reduced (Zwickl and Hillis, 2002;
Philippe et al., 2009). Phylogenetic inference methods produce unrooted trees, and the inclusion of
additional taxa with a known relationship to the clade of interest is then necessary to add directionality
to the phylogeny. These ‘outgroup’ taxa can be an important addition to the analysis as they provide the
power to define the root of the phylogeny. Reduced sampling can have downstream effects on
orthologous sequence calling and alignments, but even deep taxonomic sampling may not be able to
resolve short internal branches with low phylogenetic signal (Phillipe et al., 1994). To summarise, taxa
sampling phylogenetic analysis requires considerable attention, this is especially true in genome scale
analyses where computational resource and time is critical and systematic errors committed can

accumulate and deliver incongruent results (Jeffroy et al., 2008).

1.5.1.3 Orthologous Groupings

A crucial assumption when building species phylogenies is an understanding of homologous relationships
between the sequence data. Homologous sequences between species are derived either as a
consequence of speciation (i.e., orthologs), or a duplication event (i.e., paralogs) (Fitch, 1970). The
identification of orthologs between species and the distinguishing of orthologs from paralogs is imperative
in phylogenetic comparative analyses (Koonin et al., 2005; Kristensen et al., 2011) as, unlike orthologs,

paralogs do not reflect the evolutionary relationships across taxa (Figure 1.7).

Homology prediction tools can be either tree based or graph-based tools. Graph based orthology

identification tools are the most popular used in phylogenetic inference analyses and are based on an
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underlying assumption that orthologues across species have a higher similarity than any other gene in
either species (Overbeek et al., 1999). Graph based methods use all-vs-all pairwise sequence comparisons,
using tools such as BLAST (Altschul et al., 1990) or DIAMOND (Buchfink et al., 2015 which perform
sequence similarity searches across all sequences and cluster sequences accordingly. Tree based methods
initially use graph-based methods, with relaxed constraints, to infer relationships between species. Then
assigning orthologs and paralogs through comparisons to the species topology (Trachana et al., 2011).
The main limitation to tree-based search methods is that they require a high confidence species

phylogeny, which is not always available (Gabaldén, 2008).

Increasing gene number has been argued to be key in resolving some long-standing phylogenetic issues.
Although, complex issues can arise when gene duplications and losses occur in orthologous groupings,
leading to ostensibly paralogous relationships, even when only single species representatives of an
orthologous group are present (single copy genes) (Rokas and Carroll, 2005). Paralogs, homologous genes
that have diverged as a consequence of duplication and speciation, can be misinterpreted as orthologs in
phylogenetic analyses, confounding the phylogenetic signal and leading to erroneous conclusions. This
‘hidden paralogy’ can drive alternative topologies within phylogenies (Dolittle, 1999). To address the issue
of hidden paralogy in this thesis, ‘clan-check’ was used to filter large scale gene sets for species phylogeny
reconstruction (Siu-Ting et al., 2019). Clancheck is built on the understanding that groups of taxa should
always group together in true orthologous gene trees due to their evolutionary history, and these ‘clans’
(Wilkinson et al., 2007), should group away from other species. ‘clan’ based paralog filtering approach has
been used to attempt to resolve some of the conflicts within the Lissamphibia (a group of jawed
invertebrates comprising three orders of amphibia) (Siu-Ting et al., 2019). Ancient amphibia have been
known to be susceptible to whole genome duplication events, which exacerbates the detection of truly
orthologous relationships between genes from different species (Mable et al., 2011). In the analysis, any
gene trees that had species which violated ‘incontestable’ clans, such as mammals, were removed. Using
this filtering method, Siu-Ting et al., (2019) were able to find a consensus tree and showed that support

for alternative topologies was being driven by paralog inclusion.
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1.5.2 Phylogenetic Reconstruction Using Molecular Datasets

1.5.2.1 Substitution Models

Substitution models of evolution describe how the composition of the sequences changes and its rate of
change over time. Substitution models can be applied to nucleotide bases or amino acid residues and
consist of exchange rate frequencies and the base frequencies in a composition vector. The first
substitution models were nucleotide based with the simplest being the Jukes-Cantor model (JC69) (Jules
and Cantor, 1969) which considered all exchange rates and all base frequencies to be equal. This model
was extended by Kimura’s K2P model (Kimura, 1980), which accounted for bases with equal chemical
structures (transitions) having different rates than that of changes of bases with alternative chemical
structures (transversions). Felsenstein (1981) extended the JC69 model to include unequal base

frequencies.

Since then, models have developed through extensive parameterisation, and thereby increased
complexity. The general time reversal (GTR) model (Tavare, 1986) for example, estimates base
frequencies from the data and assigns rates to each possible nucleotide substitution, this model assumes
that these base frequencies and rates of change are consistent across the dataset. Models have also been
developed to model the evolution of amino acids, with the simplest example being the Poisson model
(Bishop and Friday, 1985). This is an extension of the JC69 model but designed for the 20 different amino
acid states rather than four nucleotides. Dayhoff (1968) developed an amino acid model that could
account for the probability of changes of amino acids, this led to many empirical amino acid substitution
models. Currently, the most frequently used amino acid substitution models are empirical. An example of
a widely used empirical amino acid substitution method is the Jones, Taylor and Thornton model (JTT)
(Jones et al., 1992), which is based on transmembrane proteins. Frequently employed nucleotide and
amino acid models are listed in Table 1.4, along with the data from which they were calculated. Empirical
analyses showed that substitutions per site do not follow a Poisson distribution, which would be expected
if all sites evolved at the same rate across a sequence (Fitch and Margoliash, 1967). To account for
associated site rate variation (ASRV) the +| parameter was introduced to account for invariable sites
(Reeves, 1992) and gamma distributed rate variation (), was more representative of biological data (Yang,

1994; Yang, 1996).
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Table 1.4. Nucleotide and amino acid substitution. Adapted from IQ Tree (Minh et al., 2020)

Model

Data derivation

Reference

Nucleotide models

JC/JC69

F81

K80/K2P

HKY/HKY85
TN/TN93

K81/K3P

SYM

GTR

Amino acid models

Blosum62
CpREV
Dayhoff
DCMut

FLU

HIVb
HIVw

T
JTTDCMut
LG

Poisson

PMB
rtREV
VT
WAG

Equal substitution rates and equal base

frequencies

Equal rates but unequal base frequencies

Unequal transition/transversion rates and equal

base frequencies

Unequal transition/transversion rates and

unequal base frequencies

Like HKY but unequal purine/pyrimidine rates

Three substitution type model and equal base

frequency frequencies

Symmetric model with unequal rates but equal

base frequencies

General time reversible model with unequal rates

and unequal base frequencies

BLOcks SUbstitution Matrix
chloroplast matrix
General matrix

Revised Dayhoff matrix

Influenza virus

HIV between-patient matrix HIV-Bm
HIV within-patient matrix HIV-Wm

General matrix
Revised JTT matrix

General matrix

Equal amino-acid exchange rates and frequencies
Probability Matrix from Blocks, revised BLOSUM

matrix

Retrovirus

General ‘Variable Time’ matrix

General matrix

Jukes and Cantor, 1969

Felsenstein, 1981

Kimura, 1980

Hasegawa, Kishino and Yano,
1985

Tamura and Nei, 1993

Kimura, 1981

Zharkikh, 1994

Tavare, 1986

Henikoff and Henikoff, 1992
Adachi et al., 2000

Dayhoff et al., 1978

Kosiol and Goldman, 2005

Dang et al., 2010

Nickle et al., 2007

Nickle et al., 2007

Jones et al., 1992

Kosiol and Goldman, 2005
Le and Gascuel, 2008
Bishop and Friday, 1985

Veerassamy et al., 2004
Dimmic et al., 2002

Mueller and Vingron, 2000
Whelan and Goldman, 2001
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Homogeneous models, like those described in Table 1.3, are useful due to their short running times or
ability to make use of small sequences. However, heterogeneous models of increased complexity account
for rate of change of sites between lineages (rate heterogeneity) and sites within a sequence or among
lineages that have biases towards certain residues (compositional heterogeneity), and as such are more
biologically realistic. The CAT model, implemented within Phylobayes (Lartillot and Philippe, 2004), is an

infinite mixture model that accounts for heterogeneity within the sequence. Using the CAT model each
site or column within an alighnment possesses a profile, which is estimated from the data. This profile is a
probability vector which is defined by a simple replacement process, so that for each substitution possible
there is a corresponding probability factor. The likelihood at each site or column of the alignment is then
averaged over all possible processes within a profile. Using mixture models, such as CAT, with other
homogeneous models such as GTR can greatly increase performance of phylogenetic reconstructions, by
reducing incongruence caused by long branch attraction and sequence saturation (Philippe et al. 2009,

2011; Roure et al. 2013).

1.5.2.2 Methods of Phylogenetic Inference

Resolving evolutionary relationships from aligned sequences can be performed using methods from two
categories: distance-based methods or character-based methods. Distance based methods involve
calculating distances across all sequence pairs in an alignment, before clustering them based on the
distance matrix, forming a resolved phylogeny (Kapli et al., 2020). Character based methods, such as
Maximum likelihood (ML) and Bayesian inference (Bl), compare all sequences in the alignments, but on a
site-by-site basis calculating the probability score of each possible tree. ML methods of inference are
implemented in many current phylogeny tools (Yang, 2000; Stamatakas, 2014; Minh et al., 2020). The
underlying methodology of Maximum Likelihood inference is to optimise the branch lengths when given
a substitution model and alignment , to produce a topology that has the Maximum Likelihood value (Nei
and Kumar, 2000). Bayesian inference (BI) is similar to ML methods in that it uses a likelihood function but
uses prior information to quantify uncertainties in parameters. Each possible tree (referred to hereafter
as hypotheses) is used with the alignment and substitution model as a prior probability of the hypothesis
and is then tested against the probability of observing all other hypotheses. Both Bl and ML have high
computational requirements and the appropriate choice of whether to use a ML or Bl approach to
phylogeny reconstruction is dependent on the phylogenetic question at hand. Regardless of the approach

used a statistical analysis should be employed to test the confidence of resulting phylogenies.
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From an aligned set of sequences, it is possible to analyse the data using a supermatrix approach, which
concatenates all the sequences into a single sequence, or one can treat each sequence or gene as
independent alignments which are allowed to have their own set of parameters, i.e., a supertree approach
(Yang, 2006). The supermatrix alignment has increased length in comparison to individual gene
alignments, and these long alignments are ideal for estimating model parameters in heterogeneous
models such as CAT mixture models in Phylobayes (Lartillot and Philippe, 2004). Heterogeneous models
can reduce the effects of LBA (Lartillot et al., 2007) but lack the ability to model evolutionary dynamics
amongst different individual genes, which can result in incorrect or conflicting topologies (Scornavacca
and Galtier, 2017). The supertree approach performs phylogenetic reconstructions using multiple
evolutionary models at the individual gene level, heuristic algorithms are then used to assemble these

‘subtrees’ into a consensus tree (Bininda-Emonds, 2004; Yang, 2007).

Supertree analyses are useful in investigating potential artefacts within the sequence data and trees, such
as incomplete lineage sorting (ILS). Incomplete lineage sorting is a phenomenon that occurs when there
is sufficient genetic variability in an ancestral species that some variability continues to persist beyond the
speciation event and ancestral polymorphisms are not ‘sorted’ prior to additional speciation events
(Figure 1.8) (Avise, 1994). ILS is more common in populations that have large ancestral population sizes
and short internal branches, e.g., adaptive radiation events in short timeframes (Maddison, 1997). The
multispecies coalescent (MSC) model can be implemented which allows coalescence events to occur after
speciation events and builds a probability distribution within gene trees for a species tree (Rannala et al.,
2020). The debate over implementing a supermatrix or supertree approaches has long been discussed
(Bryant and Hahn, 2020), the consensus being that supertree approaches reduce ILS, but supermatrix
approaches are favoured when investigating deeper phylogenetic timescales, where the power of ILS is
reduced (Bryant and Hahn, 2020). As both approaches have strengths and weaknesses, studies often apply
both supertree and supermatrix approaches and test for congruence between the resulting phylogenies

(Fernandez et al., 2018; Jebb et al., 2020; Tarver et al., 2016).

1.5.2.3 Measuring confidence intervals on a phylogeny

Statistical approaches have been well established to determine if the variables of the substitution model
(including as rates of change, composition, and branch lengths) are of adequate fit to the data and the
support for the resulting topology. The confidence intervals provide a measure of support for each split

in the tree and include bootstrapping and jack-knifing and for BI, posterior probabilities. Bootstrapping is
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A B C D A B C D

Figure 1.8. Incomplete lineage sorting representation. i) the grey bars show the true species phylogeny
between the taxa and the coloured lines represent polymorphisms arising. Two polymorphisms are
maintained in the population prior to the split between A, B and C. These two alleles are maintained in
the lineage of B and C until their speciation event. ii) the resulting gene tree resolves A and B as sister

species, although the B and C are true sister species. Adapted from Pollard et al. (2006).
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a computational technique that estimates a statistic for which the underlying distribution is unknown or
difficult to derive (Efron, 1982). It has been a common practice in evaluating the support of splits in the
topology when using ML. Bootstrapping is a resampling technique in which the support of each split is
assessed by resampling with data from the original dataset, with the support for a node derived from the
percentage of bootstrap replicates that support the inferred split. Many phylogenetic studies use a cut-
off of 70% as an indicator of sufficient support, derived from Hillis and Bull (1993), although bootstrap
support can be difficult to interpret (Efron et al., 1996; Felsenstein and Kishino, 1993; Susko, 2009).
Confidence levels of support for clades in Bl are posterior probabilities calculated from the underlying
Markov chain Monte Carlo (MCMC) simulations. Posterior probabilities thus represent the probability of
a specific clade given the model and data; however posterior probabilities are sensitive to model
misspecifications. Simple models can result in overinflated posterior probabilities, and incorrect

topologies receiving support values near 100% (Huesenbeck and Rannala, 2004; Yang and Zhu, 2018).

As discussed, Bl are very sensitive to the models on which they are based, thus tests to assess the
confidence of underlying models against the data are crucial for infinite mixture models, like CAT, as the
models are inferred directly from the data. Composition bias occurs due to evolutionary models assuming
species with compositional homogeneity, similar frequencies of residues, are more closely related. For
instance, taxa with adenine/thymine-rich regions would be incorrectly grouped (Kapli et al., 2020).
Methods have been developed to account for compositional heterogeneity in the data, although these
can be very parameter rich and computationally expensive. x° tests are built into certain phylogenetic
tools to test that the model is an adequate fit for the data, but these can suffer from high Type Il error
rates, an alternative method is posterior predictive analysis (PPA). PPA simulates data from a model using
posterior predictive estimates from the MCMC, tests on the simulations are then used as a null against
which the statistics of the empirical data are compared (Lartillot et al., 2007). An additional approach is
to reduce the character set, i.e., reducing AT bias by recording A and T bases to purines and C and G to
pyrimidines, although this approach can introduce additional biases through the removal of phylogenetic

information (Susko and Roger, 2007).

If phylogenetic analysis has led to alternate phylogenies being produced it is possible to compare the
topologies to determine whether a single topology is significantly better than the others. Initially, Kishino
and Hasegawa (1989) devised a parametric test on the log likelihood scores of 2 trees using Z-scores (KH

test). The KH test could only test two trees and did not account for corrections for multiple testing
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(Goldman et al., 2000), therefore the SH test was introduced to allow the comparison of several trees
(Shimodaira and Hasgwa, 1999). It was then noted by Strimmer and Rambault (2001) that the SH test was
extremely conservative when testing large numbers of trees, and so in response the approximately
unbiased (AU) test was derived (Shimodaira, 2002). The AU test compares bootstrap probabilities (BP) to
calculate a P-value from the change in BP values across the topologies, which are then used to attempt to

reject the alternate topology (Shimodaira, 2002).

In Chapter 3 | perform phylogenetic analyses using Maximum Likelihood and Bayesian inference methods
to generate a single species phylogeny for Pinnipedia, the information presented above provides the

background to my choice of methods and approach.

1.6 Genome Assembly and Annotation

All the methods highlighted so far in this section require DNA sequences from coding areas, following on
from next generation sequencing technology revolution, many groups and consortia have emerged with
the goal to sequence all of life (Hotaling et al., 2021). The catalogue of publicly available data is now vast,
enhancing genomic reliant analyses. In this section, a brief history of genomic sequencing is covered along
with the different methods that allow next generation sequence data to be transformed into usable gene
models, thus providing the context for the sequencing, assembly and annotation approaches taken for

the Caspian seal and Hooded seal in Chapter 2.

1.6.1 From Sample to Data

The first instances of determining the bases of a DNA molecule were shown in the publication of the
Sanger sequence method (Sanger and Coulson, 1975) and the subsequent publication of the first complete
genome of a bacteriophage @X174 (Sanger et al., 1977). Using chain terminating dideoxynucleotides, this
method is the foundation for the developments that would enable future genome sequencing projects.
Advancements in methods, instrumentation, and automation (Lander et al., 2001) significantly reduced
the price of a genome assembly culminating in the initiation of the Human genome project in 1990 (Lander
et al., 2001; IHGSC, 2004). The completion of the human genome project in 2003 forged advancements in

the genomics field, with the early 2000s giving rise to a multitude of next generation sequencing (NGS)
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technologies that were able to produce large quantities of data at significantly lowering costs (Goodwin

et al., 2016).

Sequencing technologies applied different methods to produce the data but the most successful of these
has been the sequencing-by-synthesis (SBS) approach deployed by Illumina sequencing platform. Despite
the high accuracy and yield, one caveat of Illumina sequencing technologies is that of the read length
obtained through sequencing. The read lengths are limited to 150 nucleotides per read, this can cause
complications when performing de novo assemblies, especially in repeat-rich regions (Levy & Myers,
2016). Mate pair sequencing has been used in combination with paired end reads to counteract this
caveat, using large insert sizes (the part of the DNA fragment between the sequence reads), in the
magnitude of kilobases of base pairs it is possible to span repeat rich areas. Repeat rich areas can be larger

than the maximum insert sizes and so can still result in highly fragmented regions (Wetzel et al., 2011).

In recent years, long read sequencing, or 3™ generation sequencing technologies, have become available.
The prominent commercial entities behind this technology are Oxford Nanopore Technologies (ONT) and
Pacific BioSciences (Pac-Bio), providing the opportunities to sequence genome fragments up to 2,300,000
base pairs (Payne et al., 2018). The methodologies behind ONT and PacBio systems differ slightly, although
the error rate involved in base calling in these technologies has been their key drawback. In recent years,
improvement of Nanopore base callers (Zhang et al., 2020) and the development of PacBio HiFi reads have
meant that read lengths of tens of kilobases with error rates lower that 0.5% are now feasible (Hon et al.,
2020). Long-range sequencing techniques have been developed to support both short and long-read
sequencing projects. Long-range technologies use proximity of fragments within chromatin or barcoded
large fragments of DNA to span megabases, becoming advantageous in the development of chromosomal

level assemblies (Lieberman-Aiden et al., 2009).

The revolution in sequence technologies in combination with greatly reduced costs have allowed
extensive applications of genomic sequences to be applied to non-model organisms, leading to ambitious
whole genome consortiums, setting out to sequence, assemble and annotate the genomes of entire phyla
(Koepfli et al., 2015; Lewin et al., 2018; Rhie et al., 2020). The storage and analysis of the data is now
becoming the limiting factor in the generation of biological data (Papageorgiou et al., 2018; Hodcroft et
al.,, 2021). Producing high quality genome assemblies from non-laboratory grown organisms is more

routine, but complications concerning heterozygosity and attaining quality tissue samples in large enough
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guantities have led to innovative advancements in genome assemblies (Koren et al., 2018; Oppert et al.,

2019).

1.6.2 Generating Gene Models

1.6.2.1 De novo genome assembly

De novo genome assembly is a challenging task which involves assembling short fragments of DNA
sequences (reads) into long contiguous sequences (contigs), which at the optimal size will be equivalent
to chromosomes. Generating chromosome length contigs has recently become achievable due the
decreasing costs of long-read sequencing and long-range sequencing, even for eukaryotic species with
complex karyotypes (Du and Liang, 2019; Dudchenko et al., 2020). The complexity of non-model
organisms has further exacerbated the problem, with polyploidy, repetitive rich regions and complex
rearrangements generating uncertainties, which have led to specially devised algorithms with increased
computational demands (Ott et al., 2018; Nowoshilow et al., 2018). Most eukaryotic species have
genomes with large repetitive regions, mammals have repetitive regions spanning 25-50% of the genome,
and it is these regions that are difficult to assemble when the repetitive region spans longer than the
sequence read length, this is especially prominent at centromeres and telomeres (Miga et al., 2020).
Graph based approaches (De Bruijn graph and Overlap-Layout-Consensus) use overlapping reads to
assemble contigs and most assembly tools employ these strategies as they have been shown to be the

most accurate and efficient (Miller et al., 2010).

In early genome builds, such as the human genome project, Overlap-Layout-Consensus (OLC) method was
applied. OLC consists of three stages: overlaps between reads are identified, layout of all the reads and
overlaps are placed into an overlap graph, and finally a consensus sequence is determined from the MSA
of overlapping sequences (ldury and Waterman, 1995). An overlap graph (Figure 1.9) is produced from
all-vs-all pairwise comparisons, in which the nodes represent reads, and edges represent overlaps that
share K-mers between reads. The optimal path through the graph is derived using a Hamiltonian path,
this is a NP-hard problem, and heuristic or greedy algorithms are used which are intensive. MSAs are then
formed to collapse the overlapping reads into a consensus read. The OLC approach was initially developed
to deal with long Sanger reads, as short, accurate lllumina based reads became popular, the low
overlapping k-mer lengths and high computational requirements of OLC methods gave preference to De

Bruijn graph approaches.
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Figure 1.9. Overlap Layout Consensus method. Sequencing reads are clustered together using
similarity measures, all-vs-all alignments are performed to find overlaps between the different reads
within clusters converting into a graph (Overlap). A Hamiltonian path is used to find the most efficient
pathway through the graph (Layout) before multiple sequence alignments are produced to resolve a

consensus sequence.
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The De Bruijn graph method uses kmer (short read substrings of length k) graphs (Figure 1.10), this avoids
the all-vs-all pairwise comparisons necessary in OLC reducing computational load. Within a De Bruijn
graph, nodes are represented by fractions of reads of length k, and each node is connected if they contain
an identical sequence of k-1, avoiding the need for each read to be saved into memory. The value of k is
directly consequential on the contigs outputted by this approach, if k is too low then small repetitive
regions will not be able to be passed, if k is too large the graph will be disconnected resulting in many
fragmented subgraphs. Tools such as KmerGenie (Chikhi and Medvedev, 2013) have been developed to
assess the optimal kmer size for a given genome. Once the graph is produced Hamiltonian or Eulerian path
methods are used to traverse the graph, generating contigs. Bubbles in the graph can be a major issue in
De Bruijn graphs, these can be caused by heterozygous alleles in the data, causing alternative paths to be
found. The sequence type and genome size are important factors to consider when choosing an assembly
algorithm. OLC is more suitable for low coverage long reads and can consume large computational
resources for larger genomes, whereas de Bruijn methods are preferable for high-coverage short

reads and reduce computational resources (Li et al., 2011).

1.6.2.2 Gene annotation

To fully extract the information in a genome and compare across species, genes and other features of the
genome need to be annotated. Many tools have been developed to annotate the different features of a
genome, in this section the two facets of genome annotation most relevant to this thesis are covered:
annotation of structures using ab initio trained and homology-based gene model prediction tools, and

functional annotation of the features.

Structural annotation involves the identification of features of DNA from sequences, e.g., introns, exons,
and promoters etc. Structural annotations were originally viewed as the annotation of protein-coding
genes (Ejigu and Jung, 2020), but as the definition of “a gene” has evolved so to have the structural
features. The prediction of these additional features such as noncoding genes (genes that code for RNA
molecules) and pseudogenes, have been critical in expanding my understanding of genomes (Alexander
et al., 2010). Repetitive regions are particularly challenging for annotation and assembly of genomes
(Dominguez Del Angel et al., 2018), on average mammal genomes are composed of approximately 50%
repetitive regions (Nishibuchi et al., 2017). To overcome these issues, genomes are often subjected to
repeat masking, where repetitive elements are identified within the assembled genome and edited out of

the genome. Genome assemblies undergo hard masking (which nucleotides being replaced with an ‘X’ or
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CTCC CCGT CCGA

AGAC GACA CTTT GGGA K-mers

AAGA GGAC CTGG

Graph construction

de Brujin graph

[

Path traversal

AAGACTCCGACTGGGACTTT Assembly

Figure 1.10. De Bruijn assembly workflow. Sequencing reads are broken down into k-mers (4-mers in
this example), which are then used to produce a de Bruijn graph in which nodes are k-1mers and edges
are formed from overlapping kmers. Eulerian or Hamiltonian paths are then used to find the most
efficient path through the graph, combining this information results in the consensus sequence.

Adapted from Berger et al. (2013).
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‘N’) - or are softmasked (where nucleotides in repetitive regions are changed to a lowercase). Repeat
identification tools generally rely on comprehensive databases of species-specific repeat sequences,
DFam (Storer et al., 2021) and Repbase (Bao et al., 2015). However, repetitive elements lack conservation
across species due to a lack of selective pressure (Hancock et al., 2001), and therefore there has been a

need for tools that automate de novo repetitive element discovery (Flynn et al., 2020).

Pipelines have been developed for the automation of gene annotation with MAKER2 (Holt and Yandell,
2011) and BRAKER2 (Bruna et al., 2021) being popular tools. Both these tools use ab initio, RNA-seq, and
homology-based steps that are used to predict gene models. Ab initio-based methods rely on gene
predictions which previously acquired trained data, from closely related species, to construct models that
can be then applied to the novel genome. Hidden markov models (HMM) are often used in these
approaches to identify promoters, coding/ non-coding regions, and intron-exon junctions in the data.
AUGUSTUS (Stanke et al., 2006) uses probability distributions from training data sets that are acquired
either through conserved protein coding elements or a closely related species (Hoff et al.,, 2019).
AUGUSTUS can be used with ESTs or RNA-seq, which can infer intron sizes with the sequences and assist
with alternative splice sites (Ejigu and Jung, 2020). Ab initio tools have an advantage over other methods
as they may identify models that possibly have low RNA-seq coverage or novel genes. In comparison
calling gene models from closely related species which have existing annotations, will miss novel genes,
although ab initio methods are susceptible to produce false positives. Homology-based tools are based
on the underlying principle that protein coding sequences have retained conservation in positional
homology between species. This allows a set of proteins from a closely related species to be used to
identify homologs in the newly sequenced genomes. The reliance on the input data creates challenges
when performing annotations with no closely related annotated species with no sequence alignments
between the input data and novel genome. Thus, it is recommended to use various pieces of evidence to
perform structural annotation, tools such as EVidenceModeler (EVM) has been developed to use multiple
sources of genome annotation data with confidence weights to produce a consensus set of gene models
(Haas et al., 2008). All automated techniques of annotation are susceptible to errors, and therefore many
large genome consortiums are using manual annotation, in which all gene models are manually reviewed

(Harrow et al., 2006).

Once gene models have been established an important process is to assess the function or biological

association to that model. Comparison of sequence homology to heavily studied organisms, or databases,
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can be performed using BLAST (Altschul et al., 1990) or DIAMOND (Buchfink et al., 2015), although
alignments errors and misalignments, to unrelated regions of similarity, can result in erroneous
classifications (Sasson et al., 2006). Novel protein sequences can be assessed using domains and
functional sites, InterProScan (Jones et al., 2014) uses the InterPro database (Blum et al., 2021) to find

overlapping information from protein families, domains, and functional sites.

Itis important to assess genomes and their annotations to quantify quality, this is often done using BUSCO
(Benchmarking Universal Single-Copy Orthologs) (Simao et al., 2015). This uses a deeply studied catalogue
of single copy orthologs. The orthologs are then aligned against the gene models produced in the
alignment and extrapolated to show completeness of the novel gene models produced. Annotation is an
important step and essential in downstream phylogenetic analyses, although current pipelines for
automation are still lacking. The advancement in long-read RNA-sequences (IsoSeq) is making this
challenge easier and will improve the accuracy of isoform identification. It is important to realize that the
annotation at a particular time will most likely not stand the test of time and organisms will need to

undergo reannotation when new tools and methods are developed.
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1.7 Aims of the thesis

1) Assemble and annotate the genome of two species of Pinniped, Caspian seal and Hooded seal -
Chapter 2

In Chapter 2, | will use cutting edge next generation technology along with the most recent assembly tools

to assemble the genomes of two previously unsequenced pinniped species, comparing the quality of the

assemblies with other recently produced mammalian assemblies. These two assemblies will add to the

catalogue of pinniped gnomes already in the public domain, whilst allowing further analyses into some of

the properties of the genome.

2) Investigate the evolutionary relationships of pinniped species and their position in the Carnivora
tree — Chapter 3

In Chapter 3 | use the protein coding regions established from Chapter 2, along with protein coding regions

of other publicly available pinniped and Carnivora assemblies, to attempt to resolve the contentious

relationships within Pinnipedia. | use a stringent filtering process to gather high confidence single gene

orthologs, attempting to reach a consensus for the relationships surrounding the Pusa clade within

Phocidae and test the Mustelidae sister hypothesis of Pinnipedia.

3) Identify protein coding regions that contribute to the diverse lactation strategies that exist across
Pinnipedia — Chapter 4
In Chapter 4 | use the protein coding regions established from Chapter 2 along with the resolved
relationships from Chapter 3 to identify protein coding regions under selection pressure variation across
5 clades of pinnipeds. Using in silico methods of selection for the 5 clades (Pinnipedia, Phocidae, Otariidae,
Caspian seal, Hooded seal), | identify genes under positive selection. Publicly available collections of gene
ontology and genotype-phenotype associations are then used to identify genes with strong links to
lactation related functions. These are then described in the context of the phenotypic specialisations of

the lineages to infer possible relation to functions.
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Chapter 2: Genome Assembly and annotation of the

Caspian seal and Hooded seal
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2.1 Introduction

Pinnipedia is one of the most striking and diverse groups within the mammalian lineage. Since they split
from their mostly terrestrial Mustelidae lineage approximately 45 Mya (Nyatakura and Bininda-Edmonds,
2012), pinnipeds now occupy waters and shores on every continent. There are three families within the
pinniped group - Phocidae (true seals), Odobenidae (Walrus) and Otariidae (sea lions), all of which have
extreme diversity in physiology and behaviours across, and even within, families. The application of whole
genome sequencing to non-model organisms, is providing unique insights into the genome evolution and
molecular underpinnings of a diversity of traits across the tree of life. With their unique phenotypic
attributes and rapid adaptation pinnipeds make superb candidates for detailed genome evolution studies

(Park et al., 2018).

The family Phocidae are generally referred to as the “true seals”, or the “earless seals” due to their lack
of external ear flap (Berta, 2015). There are 19 species within the Phocidae family differing drastically in
morphology, with large bodied Phocidae such as the Southern elephant seal weighing upto 4000kg, in
comparison to the smaller bodied Pusa spp. weighing 80-120kg (Berta et al., 2018). Caspian seals are
small bodied Phocidae endemic to the landlocked Caspian Sea, breeding on the ice sheet that forms in the
northern Caspian Sea each winter (Wilson et al., 2017). The phylogenetic relationship of the Caspian seal
is not fully resolved but current genetic data suggests a divergence from a common ancestor with the
larger bodied Grey seal around 1-2 Mya. One of the most striking attributes of Caspian seals is its ability
to tolerate a wide range of temperatures arising from the extreme continental climate of its habitat. Air
temperatures range from -35°C in the winter months to +40°C in the summer. Thus, the Caspian seal is at
the southern limit for sea ice formation in the northern hemisphere winter, but experiences sub-tropical
conditions for much of the rest of the year. Caspian seals have undergone considerable decline in recent
years, with population estimates of around 1,000,000 breeding females in the late 19th century to
approximately 68,000 at present (Harkonen et al. 2012, Dmitrieva et al. 2015; Goodman & Dmitrieva
2016). The historical decline through the 20th century was driven by unsustainable commercial hunting
(Harkonen et al. 2012). Primarily, fisheries bycatch but also habitat loss contributes to present day decline
(Dmitrieva et al. 2013; Goodman and Dmitrieva 2016). In addition to human driven mortality, Caspian
seals are also at threat from outbreaks of zoonotic Phocidae Distemper Virus (PDV) (Wilson et al., 2014),

pollution, and climate change (Kajiwara et al., 2008; Kovacs et al., 2012). The overall population decline
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has led to the IUCN Red List for Threatened Species to class Caspian seals as “Endangered” in 2008

(Goodman and Dmitrieva 2016).

Hooded seals are sexually dimorphic Phocidae, with males reaching over 400kg (Kovacs, 2002). These
Phocidae follow an annual migratory movement cycle across a widespread range of central and western
North Atlantic waters. Their name derives from the distinctive nasal lobe of males, which inflates into a
prominent “hood” during courtship and dominance displays (Kovacs, 2009). Hooded seals have been
known to feed at depths of up to 1000m for as long as one hour (Folkow and Blix, 1999). One of the most
striking behaviours seen in Hooded seals is their abbreviated lactation period. The seals haul out on land
to breed, after birth the mothers remain on land and fast during the lactation period. This lactation period
ceases after just four days. In this short period the young can gain around 7kgs of mass per day whilst the
mothers can lose up to 17% of their body mass during lactation (Kovacs and Lavigne, 1992; Lydersen et
al., 1997). To facilitate this extraordinary mass transfer in such a short period of time Hooded seals have
evolved the highest percentage of fat contained in their milk, compared to all other mammals (Debier et
al., 1999). Past population declines have been attributed to commercial hunting which has been present
for centuries, but in recent years the practice has been subjected to quotas and restrictions. Currently,
the main threat to the Hooded seal is their dependency on Arctic Sea ice for breeding and lactation. With
increased vulnerability from global warming, they are now considered amongst the most at-risk marine

mammals, being listed as “vulnerable” by the IUCN (Laidre et al., 2008; Albouy et al., 2020).

Here | present the whole genome sequences of two previously unsequenced Phocidae species, Caspian
seal and Hooded seal. | de novo assembled from third generation Pacific Bioscience and Oxford Nanopore
technologies, derived reads, and error corrected using short read Illumina sequencing. | annotated these
genome assemblies using a comprehensive approach using homology searches, RNASeq and ab initio
methods which were assessed using gene presence analysis. | also calculate genome wide average
heterozygosity and relate estimates to other mammal species with varying demographic histories and
exposure to anthropogenic impacts. The genomic resources for this diverse group will enhance my
understanding of adaptations observed across Mammalia and will also provide a valuable resource for

investigations into genome evolution and species’ demographic history.
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2.2 Methods and Materials

2.2.1 Sample collection

For DNA sequencing, muscle tissue sample was harvested from a fresh, dead male Caspian seal pup in the
Kazakh region of the northeast Caspian Sea, the specimen was freshly stranded dead as a result of fishing
by-catch, and 65g of muscle tissue of an adult male Hooded seal was obtained from the Norwegian Polar
Institute, Tromsg, Norway. For RNA sequencing, tissue samples were obtained from heart, kidney, liver,
lung, muscle, spleen and thymus were collected from the same deceased individual and placed in

RNAlater. All samples were stored at -20°C immediately after collection for long term storage.

2.2.2 Library construction

For the Caspian seal DNA sequencing, | extracted from a small portion (approximately 5g) of muscle
sample using a modified phenol-chloroform extraction method developed by Pacific Biosciences (PacBio,
2015). | performed four extractions (15S, 16S, 17S and 18S) and quantified for DNA vyield on a Qubit
fluorometer (Thermo Fisher Scientific) giving yield estimates between 72.7 and 222.8 ng/ul. DNA fragment
sizes were analysed using TapeStation (Agilent) with at least 80% of fragments in all samples being over
6,000 bp, this was increased to 84% of fragments being over 12,000 bp after RNA removal and short
fragment removal. Samples 155 and 16S were used to prepare Illumina sequence libraries and PacBio
sequence libraries at the Next Generation Sequencing Facility, University of Leeds, UK. Illumina libraries
were prepared using NEBNext Ultra DNA Library preparation protocol (New England Biolabs, Ipswich MA,
USA), undergoing several rounds of shearing to allow a maximum fragment size of 500bp, resulting in an
average DNA concentration of 13.6 ng/ul. Samples underwent two lanes of sequencing on 150bp paired
end mode on an lllumina HiSeq 3000. The resulting raw output files were converted to fastq files using
BCL2FASTQ. Samples 17S and 18S underwent RNA and short fragment removal to remove all fragments
under 25,000 bp using Circulomics Short Read Eliminator and Circulomics Short Read Eliminator XS kits.
Two libraries were prepared using the Genomic DNA by Ligation PromethlON Kit (Oxford Nanopore
Technologies) and run over two PromethlON flow cells with Guppy version 3.0.5 basecaller (Oxford
Nanopore Technologies, 2019). Libraries were generated for the PacBio Sequel Il using the SMRTBELL
template prep kit. After sequencing subreads were extracted from the PacBio SMRT Link software (Pacific

Biosciences, 2020).
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For RNA sequencing, a PureLink RNA Mini Kit (Thermofisher Scientific, MA, USA) was used on six tissues -
heart, kidney, liver, lung, spleen and thymus for RNA extraction. RNA samples were analysed on a
Bioanalyser (Aligent, Santa Clara, USA). RNA vyields varied across the tissue samples from 21ng/ul to
207ng/ul. RNA integrity number (RIN) scores also varied with some tissues (Heart, Lung and Kidney)
scoring below a RIN score of 6. To compensate for the lower RIN scores samples with lower RIN scores
were fragmented for a shorter time, in comparison to the samples with a higher RIN score, and a NEB
total RNA library prep (New England Biolabs, Ipswich MA, USA) was used to prevent any 3’ end biases that

would occur using a PolyA method. RNA libraries were then sequenced on an Illumina HiSeq 3000.

DNA for the Hooded seal was extracted using the same phenol-chloroform DNA extraction method that
was used for Caspian seal was then run on two small pieces of the muscle tissue (approximately 5g each),
resulting in two samples, 1H and 2H. Illumina libraries were performed using the NEBNext Ultra DNA
Library preparation protocol (New England Biolabs, Ipswich MA, USA) on the 1H sample, after shearing a
DNA concentration of 6.3 ng/ul was recorded. This sample underwent one lane of sequencing on 150bp
paired end mode on an Illumina HiSeq 3000. The resulting raw output files were converted to fastq files
using BCL2FASTQ. Libraries were prepared using the Genomic DNA by Ligation sequencing Kit (Oxford
Nanopore Technologies) and run over two minlON flow cells with Guppy version 3.0.5 basecaller (Oxford
Nanopore Technologies, 2019). RNA sequence for the Hooded seal was already publicly available from a

previous study (Hoff et al., 2017).

2.2.3 Genome Assembly

Quality control checks on the sequence reads (Table 2.1, 2.2) from each sequence lane of Illumina HiSeq
were run through FASTQC (Andrews, 2010), to assess sequencing quality (Electronic appendix 2.1). The
reads produced from long read sequencing methods, Pacific Biosciences Sequel, Nanopore minlON and
Nanopore promethlON were analysed through Nanoplot (De Coster et al., 2018). Reads were trimmed to
remove low quality scored bases and adaptor artifacts from the sequencing runs using Trimmomatic
(Bolger et al., 2014) for the lllumina HiSeq reads and PoreChop (Wick, 2018) for the Nanopore reads.
Sequence reads from PacBio runs already had the adaptors removed prior to downloading using the SMRT
Link software (Pacific Biosciences, 2020). Trimmomatic was used with the commands “-phred 33”,
“ILLUMINACLIP:TruSeq3-PE.fa:2:30:10”, “SLIDINGWINDOW:4:30”, “LEADING:30”, “TRAILING:30” and
“MINLEN:80". This removed lllumina TruSeq adaptors and regions of the reads below a quality score of

30 Phred as well as removing all resulting trimmed sequences less than 80 base pairs in length. Porechop
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Table 2.1. Sequence statistics of Caspian seal. tCoverage based on California sea lion genome size

genome size of 2.38 Gbp (Peart et al,. 2021). *lllumina HiSeq has uniform read length of 151bp.

Sequence technology [llumina HiSeq 2000 ONT PromethION PacBio Sequel Il
Approximate coveraget 40x 20x 10x
Reads 642,524,234 6,917,022 3,469,106
Read N50 (bp) 151* 24,409 4,230
Maximum length read (bp) 151* 281,030 113,257

Table 2.2. Sequence statistics of Hooded seal. tCoverage based on California sea lion genome size

genome size of 2.38 Gbp (Peart et al,. 2021). *lllumina HiSeq has uniform read length of 151bp.

Sequence technology Illumina HiSeq 2000 ONT MinION
Approximate coveraget 19x 10x
Reads 313,470,818 2,737,899
Read N50 (bp) 151* 11,733

Maximum length read (bp) 151* 122,358
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(Wick et al., 2017) was used with the default settings to remove all adaptor sequences from the ends of

reads, in addition to finding internal adaptor sequences and splitting those into multiple reads.

Before performing any genome assemblies on the Caspian or the Hooded seal, | estimated genome sizes
and heterozygosity of the samples from the Illumina raw reads (Figure 2.1). Jellyfish (Marcais and
Kingsford, 2011) was first used to create histograms of k-mers before the characteristics of the assembly
were estimated using GenomeScope (Vurture et al., 2017). This would give an insight into the state of the
data and would assist choosing the assemblers that would benefit from my data, some assemblers are
ideally suited to work with genomes that exhibit high levels of heterozygosity or polyploidy (Zhang et al.,
2020). The karyotype and organisation of chromosomes within pinnipeds, and even within Phocidae, is
well resolved and so it was estimated in high confidence that the Caspian seal and Hooded seal would

both be diploid with 32=2N chromosomes (Arnason, 1974; Beklemisheva et al., 2016).

Two different assemblers, Wtdbg2 (Redbean) version 2.5 (Ruan and Li, 2019) and Flye Assembler version
2.7.1 (Kolmogorov et al., 2019), were tested on both species. After trimming, the long-read sequencing
depth varied between the different species, approximately 30x for the Caspian seal and approximately 7x
for the Hooded seal. Multiple assemblers were used to evaluate if different assemblers could produce
more contiguous assemblies at differing coverage depths. Flye assembler was run using the default
settings with “--iteraions 0” and “--pacbio-raw” flag with the Caspian seal long reads, whilst the Hooded
seal was run using the “nano-raw” flag. Wtdbg2 assembler was run with the “nanopore/ont’ preset for

both Caspian seal and Hooded seal assemblies.

2.2.4 Polishing

The process of using more accurate short reads to correct errors within the long read produced assemblies
is known as “polishing”. Polishing was conducted with Pilon (Walker et al., 2014) and Medaka (Oxford
Nanopore Technologies, 2018) using the filtered Oxford Nanopore reads, in addition to the filtered short
reads. Snakemake (Koster and Rahmann, 2012) pipelines were produced to perform long read polishing
and multiple iterations of short read polishing. The filtered Oxford Nanopore reads were first mapped to
the raw assembly using minimap2 version 2.17 (Li, 2018), with the flag “ava-ont”. The resulting “paf”
mapping file was passed to Racon version 1.4.3 (Vaser et al., 2017), with default settings with the output
file then run in Medaka-gpu version 0.9.1 (Oxford Nanopore Technologies, 2018). The short Illumina reads

were then mapped to the generated long-read polished assembly using Minimap2 with the flag “ax -sr”.
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GenomeScope Profile
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Figure 2.1. GenomeScope profiles for Caspian seal and Hooded seal. GenomeScope analysis estimating

the heterozygosity and coverage of A) the Caspian seal and B) the Hooded seal, using kmer size of 31.
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The resulting bam file was used with the long read polished assembly to further correct errors in Pilon,
version 1.23. Multiple iterations of Pilon short read polishing can be effective. Iterations of Pilon were run
until the assembly quality started to decrease due to over polishing (Electronic appendix 2.2). Each
iteration was assessed by BUSCO (Benchmarking Universal Single Copy Orthologs) version 3.0.2 (Simdo et

al., 2015) mapping scores and short read mapping percentage.

2.2.5 Scaffolding using RNA-Seq Data

P_RNA_Scaffolder (CAFS-Bioinformatics, 2019), utilises information from paired end RNA-Seq to further
scaffold contiguous sequences in the assembly. Mapping the RNA-Seq from the six different tissues (heart,
kidney, liver, lung, spleen and thymus) to the polished assembly with HiSat2 version 2.2 (Kim et al., 2019)
and BLAT v.36 (Kent, 2002). P_RNA_Scaffolder then searches for pairs of reads that are mapped to
different contigs, these reads are then orientated and scaffolded together. The resulting genomes were

assessed for improvement though BUSCO score and short read mapping percentage.

2.2.6 Repeat Identification and Masking

Repeatmodeler version 2.0.1 (Flynn et al., 2020), was used to identify de novo repeats within the Caspian
seal and Hooded seal assemblies. A creation of a Caspian seal custom repeat library and Hooded seal
custom repeat library were each combined with mammalian sequences from Dfam_3.1 and RepBase-
20181026. The generated repeat libraries were used in RepeatMasker version 4.0.9 (Smit et al., 2016) to
soft mask repeat families identified in the sequences. RepeatMasker was used with the commands “-s” “-

nolow” and “-engine crossmatch” to perform a highly sensitive run avoiding simple tandem or low

complex sequences that may affect exon detection.

2.2.7 Gene Annotation

Three different methods were used to comprehensively capture and annotate gene structures within the
assemblies, ab initio gene prediction, protein homology and RNA-Seq based prediction (Figure 3). First an
ab initio method was performed using SNAP (Korf, 2004), GlimmerHMM version 3.0.4 (Majoros et al.,
2004) and Augustus version 3.3.3 (Hoff and Stanke, 2018). To create a set of training genes of which to
train the ab initio gene predictors, BRAKER2 version 2.1.5 (Hoff et al, 2018) was used with the Caspian seal
assembly. This training set of genes was filtered down with genes retained after aligning to proteins from
the CanFam3 assembly (downloaded from RefSeq on 15/10/19) (filters of 80% subject coverage, 50%

percent identity, and e-value of e%%) using DIAMOND (Buchfink et al., 2017) and then processed through
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the recommended Augustus training set generation protocol (Hoff et al., 2020), leaving a training set of
886 genes. This training set was used to train parameters for SNAP and GlimmerHMM whilst the “human”
parameters from Augustus outperformed my Caspian seal parameters. Secondly, GenomeThreader
version 1.7.3 (Gremme, 2013), was used to identify possible gene structures through sequence homology.
Reviewed Uniprot (Bateman, 2021) protein sequences with experimental evidence at the protein or
transcript level, were downloaded for the most well reviewed mammalian species (cat, dog, human and
mouse) and aligned against the genome in using ‘relaxed’ filters. Harbour seal (Phoca vitulia) protein
transcripts were downloaded from NCBI and aligned with ‘stringent’ filters. RNA-Seq paired reads were
filtered using Trimmomatic (Bolger et al., 2014), with the same filters as the DNA although bases were
passed to a threshold of Phred 20 quality score. Subsequently, these reads were de novo assembled into
transcripts using Trinity version 2.9.1 (Grabherr et al., 2011). Then the generated transcripts were fed into
the Program to Align Spliced Assemblies (PASA) version 2.4.1 (Haas et al., 2008), to refine and align the
transcript models against the assembly. All the homology-based, RNASeqg-based and ab initio predicted
gene models were collated and provided as inputs for EVidenceModeler version 1.1.1 (Haas et al., 2008),
this generated a consensus gene annotation. To assess putative gene names and confidence, the
consensus gene models were annotated through alignment to the SwissProt database (downloaded
12/04/20) (UniProt, 2019) using BLASTP, version 2.2.31 (Altshul et al., 1990). Depending on the matching
quality, genes were assigned as “COMPLETE”, “PARTIAL” or “LOW QUALITY”. Genes that did not return a
hit to the SwissProt database were annotated using orthologous predictions through the Emapper.py
script in eggnog-mapper, version 1.0.3 (Huerta-Cepas et al., 2017), and assigned as “PREDICTED”.
Unannotated genes were then scanned for domains using InterProScan and tagged with “HYPOTHETICAL”
if any matches returned. Any gene models that did not receive annotation through the SwissProt database

BLAST, Emapper or InterProScan (Jones et al., 2014) were removed from the final gene annotations.

2.2.8 Genomic Diversity

To compare genomic diversity of the Caspian seal in relation to that of the Hooded seal and other
mammals the raw short lllumina reads were mapped against the assembly of the Californian sea lion.
Short lllumina reads for the Caspian seal and the Hooded seal were aligned and filtered to the California
sea lion reference assembly (NCBI:GCA _009762305.2) adhering to the GATK best practices pipeline (Van
der Auwera et al. 2013). The raw reads were mapped to the reference assembly, variants were called
using the GATK HaplotypeCaller, with site being called if the read depth was in the range of 50%-250% of

the mean depth for the genome (67x and 30x coverage depth for the Caspian seal and Hooded seal
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respectively). Variants were removed if they violated the guidelines of the GATK best practices and
clustered SNPs (3 in a 10-base window) were removed. Genome-wide heterozygosity was calculated from

the number of heterozygous genotypes divided by the total number of callable sites passing all filters.

2.3 Results

2.3.1 Genome Assembly and Quality Assessment

The assembled genome for the Caspian seal had a length of 2.34 Gbp (Gigabase pairs) consisting of 795
contigs with an N50 of 22.6 Mb, L90 of 108 and a maximum contig size of 103.76 Mb (Table 2.3) (Figure
2.2). The Hooded seal genome assembly had a more fragmented assembly (L90 = 2,353) and reduced
genome size (2.29 Gbp) (Table 2.3) (Figure 2.2). Despite this, the contig N50 (1.06 Mb) of the assembly

passes benchmarks of current expectations of modern reference assemblies (Rhie et al., 2020).

The quality of the assemblies was assessed through proportion of alignments of the short-read sequences
and gene content. 99.82% of the short reads mapped to the Caspian assembly of which 97.88% mapped
in proper pairs, i.e., forward and reverse reads corroborated configuration of the assembly. For the
Hooded seal 98.8% of the short reads mapped to the Hooded seal assembly with 96.16% in proper pairs.
The assemblies were also assessed through identification of single copy gene orthologs, using BUSCO
v.3.0.2 (Simdo et al., 2015). Single copy gene orthologs universal in the mammalian lineage (N=4,104) are
aligned against the assembly with the proportion being found complete, in single copy and fragmented
being used to assess the assembly quality. From the Caspian seal assembly 3,912 (95.3%) single copy gene
orthologs were present, of which 3,874 (94.4%) were present in single copy with only 87 (2.1%) missing
completely. The Hooded seal had 3,822 (92.3%) of single copy genes present, 3,789 (92.3%) of these
possessed just one copy in the assembly and 130 (3.2%) were completely missing from the assembly. The
gene presence scores of these assemblies are comparable with some of the highest quality non-model

species currently available (Figure 2.3).

2.3.2 Genome Annotation and Quality Assessment

The annotation pipeline generated 23,144 and 23,297 gene models for the repeat masked Caspian seal
and the Hooded seal assemblies, respectively. Filtering the gene models using Emapper.py, InterproScan

and SwissProt reduced these numbers to 20,459 for the Caspian seal and 20,893 for the Hooded seal. The
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Table 2.3. Summary statistics of generated assemblies and annotations.

Caspian seal Hooded seal
Total Length (Gbp) 2.38 2.29
Scaffolds 795 5,679
N50 (Mb) 22.62 1.5
L50 30 472
Max contig length (Mb) 103.76 22.62
GC% 41.38 41.39

Gene counts 20,459 20,893
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Figure 2.2 Snail plots of assembly statistics using Blobtools (Challis et al., 2020). Innermost dark grey
arc displays the lengths of individual scaffolds in a decreasing manner, red segment represents the
largest scaffold in the assembly, dark orange and light orange represent the N50 and N90 length
respectively. Dark and light blue areas display the GC/AT content across the scaffolds. Top: snail plot
of the Caspian seal , and female adult Caspian seal and her pup on the ice sheets in the Northeast
Caspian Sea, Kazakh region. Bottom: snail plot of the Hooded seal , and two male Hooded seals

fighting with the nasal “hood” displayed.
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Figure 2.3. BUSCO summary of Carnivora assemblies. The percentage of complete (in single copy and duplicated copies), fragmented and

missing single universal single copy gene orthologs from the mammalian lineage of the BUSCO database (N=4104), present in publicly available

pinniped genomes. The dog genome (CanFam3.1) has been included for comparison, being the most sequenced Carnivora genome.
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Hooded seal gave the higher gene model count. This could be a result of the more fragmented assembly
having incomplete genes, the Caspian seal had more “Complete” matches and a lower number of “Low
Quality” matches than the Hooded seal (Table 2.4). In addition, a BUSCO assessment revealed a higher
percentage of single copy orthologous genes present in the Caspian seal annotation (95.1%) than the
Hooded seal (90.3%). The final annotations were also assessed with DOGMA (Kemena et al,. 2019), which
assesses a proteome set on the presence of a core number of well-known conserved domains and
arrangements. Using the mammalian library of domains from -PfamScan, the Caspian seal returned a
score of 95.79% and the Hooded seal returned a score of 90.54%. Using my annotation pipeline, | can

be confident | have captured at least 90% of known mammal genes, with the Caspian seal expected to
contain >95%. This compares favourably with the most complete pinniped assembly and annotation,

California sea lion, which has approximately 96% of mammalian genes captured.

2.3.2.1 Genomic Diversity

| calculated genome wide average heterozygosity in the Caspian seal and Hooded seal to evaluate
potential impacts on genetic diversity from recent demographic histories. To generate average genome
wide heterozygosity, | used the California sea lion genome as an outgroup, this avoided reference genome
bias. Mapping the short reads from both species to the California sea lion | found that both the Caspian
seal and Hooded seal have average levels of heterozygosity, 0.00126 and 0.00174 respectively, when
compared to a range of mammals from Robinson et al. (2016). The moderate level of heterozygosity
suggests that the Caspian seal population has not lost significant amounts of genetic variation or shows
signs of a bottleneck. Despite declining to around 10% of the estimated population size at the start of the
20th Century, the number of individuals remains large with around 68,000 breeding females. This provides
some hope in the conservation of Caspian seal, demonstrating that sufficient genetic diversity is present
to prevent the negative genetic consequences of bottleneck events. Although, this is only an estimate of
average genome wide heterozygosity and further investigations into rates of heterozygosity and runs of
heterozygosity are needed to demonstrate that this diversity is retained throughout the whole genome

and not localized to specific regions.
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Table 2.4. Genes models passed through each filtering step.

Caspian seal Hooded seal
SwissProt
Complete 14,049 12,340
Partial 533 1,170
Low Quality 2,674 4,696
Emapper
Predicted 173 199
InterproScan
Hypothetical 3,030 2,488

Total 20,459 20,893
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Figure 2.4. Gene count comparisons across pinniped assemblies. Gene counts of Caspian seal and

Hooded seal in comparison to publicly available pinniped genomes.
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Figure 2.5. Observed heterozygosity comparison of Caspian seal and Hooded seal. Observed
heterozygosity from a range of mammalian species, coloured by their IUCN red list rating, including the

Caspian seal and Hooded seal.
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2.4 Discussion

Pinnipedia is a major group of marine mammals, with extreme life histories and which has undergone
recent evolutionary radiation. The genome information for pinnipeds is growing as they become more

popular as a non-model species to investigate the genomic basis of physiological adaptations, some of
which may be of interest for understanding non-infectious disease phenotypes in humans and agricultural
animals. This analysis provides the first genome assembly and annotation of the Caspian seal and Hooded
seal. These genomes and gene models will extend beyond this project and will provide a lasting resource

for future pinniped genomic analyses.

Here we have used a single representative to produce a model of a genome that will be used to make
inferences about a whole species. It isimportant to recognise the limitations of using extrapolating a single
sample in this manner. In this analysis, one individual of Caspian and Hooded seal was used to generate a
genome assembly and these assemblies were then used to produce gene sequences and assess levels of
heterozygosity for the whole species. In the case of the Caspian seal, a panmictic species (Wilson et al,
2017), sampling issues may be reduced. For the Hooded seal it is important to be aware of stochastic or
population level dynamics that may affect single populations and be cautious extrapolating these findings
to the whole species. Using single genome can be successful in interesting patterns within the molecular
data, but analyses should always be validated using many individuals across differing populations.
Attempts were made to minimise possible errors that can be generated in the collection of the species,
i.e., samples were harvested from fresh tissues of recently deceased species and stored in RNAlater
immediately after harvesting. Despite this deliberately careful behaviour it is extremely difficult to
mitigate possible issues such as, degradation and contamination of samples. Male individuals were used
for this analysis, due to availability of resources. Being the homogametic sex allowed me to sample all
possible chromosomes from a particular individual, although sex chromosomes would likely appear at a
significantly lower coverage. In future analyses, it would be preferential to gather samples from male and
female individuals to fully generate high coverage assemblies of autosomal and sex chromosomes, that

can be used in analyses that maybe effected by sex biases.

This genome assembly was produced using long read ONT and PacBio data as a backbone for the genome

assembly. The use of long reads allows the assembly of large repetitive sequences, short reads would not
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be able to span over long repetitive regions and thus assembly of these regions would have been poor, if
even achievable. The Caspian seal assembly was sequenced to a higher depth than that of the Hooded
seal, 30x and 7x respectively, and thus the quality of the assembly and resulting annotation is impacted
by these differences, the Caspian seal has a greater N50 and is less fragmented (able 1.3). The overall
accuracy of long read data is lower than that of lllumina short reads (Amarasinghe et al., 2020), and so it
was important for us to polish the long read only assembly with the short reads. | corrected for erroneous
bases using this process and measured the accuracy of the mapping of the short reads as an indication of
how accurate my assembly was. By performing multiple iterations of polishing the coding regions of my
genome assemblies increased with the number of RNA reads perfectly mapping increasing by up to 10%

(Appendix 2.1).

Many different genome assemblers have been produced since long reads began to become widely used
in genome assemblies, all with differing results depending on the species and sequence depth (Murigneux
et al., 2020; Wang et al., 2021). Fortunately, my species of interest were not susceptible to issues such as
high heterozygosity, polyploidy or unusually high repetitive regions that could cause limitations in
assembly. My only caveats were the different sequencer types and depths. To mitigate the impact of the
sequence data | used two different tools with underlying assembly methods: Flye assembler (Kolmorgorov
etal., 2019) and Wtdbg2 (Ruan and Li, 2019). Flye assembler is based on generalised repeat graphs - these
use the same fundamental principles as de Bruijn graphs, but use approximate sequence matches to call
edges, this tolerates the higher noise in long reads. Wtdbg2 (Ruan and Li, 2019) uses a combination of
both de Bruijn and overlap-layout-consensus methods — breaking down sequences and merging into
nodes based on similarity, building a “fuzzy de Bruijn” graph which allows for gaps and mismatches. Rather
than using contiguity to assess my resulting alignments, which are liable to issues, such as small

fragmentations, | used BUSCO scores as a proxy of genome completeness to choose superior assemblies.

Publicly available pinniped assemblies in the NCBI database such as the Grey seal, Northern elephant seal,
Southern elephant seal, Hawaiian monk seal (Neomonachus schauinslandi), Harbour seal and California
sea lion, have assembly sizes ranging from 2.34 Gbp to 2.41 Gbp. The Weddell seal assembly is significantly
larger than the other pinniped genomes. This was the first pinniped to be sequenced and used only short
reads, the ungapped genome size is 2.22Gbp suggesting that the gaps in the gapped genome are
overestimated in the assembly. The Caspian seal and Hooded seal assemblies produced in this chapter fall

close to this range, with assembly sizes of 2.34 Gbp and 2.29 Gbp respectively. The Hooded seal assembly
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is slightly smaller than expected, as Wtdbg2 assembler produces smaller assemblies than expected when
using nanopore reads. Despite this, the resulted assembly was higher quality in terms of contiguity and
genome completeness than other methods. The use of long reads in genome assemblies allows us to
accurately assemble large repetitive regions and structural variants that would not be possible with short
reads alone. The use of other long-range sequencing technologies such as HiC and optical mapping
(covered in Chapter 1.6.2) would allow the assembly of whole chromosome length scaffolds that would
prevent mis-assembly. These technologies are widely used in current genome assembly analyses
(Dudchenko et al., 2018). | was limited by financial resources and time, and thus the long-read sequencing
was preferential as my main aims were to develop genomes with highly accurate and contiguous coding
sequences, for which long reads were sufficient. In future analyses of chromosomal arrangements or

synteny it would be beneficial to incorporate long-range sequencing to supplement these assemblies.

Using an automated annotation pipeline, | identified 20,459 and 20,893 gene models in the Caspian seal
and Hooded seal respectively. BUSCO and DOGMA searches were used to assess the gene completeness,
BUSCO assesses the proportion of single copy gene orthologs which have been found to be ubiquitous
across Mammalia, whereas DOGMA uses conserved domains across mammalian. DOGMA is more likely
to find fast evolving or diverged orthologs as present, as they are more likely to have retained their domain
but could be diverged sufficiently to be lost by the BLAST search of BUSCO. It is expected that | would lose
some of the gene models due to the fragmentated nature of my assembly, although my annotations had
very high BUSCO and DOGMA scores comparable to annotations that have using long-range sequencing
(Figure 1.3). The Hooded seal genome assembly was more fragmented than the Caspian seal genome
assembly and this was reflected in the number of genes in the annotation, with the extra genes expected
to be as a result of fragmented coding regions being called as separate genes. The BUSCO score reflects
this also with Hooded seal have an extra 1.1% of fragmented genes compared to the Caspian seal. As there
was little variation between the BUSCO scores of my genome assemblies and that of more contiguous
genome assemblies (such as the Dog or California sea lion), | expect that much of the fragmentation comes

from intergenic regions.

Automatic gene model calling, suffers from the caveat that homology with other species plays a vital part
in the pipeline and so the quality of annotations is dependent on the quality of the annotations of closely
related species. In this chapter, | attempted to overcome this by firstly only using the highest quality

closely related species, in this case the Harbour seal, and also supplementing the homology search using
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other evidence-based gene model callers. | used PASA genome annotation software for my annotation
and gave weightings to the different sources of gene models. Gene models derived from more reputable
sources, for instance the assembled transcriptome, were given the highest weighting, whereas homology-
based gene models and ab initio gene models were given the lowest weighting. | would have benefited
from the use of long read RNAseq (isoseq), as this would have generated full gene transcripts without
assembly and could have decreased fragmentation in coding regions of my assembly. The cost and
expertise needed for the library preparation and sequencing of “iso-seq” reads was not available for this
anlayisis. Automatic gene model annotation can be improved by manual curation, this is further discussed
in section 1.6.2.2 and all pinniped genomes would significantly benefit from manual curation of at least
one species. It would be beneficial for a manual curation tool to be implemented in an online server for

the community to participate in, which would greatly increase the quality of the available annotations.

2.5 Conclusion

In this chapter, | present the first genome assemblies for the Caspian seal and Hooded seal. These will
serve as an important resource to advance the understanding of marine mammal evolution and
conservation. | have assembled the genomes to a high degree of accuracy, with gene content levels

comparable to that of some of the most researched genome assemblies such as the California sea lion.
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Chapter 3: Phylogenetic Analysis of Pinnipedia
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3.1 Introduction

3.1.1 Conflict in the pinniped phylogeny

With the development of next generation sequencing technologies (NGS), the rate at which high quality
genomic data can be generated is increasing. With this increase in data, it was speculated that the issue
of incongruence across phylogenies would be greatly reduced (McCormack et al., 2013; Rokas et al., 2013,
Liu et al., 2019). However, even with the application of these larger datasets, contentious relationships
across the tree of life (ToL) remain (Wicket et al., 2014; Xi et al., 2014; Arcila et al., 2017; Miyashita et al.,
2019). Biological processes such as incomplete lineage sorting (ILS), gene duplications/losses and
hybridisation events have led to genomes resembling a mosaic of evolutionary histories, presenting a
significant challenge for unravelling the true phylogenetic history of species (Scornavacc and Galtier,

2017).

There have been disagreements between the evolutionary relationships of clades within the mammalian
class. For instance, the resolution for the root of placental mammals could not be established until
composition and rate heterogeneity was accounted for (Morgan et al., 2013; and Tarver et al., 2016).
Despite modelling advancements and increased data sampling, contentious relationships still exist in the
wider mammalian tree (McCormack et al., 2011; Springer, 2013; Foley et al., 2016). Within Mammalia,
Carnivora is an order of nearly 300 species (Wozencraft, 1993). Carnivora are of prominent interest for
their conservation status with some of the species, such as Giant Panda, Red panda, and Monk seals,
falling within the top 150 evolutionary distinct and globally endangered mammals (EDGE, 2021). Carnivora
includes terrestrial and aquatic species and together with their global distribution makes this order a
fascinating subject of evolutionary history. The phylogeny of the Carnivora is well studied but even the
most recent phylogenies, with near complete species coverage, primarily rely on mitochondrial genes or
a combination of mitochondrial genes and a small subset of nuclear genes (Nyakatura and Binida-Emonds,
2012; Hassanian et al., 2021), rather than genome scale data. Thus, some recently diverged taxa still lack

sufficient data to resolve phylogenetic relationships with high confidence.

Within the Carnivora, pinniped phylogeny and paleobiology have remained ambiguous, and
morphological and molecular evidence are conflicting (Berta et al., 2018). Pinnipeds are members of the
carnivoran clade Arctoidea (Figure 3.1), but their placement within this clade has been heavily debated.

Indeed, early debates argued that pinnipeds are not a truly monophyletic group with morphological data
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supporting the diphyly of pinnipeds (de Muizon 1982, Barnes 1989). The diphyletic hypothesis suggests
that Odobenidae and Otariidae shared a common ancestor with Ursidae, however Phocidae share a more
recent relationship to the Mustelidae clade (Tedford, 1976; Repenning et al., 1979; de Muizon, 1982;
Barnes, 1989; Wozencraft, 1989; Nojima, 1990) (covered in further detail in Chapter 1.1). Evidence from
the auditory morphology (Wyss, 1987) significantly shifted the narrative, finding overwhelming support
for an alternative, single monophyletic relationship between Odobenidae, Otariidae and Phocidae,
although the sister group was still unclear (Weber, 1904; Gregory, 1910; Davies, 1958). In recent analyses
a small number of studies show continued support of a diphyletic origin (Kuhn and Frey, 2012; Koretsky
et al., 2016) although this relationship was only achieved using exclusively morphological evidence.
Incorporation of molecular evidence presents an unambiguous monophyletic relationship, with support
for Mustelidae sister group hypothesis (Berta and Wyss, 1994; Flynn et al., 2005; Fulton and Strobeck,
2006; Higdon et al., 2007; Sato et al., 2006; Kohno, 2006; Yonezawa et al., 2009; Nyakatura and Binida-
Emonds, 2012; Furbish 2015; Hassanian et al., 2021). To date only two studies have challenged the
Mustelidae sister group hypothesis using genetic data. Firstly, Delisle and Strobeck (2005) used 12
mitochondrial genes to produce a phylogeny with posterior probabilities and bootstrap support values of
0.44 and 42% respectively, with the authors concluding the clade formed a polytomy. Feijoo and Parada
(2017) performed Maximum Likelihood and quartet-based analyses with concatenated data for 29 nuclear
genes (23,495 bp) to determine relationships across Arctoidea. Finding support that pinnipeds diverged
from a common ancestor to both Mustelidae and Ursidae, suggesting a Ursidae/Mustelidae sister
hypothesis. The methodology of this analysis was criticised, and alignments were found to be erroneous,
with mismatched introns/exons, and incorrectly assigned homology, with paralogs incorrectly identified
as orthologs, in approximately 38% of the 29 genes. Reanalysis after accounting for these errors concluded

in support for a Mustelidae sister group hypothesis (Gately and Springer, 2018).

As with other mammalian orders with rapidly diversifying lineages (McGowen et al., 2020; Vanderpool et
al.,, 2020), areas of contention persist within two of the three families of pinnipeds. Although the
monophyly of the Otariidae family has consistently been recovered (Arnason et al. 2006, Higdon et al.
2007, Yonezawa et al. 2009, Churchill et al. 2014, Boessenecker & Churchill 2015), intra-family
relationships have been disputed (Berta et al., 2018). For Otariids, cladistic analyses using the dense fur
pelage, mandible and dental characteristics support the presence of two sub-families, Arctocephalinae
(fur seals) and Otariinae (sea lions) (Berta & Deméré 1986, Barnes et al. 2006). Arctocephalinae are

distributed primarily across the southern hemisphere, with the Northern fur seal as the sole occupier of
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the northern hemisphere. Whereas Otariinae are widely distributed across northern and southern
hemispheres, except the north Atlantic. The monophyletic relationship between Arctocephalinae has
become contentious, with recent morphological and molecular evidence supporting a paraphyletic
relationship between these subfamilies. These analyses find that the southern hemisphere
Arctocephalinae and southern hemisphere Otariinae form a clade which is sister to that of the northern
hemisphere Otariinae. Thus, suggesting the dense fur phenotype, that is only present in Arctocephalinae
has been independently lost twice during Otariidae evolution. Conflicting relationships have been
observed within sub-families, contradicting previous taxonomic naming. Southern hemisphere fur seal
(Arctocephalus spp.) relationships remain contentious, most likely due to their recent, rapid diversification
approximately 2.5 — 3 Mya (Lopes et al., 2020). Arctocephalus has been described as a paraphyletic (Berta
and Churchill, 2012), however Nyakatura and Binida-Emonds (2012) argued that this status was
premature. The taxonomical nomenclature of the genera has persisted even with a whole genome
analysis of Otariidae, which described a monophyletic relationship between all southern hemisphere
Arctocephalinae (Lopes et al., 2020). Contention of a monophyletic relationship between species of the
Zalophus genera has also been proposed using whole genome data. California sea lion and Steller sea lion
formed a clade, with Galapagos sea lion (Zalophus wollebaeki) described as a sister clade (Lopes et al.,

2020).

Currently the remaining ambiguities for relationships within pinnipeds are between the Grey seal, Pusa
spp. (Caspian seal, Ringed seal, and Baikal seal) and Phoca spp., Largha seal (Phoca largha) and Harbour
seal (Phoca vitulina) (Table 3.1). Several alternative topologies for this group have been suggested by
different studies. Initial morphological evidence and mitochondrial DNA fragments resolved Phoca spp.
and Pusa spp. as monophyletic groups with Grey seal as an outgroup to the Phoca-Pusa clade (Figure 3.2A)
(Burns and Fay, 1970; de Muizon, 1982; Perry et al., 1995; Binida-Emonds et al., 1999). Analyses that
incorporated mitochondrial genes found Grey seal to be clustered with the Pusa clade, although from
these analyses Ringed seal was the lone of Pusa representative (Figure 3.2B) (Davis et al., 2004; Delisle
and Strobeck, 2005). Once additional Pusa spp. were included in the analyses conflicting relationships
arose. Caspian seal and Grey seal were found to form a monophyletic clade, with Ringed seal placed as
outgroup to both Phoca and other Pusa species (Figure 3.2C), although these relationships were weakly
supported (Fulton and Strobeck, 2006; Palo and V&inéla, 2006; Arnason et al., 2006; Higdon et al., 2007).
Complete mitochondrial genomes and nuclear genes yielded an alternative position for Grey seal,

suggesting Grey seal as an outgroup to the Pusa and Phoca species, similar to the initial morphological
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Phoca largha

Phoca vitulina

Pusa hispida

Pusa sibirica

Pusa caspica
Halichoerus grypus
Histriophoca fasciata
Pagophilus groenlandicus
Cystophora cristata
Erignathus barbatus
Hydrurga leptonyx
Leptonychotes weddellii
Ommatophoca rossii
Lobodon carcinophaga
Mirounga leonina
Mirounga angustirostris
Monachus monachus
Neomonachus schuinslandi
Callorhinus ursinus
Arctocephalus pusillus
Arctocephalus tropicalis
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Figure 3.1 Current placement of pinniped families and subfamilies within Carnivora phylogeny.
Divergence dating taken from TimeTree.org, with Otariidae relationships inferred from Lopes et al.
(2020). Areas of controversy addressed in this chapter are highlighted by asterisks.

to being an outgroup to Pusa-Phoca (Figure 3.2D). The most comprehensive phylogenetic analysis to date,

Nyakatura and Binida-Emonds (2012) used 41 nuclear genes, 18 tRNAs and 15 mitochondrial genes in a
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analyses (Fulton and Strobeck, 2009; Fulton and Strobeck, 2010). Fulton and Strobeck (2010) also found
support for Grey seal being an outgroup to Pusa, although this had a lower support (approximately 70%)
in comparison supertree analysis. This found a relationship grouping Caspian seal and Grey seal as sister

species within Pusa clade, with Phoca spp. as an outgroup to a Pusa (Figure 3.2E).

To date many different datasets have been applied to try and resolve the discrepancies within the
pinniped and Carnivora lineages (Table 3.1). However not all phylogenetic datasets are improved through
increasing the volume of data (Philippe and Roure, 2011). None of these previous attempts to resolve the
positions took a critical view of data quality and model fit. Incorrectly assigning orthology has been shown
to cause incongruities in the inferred topologies (Springer and Gatesy, 2018). Statistical tests to infer
phylogenetic confidence have progressed in recent years. Tests such as the SH test (Shimodiara and
Hasegawa, 1999) and KH test (Kishino and Hasewaga, 1989) were shown to be too conservative and
unable to reject incorrect relationships when testing across many trees (Shimodaira, 2002). The
Approximately Unbiased (AU) test (Shimodaira, 2002) has been shown to overcome this issue (see

Introduction section 1.3.2.3).

Mutation rate and compositional heterogeneity have been shown to be influenced by many factors
including life history traits, ecological factors, and evolutionary history. Not taking these factors into
account in modelling can increase susceptibilities to systemic errors, such as long branch attraction (LBA)
(Chira and Thomas, 2016; Wang et al., 2018; Yang et al., 2018). Heterogeneity within the data can be
modelled through two different classes: the rate of substitution rates across the sites, called the rate
heterogeneity, and composition of bases across the data - compositional heterogeneity (Sheffield, 2012;
Morgan et al.,, 2013; Moran et al., 2015). Rate heterogeneity can be modelled using advanced
homogeneous models, defined by a set number of rates in a gamma distribution. Models such as the
Phylobayes CAT model (Lartillot et al., 2009), which account for different probabilities of character
evolution at different sites, are needed to account for compositional heterogeneity (Moran et al., 2015).
To my knowledge, no study to date has investigated the evolution of pinnipeds using models that account
for heterogeneity and tested these models to see if they accurately fit the data, despite evidence showing
that not accounting for heterogeneity can have implications on the resulting topologies (Morgan et al.,
2013). In this chapter, two aspects of the resolution of the Pinnipedia are investigated: (i) at the family

level, attempting to determine the order of 3 major families within Carnivora — Mustelidae, Ursidae and
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A) : B) : C) D) : E)
5 : : _|: Pusa sibirica : Pusa caspica
Halichoerus grypus Pusa hispida Halichoerus grypus
Halichoerus grypus Phoca Pusa caspica : Pusa caspica Pusa sibirica
' Spp- :
Pusa spp. 7|, — Pusa spp. Phoca largha : Phoca largha Pusa hispida
sP F’)’gca : Halichoerus grypus Phoca vitulina : Phoca vitulina Phoca vitulina
' Pusa hispida Halichoerus grypus Phoca largha
! *support 58% *support 58-79% *support ~70%

Figure 3.2 Changes in the predicted Pusa-Phoca phylogeny. As more publications have been released data types (i.e., mtDNA and nuclear
DNA) and species sampling density has increased. A) shows the phylogeny inferred by morphological data, fragmented mtDNA and a small
number of complete mt genes; B) complete mt genes; C) complete mt genes and a small number of nuclear genes; D) whole mt genomes and
few nuclear genes; E) the Pusa-Phoca clade in the most comprehensive phylogeny published to date. All support values are 100% unless

otherwise indicated. Publications corresponding to the phylogenies are detailed in Table 3.1.
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Table 3.1. Previous publications of Phocidae phylogeny. The species refers to the number of Phocinae

species in the analysis and the topology corresponds to which topology of the Phocini tribe (categorised

in Figure 3.2) was resolved in the study.

Author, year Species Data Type Data size Topology
Burns and Fay, 1970 6 Morphological - A
de Muizon, 1982 6 Morphological - A
Perry et al., 1995 6 mtDNA 240 bp A
Binida-Emonds et al., 1999 19 Morphological + - A
mtDNA
Davis et al., 2004 15 mtDNA 10,842 bp B
Delisle and Strobeck, 2005 15 mtDNA 30,421 bp B
Fulton and Strobeck, 2006 18 mtDNA 3,601 aa C
Palo and Vidinéla, 2006 9 mtDNA 3,369 bp C
Arnason et al., 2006 18 rRNA, mtDNA 14,336 bp C
Higdon et al., 2007 19 Nuclear, mtDNA 26,818 bp C
Fulton and Strobeck 2009 18 Nuclear, mtDNA 8,935 bp + mt D
genomes
Fulton and Strobeck 2010 18 Nuclear, mtDNA 8,935 bp + mt D
genomes
Nyakatura and Binida- 19 Nuclear, tRNA, 43,834 bp E

Emonds, 2012

mtDNA
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Pinnipedia, and (ii) provide consensus to the evolution of the Phocini tribe within Phocidae, providing a
correct placement for the position of Grey seal within Pusa spp. A strict filtering approach was employed
to ensure the orthologous groups used in the reconstruction are truly orthologous and provide adequate
levels of phylogenetic signal, removing data with outlying levels of phylogenetic signal. Three independent
approaches to reconstruction were taken: a Bayesian framework, a Maximum Likelihood framework and
a coalescent supertree framework to reconstruct a phylogeny using single copy orthologs of protein
coding DNA sequences. Homogeneous and heterogeneous models were evaluated for their fit to the data
and their impact on the resulting topologies. | resolve Grey seal as a sister species to Caspian seal, further
validating its position within the Pusa clade. | also confirm Mustelidae as an outgroup to the pinniped

clade adding support for the Pinniped-Mustelidae hypothesis.

3.2 Materials and methods

3.2.1 Carnivora Dataset Assembly

3.2.1.1 Taxon sampling

Species were chosen from all three marine mammal orders (Carnivora, Cetartiodactyla, and Sirenia) in
addition to four terrestrial mammal orders (Perissodactyla, Rodentia, Primates, and Proboscidea) included
to reduce large phylogenetic distances within my dataset within the mammalian clade, with an additional
non-placental mammal species, Platypus (Ornithorhynchus anatinus) (Table 3.2). All downloaded
sequences were acquired in October 2020. Protein coding genes for non-pinniped species were
downloaded from Ensembl v.101 (Yates et al., 2020) or Ensembl Rapid Release (Ensembl, 2020) using the
FTP directories. Protein coding genes for nine of the pinnipeds were download from the Ensembl Rapid
Release (Ensembl, 2020) or NCBI RefSeq database (O’Leary et al., 2016). Five additional pinniped species
were acquired as unannotated genome assemblies. Of these, three species (Northern elephant seal,
Bearded seal (Erignathus barbatus), Largha seal) were downloaded from the DNAZoo database
(Dudchenko et al., 2016). One species, Arctocephalus gazella, was obtained from the NCBI RefSeq
database (O’Leary et al., 2016); and one species, Ringed seal, was acquired through personal
communication with the Baikal Ringed seal Genome Project group (P. Auvinen, University of Helsinki).
These genomes were passed through the genome annotation pipeline described in detail in Chapter 2.

The protein coding genes for two species, Caspian seal and Hooded seal, were annotated and extracted
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Table 3.2. List of 36 species present in dataset. ! species removed from 33taxa dataset to create 32taxa dataset, 2 species added to 33taxa

dataset to create 32taxa dataset, and 3 species added to 32taxa dataset to create 34taxa dataset.

Common Name Species name Order Database Genome version
American beaver Castor canadensis Rodentia Ensembl C.can_genome_v1.0
Antarctic fur seal Arctocephalus gazella Carnivora NCBI Refseq arcGaz3

Bearded seal Erignathus barbatus Carnivora DNA Zoo Erignathus_barbatus_HiC
Blue whale? Balaenoptera musculus Cetartiodactyla Ensembl mBalMus1.v2
Californian sea lion Zalophus californianus Carnivora Ensembl mZalCall.pri
Caspian seal Pusa caspica Carnivora Orretal., 2021 puscas4

Cat Felis catus Carnivora Ensembl Felis_catus_9.0

Cow Bos taurus Cetartiodactyla Ensembl ARS-UCD1.2

Dog Canis lupis familiaris Carnivora Ensembl CanFam3.1
Elephant Loxodonta africana Proboscidea Ensembl Loxafr3.0

Florida Manatee Trichechus manatus latirostris ~ Sirenia Ensembl Rapid Release GCA_000243295.1
Giant panda Ailuropoda melanoleuca Carnivora Ensembl Rapid Release GCA_002007445.2
Grey seal Halichoerus grypus Carnivora NCBI Refseq Tufts_ HGry 1.1
Harbour seal Phoca vitulina Carnivora Ensembl Rapid Release GCA_004348235.1
Hawaiian monk seal Neomonachus schauinslandi Carnivora Ensembl Rapid Release GCA_002201575.1

Humpback whale!
Hooded seal
Horse

Human

Largha seal®

Mediterranean monk
seal'

Megaptera novaeangliae
Cystophora cristata
Equus caballus

Homo sapiens

Phoca largha

Monachus monachus

Cetartiodactyla
Carnivora
Perissodactyla
Primates
Carnivora

Carnivora

Tollis et al., 2019

Orretal., 2021
Ensembl
Ensembl
DNA Zoo

per comms

GCA_004329385.1
cyscril.l
EquCab3.0
GRCh38.p13
Phoca_largha_ HiC
MMS_114



Mouse

Mouse lemur
Northern elephant seal
Northern fur seal

Pig

Platypus

Polar bear

Ringed seal®

Sable

Sea otter

Southern elephant seal
Sperm whale

Steller sea lion

Walrus

Weddell seal

Mus musculus
Microcebus murinus
Mirounga angustirostris
Callorhinus ursinus

Sus scrofa

Ornithorhynchus anatinus

Ursus maritimus

Pusa hispida

Martes zibellina
Enhydra lutris kenyoni
Mirounga leonina
Physeter catodon
Eumetopias jubatus
Odobenus rosmarus

Leptonychotes weddellii
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Rodentia
Primates
Carnivora
Carnivora
Cetartiodactyla
Monotremata
Carnivora

Carnivora

Carnivora
Carnivora
Carnivora
Cetartiodactyla
Carnivora
Carnivora

Carnivora

Ensembl
Ensembl
DNA Zoo
Ensembl Rapid Release
Ensembl
Ensembl Rapid Release
Ensembl

Samaii Ringed seal
Genome Project

Ensembl Rapid Release
Ensembl Rapid Release
Ensembl Rapid Release
Ensembl

Ensembl Rapid Release
NCBI Refseq

NCBI Refseq

GRCmM39

Mmur_3.0
Mirounga_angustirostris_HiC
GCA_003265705.1
Sscrofall.l
GCA_004115215.2
UrsMar_1.0

Pushis

GCA_012583365.1
GCA_002288905.2
GCA_011800145.1
ASM283717v2
GCA_004028035.1
Oros_1.0
LepWed1.0
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as per Chapter 2. The annotation of Mediterran monk seal (Monachus monachus) was obtained from an
external collaborator (Gaughren pers comm., 2020). This genome was produced through the mapping of
short read data to the Hawaiian monk seal genome. To generate the annotation data for this species,
‘getfasta’ within the bedtools package was used with the GFF3 file from Hawaiian monk seal and
Mediterranean monk seal genome fasta file. The annotation files for Megaptera novaeangliae were

downloaded from the genome assembly additional files (Tollis et al., 2019).

3.2.1.2 Orthologous group assignment

Prior to clustering, protein coding sequences were cleaned, with sequences containing internal stop codes
or incomplete sequences being removed, and nucleotides translated to amino acids. Ensembl or RefSeq
headers were parsed to retain only the longest sequence for each gene identification sequence, this
ensures no isoforms were present in the sequences and each gene has only a single representative
sequence. Following this, sequences were cleaned and translated using the ‘vespa clean.py’ and
‘vespa_translate.py’ commands from VESPA (Webb, Walsh and O’Connell, 2016). These scripts remove all
sequences that possess an internal stop codon or length that is not a multiple of 3 before translating the

nucleotide sequences into an amino acid format.

OrthoFinder2 (Emms & Kelly, 2019) was used with all protein coding sequences from the species in Table
3.2 to identify ‘Orthogroups’. Orthofinder2 uses the clustering method originally developed for
Orthofinder (Emms & Kelly, 2015) to determine ‘Orthogroups’. Orthogroups are defined as a group of
genes descended from a single gene in the last common ancestor (LCA) of a group of species. Due to gene
duplication events these may contain 1-1, 1-to-many or many-to-many ‘co-ortholog’ relationships (Figure
3.3A). Initial relationships between sequences are first identified through an all-versus-all search from all
species using Diamond v0.9.24 (Buchfink et al., 2015). For each species pair, Diamond bit scores are
normalised by gene length and phylogenetic distance, to prevent the biased exclusion of small gene
lengths and over-inclusion of large gene lengths into clusters during the Markov Cluster Algorithm (MCL)
step (Figure 3.3C). Reciprocal best length-normalised hits are used to define the lower limit for the
inclusion in an orthogroup, with only hits scoring higher than the lowest scoring reciprocal best length-
normalised hit being included within an orthogroup graph (Figure 3.3D). Orthogroup graphs are then
passed to MCL to convert into orthogroups by similarity scores, breaking apart clusters that have low

similarity and retaining clusters of high similarity (Figure 3.3F).
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Figure 3.3 Steps of Orthogroup creation in Orthofinder. A) unknown orthogroups that are intended to

be recovered; B) BLAST search of all genes vs all genes; C) Gene length and phylogenetic distance
normalisation of BLAST bit scores to give the scores to be used for orthogroup inference; D) Selection
of putative cognate gene-pairs from normalised BLAST scores; E) Construction of an orthogroup graph,
genes are nodes and pairs of genes connected by edges, with edge weights equal to normalised bit
scores; F) Clustering of genes into discrete orthogroups using MCL. Figure adapted from Emms & Kelley,

(2015).
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Using the initial run containing 33 taxa (33Taxa_Dataset) (Table 3.2), 23,290 orthologous groups were
identified using OrthoFinder2, of these 990 were SGOs that had representatives of all Carnivora species
in my dataset. The number of orthologous groups containing all species is limited by the lowest quality
coding sequences. The gene counts show that two species, Mediterranean monk seal and Humpback
whale were of poor quality and as a result contained in only 8,687 (38.6%) and 10,259 (45.6%) orthologous
groups respectively (Figure 3.4). In comparison, the other taxa were present in an average of 15,216
(68.7%) orthologous groups, with the Platypus being present in the least number of orthologous groups,
13,924 (61.9%), which was expected due to the phylogenetic distance of this outgroup species.
Orthofinder2 was run again with the Mediterranean monk seal removed and Humpback whale replaced
by the Blue whale (32taxa dataset), this resulted in 23,761 orthologous groups being identified, with an
increase of 1,781 single gene orthologs (SGOs) that had representatives of all Carnivora species in the
dataset. Subsequent to the Orthofinder2 run of the 32taxa dataset, two more pinniped genomes became
available to use and so Orthofinder2 was run an additional time using the previously computed BLAST
searches and the 34taxa dataset. This resulted in 24,334 orthologous groups of which 2,279 had
representatives of all Carnivora species in the dataset. Non-Carnivora species were removed from these

SGOs as they were intended to be included in the selective pressure variation analyses (Chapter 4).

3.2.1.3 Multiple sequence alignments

Increases in divergence between sequences can cause errors in alignments, mis-aligned sequences across
species have been shown to impact negatively on phylogenetic analyses (Ogden and Rosenberg, 2006;
Fletcher and Yang, 2010). Due to the large quantity of orthologous groups present, alignments were
generated and evaluated in silico. Alignments were generated using a ‘progressive approach’, MAFFT
(Katoh and Standley, 2013), MUSCLE (Edgar, 2004) and CLUSTAL Omega (Sievers et al., 2011), and a
‘constituency-based method’, T-COFFEE (Notredame, Higgins and Heringa, 2000). The progressive
approach builds an estimated tree using relationships between sequences, this tree is then used as a
guide, aligning the most closely related sequences first, then progressively adding the next most related
sequences. A caveat of the progressive approach is that errors made in the early stages of the alighnment
become irreversible, meaning alignments become stuck in local minima. Consistency-based methods
estimate pairwise alignments for all pairs of sequences, then use the score of these pairwise alignments
as constraints to maximise the agreement of the global alignment with the pairwise alignments (Chatzou
et al., 2016). This process can achieve a more accurate, but more computationally demanding and slower

alignment process. AQUA (Muller et al., 2010) was modified to incorporate CLUSTAL Omega and T-
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COFFEE. Thus, each multiple sequence alignment (MSA) was then processed with an alignment refinement
program, RASCAL (Thompson, Theirry and Poch, 2003), to attempt to enhance the quality of the MSA,
before being evaluated using norMD (Thompson et al., 2001). From the six different MSAs constructed for
each orthologous group, the MSA with the highest norMD score was used. From a visual check of a subset
of the alignments it was seen that some alignments contain large amounts of gaps in the sequences, which
can have major impacts on the resulting phylogeny (Darriba et al., 2016). The Antarctic fur seal was
observed to have a substantial number of gaps in its sequence due to poor genome quality and so was
removed from the MSAs. The consequences of trimming alighnments to remove gaps is a debated process
in phylogenetics, thus trimming was conducted in an automated and conservative manner using TRIMAL
(Capella-Gutiérrez, Silla-Martinez and Gabaldén, 2009) with the parameter ‘gappyout’. This removes all
gaps based on a gap distribution obtained from the alignment and this method has been shown to reliably

produce high quality alignments in mammalian datasets (Steenwyk et al., 2020).

3.2.1.4 Filtering of orthologous groups

The 2,279 orthologous group MSAs then underwent three filtration steps to ensure the dataset contained
truly orthologous groupings and informative signal to infer bifurcations. The first step was to assess the
sequences for “sequence saturation”. Sequence saturation occurs as a result of multiple or identical
substitutions at the same site in different sequences of an alignment. This can cause the divergent rate
from distant lineages to be greatly underestimated, and phylogenetic inference has been shown to work
best with only slightly saturated datasets (Philippe et al., 2011). To assess the levels of sequence saturation
at the amino acid level, neighbour-joining phylogenetic trees were built in PAUP (Felsenstein, 1993) using
a basic p-distance and JTT model of evolution. Sequences that have undergone sequence saturation would
be expected to have much shorter branch lengths when trees are built using the p-distance matrices,
which directly compares sequence similarity, compared to the JTT models, which accounts for multiple
substitutions. This was run using the script run_phylip.sh (Electronic appendix, 3.1). The sum of the branch
lengths for each p-distance calculated tree were plotted against the sum of the branch lengths using the
JTT model, for each orthologous group on a single graph (Figure 3.5C). The graph was then assessed by
eye, identifying any alignments that possessed substantially greater branch lengths calculated by the JTT
model in comparison to those calculated by the p-distance model; four sequences were then removed

from the dataset as putative sequences possessing sequence saturation.
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Figure 3.5 A representation of the orthologous groups lost during the filtering steps. A) Unrooted tree coloured by the different ‘clans’ used
in the Clan_check step and B) upset plot of the number of orthologous groups that do not violate particular ‘clans’. C) Sequence saturation tests
showing the p-distance produced tree bench length of each orthologous group (N=2,275) against the JTT model branch lengths, with outliers
represented with red dots in the dotted oval. D) Frequency of orthologous groups against the sum of quartets from segments (4-7) from their

likelihood mapping analysis, discarded orthologous groups with a sum >10 shown in red.
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3.2.1.5 Ortholog enrichment filter

To account for hidden paralogy within the dataset, Clan_Check

(https://github.com/ChrisCreevey/clan check) was employed. Clan_check uses unrooted single copy

phylogenetic trees and determines whether the ‘clans’ (Wilkinson et al., 2007), unrooted analogues of a
monophyletic group or clade, are violated. For each of the 2,275 MSAs, IQ-TREE (Nguyen et al., 2015) was
run using automatic model selection (Kalyaanamoorthy et al., 2017) and 1000 ultrafast bootstrap
replicates (Hoang et al., 2018). This produced a tree, which will be referred to as a ‘gene tree’. Clans to be
tested within clan_check were assigned at an order level, accounting for hybridisation that has been
shown to occur within Carnivora (Kumar et al., 2017; Savriama et al., 2018). As clan_check requires at
least 2 species per clan the following clans were assigned: Pinnipedia, Mustelidae, Ursidae (Figure 3.5A).
The gene trees were concatenated into a single file and clan _check was run using the script
clancheck_prep.sh (Electronic appendix, 3.2). A maximum level strictness was applied from the output of
clan_check, in which only trees which had no violations in any of the three clans were retained. This was
carried out using find _nonviolate trees.py (code supplied by Peter Mulhair) and the subsequent
alignments that passed this step were identified using get_OG_files.py (code supplied by Peter Mulhair).
1,218 orthologous groups were found to have no violations of the specified ‘clans’ and retained as high

confidence SGOs, whereas the 1,057 SGOs with clan violations were discarded.

3.2.1.6 Phylogenetic signal filter

To assess the level of phylogenetic signal present in each of the 1,218 SGOs, likelihood mapping was
performed using /IQ-TREE (Nguyen et al., 2015) using the command ‘Imap’. Likelihood mapping works by
breaking each gene tree down into quartets (Figure 3.6A), and the likelihood for each of the three possible
configurations being calculated using Maximum Likelihood (Strimmer and von Haeseler, 1997). From the
Maximum Likelihood score, the posterior probabilities are calculated. The three posterior probabilities,
which will sum to one, are converted to coordinates and plotted onto a triangle diagram. If there is strong
signal in the data then the probability of a particular configuration would be more like than the other two,
thus the coordinates would be in one of three corners of the triangle (regions 1-3) (Figure 3.6B). Whereas,
if there is conflict in the signal the coordinates would be in the centre or between the corners (regions 4-
7) (Figure 3.6C). This is repeated for all possible quartets that can be obtained from each gene tree. If
more than 10% of the data fall in regions 4-7 (Figure 3.6F) then the gene tree is discarded as having
insufficient phylogenetic signal. From the 1,218 orthologous groups assessed, 406 were determined to

have sufficient phylogenetic signal. The amino acid alignments (referred to as the “406AA” dataset) and



101

Ps

Figure 3.6. Steps of assessing phylogenetic signal of an SGO. A) A gene tree is broken down into all
possible quartets; B) the likelihood of the quartet plotted on to a triangle, where all topologies have
equal likelihood; C) the likelihood of the quartet plotted on to a triangle, where topology T, has the
highest likelihood; D) Triangle plot that would result in SGO being retained as < 10% of plots falling into
segments 4-7; E) Triangle plot that would result in SGO being filtered SGOs > 10% of plots falling into

segments 4-7; F) Triangle plot boundary segments.
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the corresponding original nucleotide files for these 406 SGOs were used to generate aligned nucleotide
alignments (i.e., the “406NUC” dataset), using ‘vespa.py create_database’ and ‘vespa.py map_alignments’

in Vespa (Webb, Walsh and O’Connell, 2016).

3.2.1.7 Final alighment dataset

Some species used in the formation of the orthologous groups were removed from the phylogenetic
analyses; these OGs were designed to be used in the positive selection analyses in Chapter 4. In total, |
had 406 alignments that satisfied my filtering criteria. Two resulting datasets were used in this study:
406AA and 406NUC, which are detailed in Table 3.3. The nucleotide format of the 406 OGs (406NUC) has
considerably more parsimony informative sites, this dataset was included to address whether the
increased phylogenetic signal from the alignments could enhance the resolution of some the polytomies

in the phylogeny.

3.2.2 Phylogenetic reconstruction

3.2.2.1 Phylogenetic analysis using a supermatrices approach

To generate supermatrices at both the amino acid and nucleotide levels, the orthologous groups of 406AA
and 406NUC were each concatenated into a single alignment using catsequences

(https://github.com/ChrisCreevey/catsequences). Phylogenetic reconstructions of both supermatrices

(i.e., 406AA cat and 406NUC_cat) were carried out using a Maximum Likelihood (ML) framework in /Q-
TREE (Nguyen et al., 2015) and a Bayesian inference in Phylobayes-MPI v.4.1 (Lartillot, 2013). Automatic
model selection (Kalyaanamoorthy et al., 2017) and 1000 ultrafast bootstrap replicates (Hoang et al.,
2018) were performed in IQTREE. Two independent Monte Carlo Markov chains (MCMC) were run in
Phylobayes-MPI, after constant sites were removed using “~dc’ parameter, under the CAT+GTR model,
with a gamma distribution consisting of four rate categories. The chains were run with sampling every 10
cycles until convergence was reached. Convergence between the chains was assessed using ‘tracecomp’
and ‘bpcomp’ in Phylobayes-MPI. Chains reached convergence when all maximum differences of the
parameters within the tracefile produced by ‘tracecomp’ function were < 0.3 with a minimum effective
size > 100 and maximum difference if 0.1 produced by the ‘bpcomp’ function. Burn in for the chains was

estimated by visual assessment of the trace files in Tracer v1.7.1 (Rambaut et al., 2018).
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Table 3.3. Summary statistics of datasets used in reconstruction

Data set Taxa Average OG Concatenated Variable sites Parsimony
Length Alignment length informative sites
406AA 21 1070.29 aa 434535 aa 103978 43261
406NUC 21 3210.85 bp 1303605 bp 298431 132452
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3.2.2.2 Phylogenetic analysis using a supertree approach

ASTRAL-1l (Zhang et al., 2018) can overcome issues of discordance present when attempting to resolve
genes that have evolved under the multi-species coalescent process. This involves inferring gene trees for
all the sequences in the alignment. The gene trees are then interrogated to resolve a species tree which

shares a maximum number of quartets topologies with the gene trees, using a super tree process. By
accounting for within branch coalescence for species, disconcordance factors such as incomplete lineage
sorting can be overcome. IQ-TREE (Nguyen et al., 2015) was run for each orthologous group with an
automatic model selection (Kalyaanamoorthy et al., 2017) and 1000 ultrafast bootstrap replicates (Hoang
etal., 2018) on 406AA and 406NUC. The resulting gene trees were concatenated into one file and provided
to ASTRAL-IIl (Zhang et al., 2018) to perform coalescent based phylogenetic reconstruction. The resulting
trees were assessed for branch support using the proportion of concordant quartets around each node.
ASTRAL-IIl does not add terminal branch lengths to the phylogeny, and so these were added to three
phylogenies retrospectively using the python script add-bl.py

(https://github.com/smirarab/global/blob/master/src/mirphyl/utils/add-bl.py). The full process is

summarised in Figure 3.7.

3.2.2.3 Assessing support for contentious relationships

The resultant species topologies were assessed using the approximately unbiased (AU) tests (Shimodaira,
2002), assessing how many genes had the power to reject alternative topologies. For each of the SGOs in
406AA, ‘idealised’ trees were created, generating phylogenies for each of the topologies being assessed,
using the script ‘create_phtrees.py’ and the ‘generatetrees’ function within Clan (Creevey & Mclnerney,
2005). All topologies for each SGO were assessed using AU tests performed in /Q-TREE (Nguyen et al.,
2015) with automatic model selection (Kalyaanamoorthy et al., 2017) and 10,000 RELL replicates (Kishno
et al., 1990). The resulting files generated by IQ-TREE were parsed and the number of gene trees that

could reject all possible alternatives was recorded.

Concordance factors for each species tree topology were calculated in /Q-TREE using all 406AA gene trees.
Due to the low support for some of the contentious clades, each orthologous group was assessed for
significant outliers in phylogenetic signal. Parsimoniously informative sites were calculated using Phykit
(Steenwyk et al., 2021) for each of the orthologous groups. The methodology in Shen (2017) was
replicated to calculate the difference in gene-wise likelihood scores (AGLS) (Equation 3.1) between the

orthologous groups using RaxML-HPC (Stamatakis, 2014) with the specified model set to
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Figure 3.7 Schematic of phylogenetic reconstruction process. The diagram follows the process from

raw coding sequences to resolved phylogenetic trees.
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“PROTGAMMAIJTT”, as previously calculated in ModelFinder (Kalyaanamoorthy et al., 2017). The different
topologies were contained within a tree file specified using the ‘-z command to generate site likelihood
scores. The site likelihood scores were calculated total over a “gene” to generate the gene likelihood score

(Equation 3.1).

Equation 3.1. Calculating gene wise log likelihood score. InL represents the log-likelihood score from ML
analysis of a topology (T1, T2 and T3), for each ‘gene’ (G).

|InL(G;|T1) — InL(G;|T2)| + [InL(G;|T1) — InL(G;|T3)| + [InL(G;|T2) — InL(G;|T3)]
3

AGLS; =

3.2.3 Testing for heterogeneity in the data sets

3.2.3.1 Test of composition heterogeneity

Prior to any phylogeny reconstruction, compositional heterogeneity was assessed in /Q-TREE using a chi-
squared test (x?) test. The y?test is used to assess the homogeneity of character composition across each
sequence of an alignment, calculating whether the observed base frequencies (O) fall within the
distribution of expected base frequencies (E) of data (Equation 3.2), where k is equal to the size of the
alphabet (4 for nucleotides and 20 for amino acids). This test does not assume phylogenetic relatedness

in the data and so can suffer from Type Il error (Kumar and Gadagkar, 2001).

Equation 3.2. Chi-Squared Equation

k 2
x2 — 2 :(Oi_Ei)

. E;

=1

3.2.3.2 Posterior predictive analyses

Phylogeny reconstruction was performed using the optimal model calculated in ModelFinder
(Kalaanamoorthy et al., 2017) and the CAT model in Phylobayes. To assess whether the models adequately
describe the patterns in the data, | carried out posterior predictive analyses (PPA) on each data set. PPA
simulates data from a model using posterior parameter estimates from Bayesian phylogenetic analyses.

The central concepts of PPAs are covered in Chapter 1.2.3.2.
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Site-specific base diversity (PPA-DIV) measures the mean number of amino acids/nucleotides observed at
each site. Using the model and parameters from the MCMC run for each data set, simulated data sets
were created. PPA-DIV was calculated from the simulated datasets, if the real data fell within the
distribution of the simulated datasets, then the composition of the data is well described by the employed
model. The posterior predictive analyses were run using Phylobayes 4.1b (Lartillot et al., 2009) using the
‘readmpi’ function with the ‘-ppred’ option, using burn in values previously calculated in the phylogenetic
analyses. For each PPA the deviation from the null expectation was given in the form of Z-scores, with a

Z-score > 2 indicating the model does not fit the data.

3.2.4 Divergence time estimation

3.2.4.1 Divergence dating using time calibrations

To estimate the divergence times of speciation events across the phylogeny a white noise autocorrelated
relaxed clock was employed in Phylobayes 4.1 (Lartillot et al., 2009). The optimal tree resulting from the
reconstruction of the species phylogeny was supplied as input for the calculation. The outgroup chosen
was “cat” as it represents the most basal split on the Carnivora tree given out sampling. Eight calibration
points were taken from TimeTree (Hedges et al., 2015) (Table 3.4). Calibrations were chosen to account
for each divergence event for pinnipeds within Carnivora. The Bearded seal was used as the
representative of Phocidae, as the earliest divergent on the family and avoid any bias from using a Phocini
species, as this was my clade of interest. The age of the root was specified as a gamma prior of mean 50
My (million years), with a deviation of 4 My, thse values being the date and confidence intervals from
TimeTree (Hedges et al., 2015). 2 chains were concurrently run with convergence being accepted when
differences > 0.3 and effective sizes > 100 for all parameters when using ‘tracecomp’, with appropriate
burn in times visually assessed using Tracer v1.7.1 (Rambaut et al., 2018). Final trees were parsed using

TreeAnnotator (Bouckaert et al., 2019).

3.2.4.2 Pairwise sequential Markovian coalescent tests

To estimate the divergence times of the species in the Phocini tribe | used pairwise sequential Markovian
coalescent (PSMC) analyses as in (Li and Durbin, 2011). PSMC uses heterozygotic sites across regions of
the genome, combined with information on the mutation rates to estimate effective population sizes (Ne)
for a given species or population under a coalescent framework. PSMC plots of N. over time can be

produced for different species then overlaid to estimate species divergence times. PSMC was intended to
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Table 3.4 Calibrations used for divergence time estimations. All dates are obtained from TimeTree

(Hodges et al., 2015).

Species node

Relationship

Upper - lower soft age priors (Mya)

Cat — Bearded seal

Dog — Bearded seal

Giant panda — Bearded seal

Sable - Bearded seal

Walrus - Bearded seal

Walrus — California sea lion

Southern elephant seal —
Bearded seal

Hooded seal - Ringed seal

Felidae - Phocidae

Canidae - Phocidae

Ursidae - Phocidae

Mustelidae - Phocidae

Odobenidae - Phocidae

Odobenidae - Otariidae

Phocidae — Monachinae

Cystophoca - Phocini

57-52

52-49

43 -37

42 -37

28.9-23.1

22.1-16.8

21.8-15

13.9-6.2
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be performed on the 5 species of interest which had genome assemblies: Grey seal, Harbour seal, Caspian
seal, Ringed seal, and Largha seal. PSMC analysis uses unphased, raw short read data and this was
obtained through GenBank for one of the five species of interest: Grey seal, Harbour seal raw reads were
not publicly available as the contained some human contamination. Other reads were either sequenced

de novo through this thesis or by collaborators (Table 3.2).

Reads were mapped to their corresponding reference assembly BWA-mem v07.17 (Li, 2013), samtools (Li
et al., 2009) and bcftools (Li, 2011) were used to calculate base coverage information and generate VCF
files using commands ‘mpileup’ and ‘call’ respectively. VCF files were converted into variant informative
FASTQ files using VCFtools (Danecek et al., 2011) and PSMC command ‘fg2psmcfa® was used to convert
the FASTQ file to a ‘psmc’ file. N was inferred across 64 free atomic time intervals (4+25*2+4+6) set using
the -p’ parameter with the options ‘~-N 25 -t15 -r5’. A mutation rate of 7.0 x e® (Stoffel et al., 2018) and
generation times extracted from the IUCN red list species profile (https://www.iucnredlist.org/) were
specified using the ‘-u’ and ‘-g’ parameters respectively. Plots generated using ‘psmc_plot.pl’ in the PSMC

package (https://github.com/Ih3/psmc), an R script was used to overlay and annotate multiple plots.

3.3 Results

3.3.1 Resolving the pinniped phylogeny using high confidence 1:1 orthogroups

3.3.1.1 Supermatrix approach

Using the 406AA dataset, the model JTT+F+R6 was estimated as the best fitting model using ModelFinder
in IQ-Tree. ‘R’ refers to the FreeRate model (Yang, 1995; Soubrier et al., 2012), which is a generalised
Gamma model (Yang, 1994) with relaxed assumptions of gamma-distributed rates, and ‘F’ refers to
empirical codon frequencies counted from the data. ModelFinder returned GTR+F+R6 as best fitting
model for the 406NUC supermatrix, the LnL scores for all the tested models from both datasets are given

in Electronic appendix 3.3.

Phylogeny reconstruction using a supermatrix was carried out using two methods: (i) ML method in IQTree
(Nguyen et al., 2015), and (ii) Bl in Phylobayes (Lartillot et al., 2009). The ML phylogeny reconstructed
using 406AA_cat obtained 100% support for all clades (Figure 3.8). In this phylogeny, Mustelidae resolved

as the sister clade to Pinnipedia, with the Ursidae clade being sister to the Mustelidae-Pinnipedia clade.



0.01

110

Dog

Panda

Polar bear

Sable

Sea otter
California sea lion
Steller sea lion

Northern fur seal

Hawaiian monk seal
Northern elephant seal
Southern elephant seal
Weddell seal

Bearded seal

Caspian seal

Ringed seal

Grey seal

Harbour seal

Largha seal

Hooded seal

Cat

0.01

52

Dog

Panda

Polar bear

Sable

Sea otter
California sea lion
Steller sea lion

Northern fur seal

Hawaiian monk seal
Northern elephant seal
Southern elephant seal
Weddell seal

Bearded seal

Caspian seal

Ringed seal

Grey seal

Harbour seal

Largha seal

Hooded seal

Cat

Figure 3.8. Phylogenetic reconstruction of 406 concatenated sequences through Maximum Likelihood method. Phylogenetic reconstruction of
selected Carnivora species using the concatenated sequences in a Maximum Likelihood framework using IQ-Tree (Nguyen et al., 2015). Branch
support is represented by ultra-fast bootstrap supports from 1000 replicates in, with supports less than 100 shown. Left) 406AA_cat sequences

used with the optimal substitution model JTT+F+R6. Right) 406NUC_cat sequences used with the optimal substitution model GTR+F+R6.
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The Phocini tribe differed from previously published pinniped phylogenies with Ringed seal forming a
clade with Caspian seal, and Harbour seal, Largha seal and Grey seal forming a sister clade. This topology
closely resembles the alternative topology produced by Fulton and Strobeck (2010) (Figure 3.2D), but with
Grey seal existing as an outgroup to the Phoca spp.. The 406NUC_cat dataset produced a topology
identical to the alternative topology by Fulton and Strobeck (2010) (Figure 3.2D), although the level of

branch support was low for the basal Pusa node (bootstrap proportion: 52) (Figure 3.8).

PhyloBayes uses non-parametric methods to model among-site variations. Applying Dirichlet process
mixtures to model site-specific profiles over 20 amino acid sites, or 4 nucleotide bases, which are then
combined with globally defined exchange rates, which can be fixed to empirical estimates (i.e., JTT) or
inferred from the data (CAT-GTR). The CAT-GTR method is expected to best fit real data, especially when
using large datasets (Lartillot et al., 2015). The two chains reached convergence after 695 cycles with a
burn in of 350 for the 406AA _cat dataset and after 4500 cycles for the 406NUC_cat dataset, with a burn
in of 2500. The phylogeny run using the 406AA_cat dataset gave rise to an alternate topology within the
Phocini tribe, suggesting that the Ringed seal and Caspian seal formed a Pusa clade, with Grey seal as
sister to this clade. All nodes received posterior probabilities of 1, suggesting high support for all the
configurations. The 406NUC_cat dataset generated alternative topologies, with extremely long branch
lengths for Canis familiaris and Felis catus, the phylogeny also suggested Ursidae family as sister to
Pinnipedia, not seen in any other phylogeny from this study (Figure 3.9). Within Phocidae, Grey seal was
contained within the Pusa clade, being more closely related to Caspian seal than Ringed seal. Although
the branch lengths for the species within the Phocini clan are extremely small in comparison to the

outgroups.

3.3.1.2 Supertree approach

For each alignment in 406AA and 406NUC, gene trees were inferred by /IQ-Tree (Nguyen et al., 2015) with
the best fitting substitution model for each orthologous group. ASTRAL-III assigns node support values
based on Bayesian posterior probabilities named “local posterior probabilities” (LPPs). LPPs are generated
by calculating a “quartet support” of each of the three possible combinations of a quartet; these values
are then used against the configuration in the final species topology to derive a posterior probability (PP)
that the final topology is correct. Both 406AA and 406NUC resolved the same phylogenies through the
supertree approach (Figure 3.10), although 406AA had PP of 0.95 at the Caspian seal, Ringed seal, Grey

seal root, suggesting some slight uncertainty. The Pusa clade is resolved in an identical manner as 406NUC
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Figure 3.9. Phylogenetic reconstruction of 406 concatenated sequences through Bayesian inference method. Phylogenetic reconstruction

of selected Carnivora species using the (left) concatenated amino acid sequences (406AA_cat) and (right) concatenated nucleotide sequences

(406NUC_cat) in a Bayesian framework using PhyloBayes (Lartillot et al., 2009), using the substitution model CATGTR. Branch support is

represented by posterior probabilities (PP), only PP < 1 are shown.
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Figure 3.10. Phylogenetic reconstruction of 406 non concatenated sequences through supertree method. Phylogenetic reconstruction of
selected Carnivora species using the (left) amino acid sequences (406AA) and (right) nucleotide sequences (406NUC) in a supertree framework
using ASTRAL-IIl (Zhang et al., 2018), substitution model assessment and gene trees for each orthologous group were performed individually in

IQ-Tree (Nguyen et al., 2015). Branch support is represented by local posterior probabilities (LPPs), only LPPs < 1 are displayed.
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Bayesian approach, increasing the support for Caspian seal and Grey seal to form a clade in the true

species topology.

3.3.2 Does the removal of phylogenetic signal outliers improve congruence?

The resolution of phylogenies across Tol has relied on a very small number of genes or sites (Shen et al.,
2017). The aim of this section is to understand if some individual genes have a significant impact on a
particular phylogeny, identifying the genes that heavily skew the inferred topology and contribute to the
incongruence seen between approaches. It is hypothesised that removing genes that possess large
differences of likelihood support between topologies will reduce bias between individual topologies.
Although | am removing genes from my data, only a very small percentage of the overall data will be

discarded, in respect to the entire dataset.

The initial gene support from each topology: 406AA supertree (T1), 406AA Maximum Likelihood (T2), and
406AA Bayesian (T3) were calculated using a gene concordance factor (gCF), quantifying the percentage
of genes that agree with each topology (Figure 3.11). The gCF value for the nodes conveying Ursidae being
sister to Mustelidae, and pinniped was only 46.06% (187 genes). The major clades within Pinnipedia all
received high levels of support, with the Otariidae-Phocidae sister hypothesis resolved with 99.26% (403)
of genes, and Walrus (Odobenidae)-Otariidae sister hypothesis receiving support from 97.04% (394) of
genes. General trends of support were lower within the pinniped families. The support between tribes in
Monachinae ranged from 81.03% (for the Monichini tribe as outgroup to the rest of Monchinae) to 50.49%
of genes supporting Miroungini and Lobodontini being sister clades. Within the Phocini tribe, the level of
discordance due to polyphyly (gDFP) is high in comparison to the rest of the phylogeny (33.9 — 61.82%).
Support for the clustering of Grey seal with Largha seal and Harbour seal received very low support, with
only 9.61% (39 genes) supporting this topology. More than double (20.69%, 84 genes) support Grey seal
as a clustering with Caspian seal and Ringed seal within the Pusa clade. Only 16.5% (67) of genes support
Ringed seal as sister to Caspian seal whereas 32.02% (130) genes are in agreement with Grey seal being

sister to Caspian seal.

Identifying genes with the highest levels of phylogenetic signal would help determine whether a small
number of genes were having a large impact on the incongruence between resulting phylogenies. For this
analysis, phylogenetic signal is defined as the difference in log-likelihood scores between the three

alternative resolutions, T1, T2 and T3 (Equation 2). The log-likelihood scores of a gene are calculated by
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Figure 3.11 Levels of support counts of genes for each node in phylogeny. Values refer to: gCF (proportions of genes in concordance with
the topology) / gDF1 (Gene discordance factor for nearest neighbour 1 branch) / gDF2 (Gene discordance factor for nearest neighbour 2

branch) / gDFP (Gene discordance factor due to polyphyly). Three different topologies for Pusa clade are detailed in the box.
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Figure 3.12 Phylogenetic signal differences (AGLS) between the best fitting topology and alternate topologies from the three different methods
of phylogenetic reconstructions. Each bar represents a MSA with colours indicating the best fitting topology: yellow bars for the Maximum

Likelihood derived topology, red bars are for the topology resolved using a Bayesian approach, and green bars indicate a supertree methodology.
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extracting the total value of the log-likelihood scores of all the sites within a gene. From the 406 genes,
210 (51.72%) had a likelihood score that favoured the T1 topology, 91 (22.41%) favoured the T2 phylogeny
and 105 (25.86%) favoured T3. The distribution of AGLS across the 406 genes shows that a very small
proportion, 4 genes, had a AGLS over 100, whereas 397 of genes have a AGLS of less than 50 (Figure 3.12),
all of which favoured the T2 topology. Given this large disparity in AGLS across the different genes suggests
that a small number of genes are skewing the overall topology seen when concatenating the alignments.
In Shen (2017), it was seen that removing just 5 genes substantially changed the topology of the tree, to
retain as much data as possible the genes with the highest 1% (4 genes) of AGLS were removed from the
dataset to create dataset 402AA. The four genes removed were OG008969/ ZN609 (AGLS = 199.65),
0G0007790/ ERCC6 (AGLS = 136.05), 060010807/ C2D1B (AGLS = 113.38), and 0G0011205/ N4BP2 (AGLS
=103.10).

Phylogenetic reconstructions were performed using the 3 different approaches again using the new
402AA dataset. The supertree method using ASTRAL-IIl remained the same topology with the reduced
402AA dataset as it did with the 406AA dataset, with Caspian seal and Grey seal remaining in the same
clade and Ringed seal as sister. The branch support for the Caspian seal — Grey seal clade was also
increased, from 0.95 to 1 (Figure 3.13A). After using the 402AA in the Maximum Likelihood approach, the
topology resolved to be identical to that seen in the supertree approach, but the branch support for the
Caspian seal — Grey seal is decreased, with a support of 71% (Figure 3.13B). The only approach now
displaying incongruence between the phylogenies is the Bayesian approach ((Figure 3C), which reached
convergence after 535 cycles with an initial burn in of 150. The Bayesian approach resolved Ringed seal
and Caspian seal in their own clade with Grey seal as sister to this clade, showing posterior probabilities
of 1, replicating the relationships observed in the alternative topology of Futon and Strobeck (2010)

(Figure 3.2D).

The removal of just 4 genes significantly improved congruence across the three approaches, the 1%
removal methodology was run for another iteration, just comparing trees T1 and T3. From the 402 genes,
258 (63.55%) favoured T1 whereas 148 (36.45%) favoured T3 (Figure 3.14). The differences of GLS
between the two topologies was significantly reduced when comparing the two resolutions, with only 12
genes having a AGLS greater than 10. Only the top 1% (4 genes) were removed from the subsequent

analysis which resulted in a dataset of 398 genes. The four genes removed from the 402AA database were:
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Figure 3.13 Phylogenetic reconstructions of 402AA dataset. Phylogenies produced in: A) a supertree framework using ASTRAL-IIl (Zhang et al.,
2018) substitution model assessment and gene trees for each orthologous group were performed individually in IQ-Tree (Nguyen et al., 2015),
B) Phylogenetic reconstruction of selected Carnivora species using the concatenated amino acid sequences (402AA_cat) in a Maximum
Likelihood framework using 1Q-Tree (Nguyen et al., 2015), using the optimal substitution model JTT+F+R6, C) a Bayesian framework using
PhyloBayes (Lartillot et al., 2009), using the substitution model CATGTR, Branch support is represented by posterior probabilities or ultra-fast

bootstrap supports from 1000 replicates, only values less than 1 or 100 are shown for the PPs and bootstrap supports respectively.
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Figure 3.14. Phylogenetic signal differences (AGLS) between the best fitting topology and alternate topologies from the three different
methods of phylogenetic reconstructions, using 402 data set. Each bar represents a MSA with colours indicating the best fitting topology: red
bars are for the topology resolved using a Bayesian approach, and green bars indicate the identical topologies generated from a

supertree/Maximum Likelihood methodology.
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0G0008883/FANCM (AGLS = 51.31), 0G0009035/SIK3 (AGLS = 43.14), 0G0009912/PEPL (AGLS = 30.62),
and 0G0014259/THRSP (AGLS = 22.54).

Congruent phylogenies were derived from the 398AA data set when run under the three different
phylogenetic approaches. With the final topology resembling T1, with Grey seal as sister to Caspian seal
and Ringed seal as sister to this Caspian seal — Grey seal clade. The ML approach retained the Grey seal as
sister to Caspian seal with an improved bootstrap support of 100%. The Bayesian approach and the
supertree approach both resolved an identical phylogeny with posterior probabilities of 1. To further
inspect the confidence of the phylogeny, the corresponding nucleotide format of the 398 orthologous
groups from 398AA were interrogated to investigate whether they also resolve the same topology. The
ML and supertree approaches both resolved the T1 topology with maximum bootstrap values and
posterior probabilities respectively. The Bayesian approach resolved the same phylogeny for the
Pinnipedia, although the chains failed to converge after 10,000 iterations. From further analysis of the
topologies generated by the chains throughout the run, the Mustelidae and Ursidae were responsible for
the lack of convergence. Pinnipedia remains fixed after 10,000 iterations, with Mustelidae and Ursidae
constantly switching as sister to the pinniped clade, suggesting the uncertainty from the dataset is derived
from the Ursidae and Mustelidae sequences rather than that of pinnipeds. Ursidae as sister to Pinnipedia
was also resolved when running the Bayesian analysis with the 406NUC dataset, suggesting that the genes
with high phylogenetic signal were genes that only affected the pinniped clade and a different set of genes

or sites are responsible for this incongruence.

The AU test is an accurate test that was developed to test the confidence in regions of a phylogeny. Here,
the AU test is used to determine two factors that were still unresolved from the initial reconstruction
analysis: (1) can the 398NUC dataset significantly reject the hypothesis of Ursidae as sister to Pinnipedia,
in favour of Mustelidae as sister to Pinnipedia, (2) can the T1 topology seen as favoured by the 398AA
dataset reject topologies T2 and T3, and how many individual genes in the 398AA dataset can also
significantly reject the two alternate topologies. The 398NUC alignment was run in an AU test using the
two differing pinniped sister hypotheses, Ursidae-sister and Mustelidae-sister. The results of the AU test
could significantly reject the Ursidae-sister topology (p-value 4.8x10°), supporting the Mustelidae sister
hypothesis. The Bayesian analysis for the 398NUC was then rerun specifying a fixed tree of Mustelidae-

sister, this converged within 4425 cycles with a burn in of 1000.
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To assess the confidence of T1 over T2 and T3 an AU test was also run on a gene-by-gene basis. | generated
idealised gene trees for the 398 genes in the 398AA dataset, before running an AU test on the three
alternate topologies to assess whether two of the alternate topologies could be significantly rejected in
favour of the third topology. Using the 398 genes in the 398AA dataset, 109/398 could significantly reject
two out of the three trees, with 95/109 (87.16%) rejecting all but T1, 4/109 (3.67%) rejecting all but T2,
and 10/109 (9.17%) rejecting all but T3.

3.3.3 Tests of compositional heterogeneity

The accuracy of modelling evolutionary processes from the data is crucial for confidence in the resulting
phylogenies. To assess the fit of models used in the phylogenetic reconstructions in comparison to the
resulting phylogenies PPAs were used to perform model adequacy tests. PPA-DIV calculates the mean
amino acid diversity per site. This test requires MCMC chains resulting from Bayesian analyses, for this
analysis | ran Bayesian analyses in Phylobayes for all my datasets i.e., 398AA, 398NUC, 406AA, 406NUC
using both a heterogeneous model (CATGTR) and a site homogeneous model (JTT + 6[), specified as the
optimal model from ModelTest, which does not account for heterogeneity over the data. PPAs had z-
scores ranging between -1.636 and -0.169 across all chains and both datasets using the homogeneous JTT
model whereas using the CATGTR heterogeneous model z-scores indicated a bad fit for the model, ranging
from -18.264 to -26.607 (Table 3.5). This indicates that despite using a range of genes within my dataset,
which would be expected to be subjected to various evolutionary rates, the JTT model captures the
variation between the rates to a degree to sufficiently to recreate the model in simulations. Thus,

the resolved topology of the 398AA dataset, modelled with the JTT + 6I was chosen as the final topology

used for downstream analyses (Figure 3.15).

3.3.4 Can timings of speciation events be determined?

Although the purpose of this analysis was to attempt to derive the evolutionary relationships within
Arctoidea and specifically Phocidae, | attempted to infer the timings of speciation events to link with

paleogeographic events.

The data and topology used to produce the final phylogeny (398AA) was used as an input for the time
calibrated chronogram (Figure 3.16), with prior age estimates for nodes across the phylogeny. Divergence

dating ran for 4000 cycles across 2 chains, reaching convergence with a burn in of 3300. The root of
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Table 3.5 Z-scores for each model fit on the different datasets. Calculated using PPA-DIV function in

Phylobayes v4.1 (Lartillot et al., 2009), to 2 significant figures.

Dataset Homogeneous model (JTT/GTR) Homogeneous model (CATGTR)

Chain 1 Chain 2 Chain 1 Chain 2

Z-score P-value Z-score P-value Z-score P-value Z-score P-value

398NUC  -29.42 1 -40.30 1 -83.26 1 -80.21 1
398AA -0.60 0.69 -1.64 0.94 -18.26 1 -26.61 1
406NUC  -33.90 1 -33.24 1 -83.62 1 -81.00 1

406AA -0.65 0.77 -0.17 0.54 -19.22 1 -22.51 1
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0.04
Figure 3.15 Final congruent phylogeny using 398AA. Passing model fit tests, using JTT + 6l substitution model in a Bayesian framework.

Phylogeny is shaded by clades, grey for Felidae outgroup, green for Canidae, Ursidae in pink, Mustelidae in blue, and Pinnipedia in orange.
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Figure 3.16. Time calibrated species tree of Pinnipedia. Estimations performed in Phylobayes, using
398 AA dataset. Blue bars represent the 95% confidence intervals. Numbers correspond to the date
overview in Table 3.5.
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Table 3.6. Calibrated dating intervals of nodes. Node number correspond to node numbers in Figure 3.16.

Node number Node Name Mean date 95% Lower Confidence Limit 95% Upper Confidence Limit
21 Feliformia - Carniformia 54.51 52.22 56.90
22 Monachinae - Phocinae 17.92 15.26 21.25
23 Phocidae - Otariidae/Odobenidae 26.18 23.35 28.65
24 Otariidae - Odobenidae 17.79 16.82 20.24
25 Northern fur seal - Otariinae 8.12 4.67 12.13
26 California sea lion - Steller sea lion 4.57 1.74 8.29
27 Pinnipedia - Musteloidea 39.02 37.14 41.62
28 Ursidae - Musteloidea/Pinnipedia 41.54 38.99 42.95
29 Canidae - Arctoidea 50.47 49.10 51.92
30 Ursidae spp. 22.36 16.47 29.67
31 Musteloidea spp. 13.88 8.45 19.45
32 Monachini - Lobodontini/ Miroungini 12.28 8.52 16.38
33 Miroungini - Lobodontini 10.43 6.88 14.24
34 Miroungini 4.70 2.10 7.86
35 Bearded seal 14.82 11.73 18.14
36 Hooded seal 10.95 8.11 13.51
37 Phoca - Pusa 8.07 5.78 10.75
38 Harbour seal - Pusa 6.81 4.13 9.66
39 Caspian seal — Grey seal 4.98 2.29 7.73
40 Harbour seal — Largha seal 5.46 2.65 8.59
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Carnivora node, Caniformia-Feliformia, is estimated to split 54.51 MYA (52.22 — 56.90 MYA, 95%
confidence), this is more recent than the 65 MYA split reported by Nyatakura and Bininda-Emonds, (2012),
but is consistent with the 54.7 MYA split reported by Meridith et al. (2011). The divergence of the
Pinnipedia and Mustelid lineages is estimated to have occurred 39.02 Mya (37.14 — 41.62 MYA, 95%
confidence), separating from the Ursidae lineage 41.51 Mya (38.99 - 42.59 MYA, 95% confidence). From
my estimates, Grey seal and Caspian seal separated 4.98 MYA (2.29 — 7.73 MYA, 95% confidence) this is
significantly older than reported in previous estimates (Higdon et al.,, 2007; Nyakatura and Bininda-

Emonds, 2012; Arnason et al., 2006) which have all estimated a divergence of approximately 1-2 MYA.

The history of the effective population size (Ne) was modelled from the distribution of heterozygous sites
across the genome using a PSMC analysis (Figure 3.17). | performed this analysis separately for each of
the Pusa, Phoca and Grey seal species for which | had genome data (Table 3.2). | found that Largha seal
reaches coalescence earlier than the other species and has a lower Ne (< 50,000) compared to the other
Phocidae species. This is consistent with low heterozygosity within the genome and may reflect the
decrease in population sizes that the Largha seal may have suffered in recent years (Boveng et al., 2009).
Caspian seal and Grey seal, followed a similar trajectory of N. from 10 Mya to 1 Mya, suggesting the same
population variations effects could have been as a result of experiencing similar climatic events. From the
PSMC, Caspian seal had a very high N. in the past 10,000 years and could be reflective of the high
population sizes seen estimated to be >1,000,000, prior to the population decrease in the past century

(Harkonen et al. 2012).
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Figure 3.17. Historical Ne using PSMC analysis. Performed for available Pusa/Phoca species. Plots were scaled using a mutation rate (u) of 0.4
x 10% substitutions per nucleotide per generation and species-specific generation times were extracted from the IUCN red list species profile
(https://www.iucnredlist.org/). The y axis shows N and the x axis shows time. Effective population sizes are cut off at 30x10* for comparisons

between species.
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3.4 Discussion

| present the species tree of Pinnipedia using whole genomes, identifying 398 genes that are capable of
consistently recovering concordant phylogeny across multiple statistically distinct phylogenetic inference
methods: Maximum Likelihood, Bayesian, and a super tree coalescent based method. With this dataset |
was able to resolve the ambiguous placement of pinnipeds within the Arctoidea, confirming pinnipeds as
sister clade to Mustelidae and addressing uncertainties over the topology of the Pusa clade. My phylogeny
confidently resolved Grey seal as the sister taxa to Caspian seal. This leaves, the placement of the Baikal
seal as a remaining ambiguity within Pusa (a Baikal seal genome sequence was not available at the time
the phylogenetic analyses were conducted) to be addressed with full genome derived data. Previous
smaller scale molecular studies suggest P. siberica clusters within the Pusa clade, but its position as either
sister to Ringed seal or Caspian seal is still unresolved (Higdon et al., 2007; Nyakatura and Binida-Emonds,
2012). Genome assembilies are still lacking for 7 Phocidae species, the Harp seal, Ribbon seal (Histriophoca
fasciata), Crabeater seal (Lobodon carcinophaga), Ross seal (Ommatophoca rossii), Leopard seal
(Hydrurga leptonyx, Mediterranean monk seal (Monachus monachus), and Baikal seal. The Baikal seal
genome assembly has been published since this analysis (Yuan et al., 2021) and consortia such as pinniped
consortia should prioritise the assembly of the other Phocidae species to fully resolve all ambiguities in

Phocidae evolution.

Musteloidea as sister clade to Pinnipedia

My results strongly support Musteloidea as the sister clade to Pinnipedia, in contrast to some studies that
supported Ursidae, or an Ursidae-Musteloidea branch as sister to Pinnipedia (Delisle and Strobeck, 2005;
Feijoo and Parada, 2017). Disconcordance occurring between topologies whilst using concatenated and
coalescent based methods are well recognised within Arctoidea (Gatesy et al., 2016; Edwards et al., 2016;
Feijoo and Parada, 2017). Although we experience discordance in my study, this was overcome through
stringent filtering. From my stringent filtering | was able to distinguish a set of 406 genes that provided
sufficient phylogenetic signal and were predicted to be truly orthologous. This was further reduced to 398
genes as eight genes were identified as causing incongruence between the phylogenetic methods.
Resolving Musteloidea as sister to Pinnipedia contrasted with the most recent molecular phylogeny of
Arctoidea (Feijoo and Parada, 2017), which produced a Musteloidea-Urisidae clade as sister to pinnipeds.

Feijoo and Parada (2017) did not perform any homology checks of the raw data and were reliant on the
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coalescent-based supertree methods to overcome inconsistencies accumulated through “noisy genes”.
Springer and Gatesy (2017) reanalysed this 29 gene dataset and found evidence of homology and
contamination errors in 11 genes. By providing a thorough filter to remove possible homology errors | can
be confident that my topology, which is identical to that of Springer and Gatesy (2017), is a more accurate

representation of the species tree.

Grey seal as sister species to Caspian seal

My phylogeny resolved Grey seal within the Phocini clade and as sister to Caspian seal, the placement of
Grey seal within the Phocini tribe has been suggested since early pinniped genetic phylogenetic analyses
(Davis et al., 2004; Delisle and Strobeck, 2005; Fulton and Strobeck, 2006; Palo and Viinél&, 2006; Arnason
et al., 2006; Higdon et al., 2007). However, it is only in the most recent coalescent super tree analyses
(Nyakatura and Binida-Emonds, 2012) that Grey seal has been suggested to be sister to Caspian seal,
rather than all Pusa spp., with strong support. | find further support for this relationship and congruence
between concatenation and coalescent methods after the removal of a small proportion of genes with
exceptionally high phylogenetic signal. This relationship between Pusa and Grey seal has been supported
by several studies, and a taxonomy change should be considered by the Society of Marine Mammalogy
Taxonomic committee. | propose that the Grey seal be subsumed into the Pusa genus as suggested

previously (Arnason et al, 1995; Arnason et al., 2006; Nyakatura and Binida-Emonds, 2012).

The rest of my pinniped phylogeny is consistent with other recent studies (Arnason et al., 2006; Higdon et
al., 2007; Nyakatura and Binida-Emonds, 2012). | have sought to use all the genomic data of Pinnipedia
publicly available at the time of analysis, which passed my quality control criteria. With genomic data
being produced at a rapid rate it is expected that new genomic data will be consistently produced before
the analyses can be run in their entirety. A lack of publicly available Otariidae species made the thorough
analysis of the clade difficult, with good quality genome level data available for only three from 15 species.
Since finalising the dataset for this study, a well resolved Otariid phylogeny has been produced, using
mapped genomic data, rather than SGOs (Lopes et al., 2020). Two additional genomes have also become
publicly available since the conclusion of this study, an Otariidae genome, Arctocephalus townsendi, and
Phocidae genome, Baikal seal, though annotations for these assemblies have not been released

(Dudchenko et al., 2018; Yuan et al., 2021).
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Visual inspection of the 8 genes that were removed from the final phylogenetic alignment found that
some of these sequences obtain high phylogenetic signal due to annotation artifacts (Electronic appendix
3.4). Mixing genome annotation methods has been known to introduce errors in comparative analyses
even across some of the most accurately curated assembly sets (Weisman et al., 2022). Performing
phylogenetic signal tests across genes was essential to analyse annotation data accumulated from
different public resources, generated using differing methods of annotation. In addition to annotation
artifacts, incongruence between phylogenetic methods may have been produced because of introgression
or lineage sorting between species. Both ILS and introgression have been noted to cause phylogenetic
incongruence and conflicting gene trees in recent analyses of pinnipeds and other marine mammals
(Arnason et al., 2018; Lammers et al., 2019; Lopes et al., 2020). With further time and resources, this
analysis would be of interest to investigate for the Phocinae. The relationships within the Phocini clade
appear to be complex, with uncertainties around the periods during which gene flow between species

could occur.

Phylogeny divergence dating

My dating of divergence times is mostly consistent with previous estimates, with my results supporting a
divergence between Ursidae, Mustelodiea and Pinnipedia occurring in a relatively small evolutionary
timeframe, with all 3 lineages diverging within 2.5 Mya (Figure 3.17) (Nyakatura and Binida-Emonds,
2012). My results support a split between Phocidae and Otarioidea approximately 26 Mya, and between
Otariidae and Odobenidae approximately 18 Mya, which is consistent with previous molecular analyses
(Nyakatura and Binida-Emonds, 2012; Lopes et al., 2020; Berta et al., 2018; Yuan et al., 2021). My results
suggest a slightly older divergence time within the Phocini, previous studies have suggested a divergence
between Phoca and Pusa approximately 5-6 Mya (Arnason et al. 2006; Nyakatura and Binida-Emonds,
2012; Berta et al. 2018), whereas my results estimate this divergence to occur approximately 8 Mya.
Within the Pusa clade | also estimate the split between Grey seal/Caspian seal to occur approximately 5
Mya, whereas previous studies which have resolved Grey seal - Caspian seal as sister taxa have estimated
a much more recent divergence 1.6-3 Mya (Arnason et al. 2006; Nyakatura and Binida-Emonds, 2012). A
recent study on the paleogeography of the Caspian Sea predicts a marine inclusion event from the Arctic
water from 2.75-2.35 Mya (Hoyle et al., 2021; Lazarev et al., 2021). This is in the lower boundaries with
my results, and in alignment to previous dating of previous phylogenetic analyses (Palo and V&in6la, 2006;

Nyakatura and Bininda-Emonds, 2012).
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My results support the findings of Palo and Vainola (2006), with regards to phocid diversity being a
product of marine radiations from an arctic basin. Previous hypotheses have speculated that Pusa spp.,
or even all Phocini, originated in the Paratethys sea with either a single or multiple migrations into the
North Atlantic, with Caspian seal being the single extant species that remained in Caspian basin of the
Paratethys (Arnason, 1974; Arnason et al., 1994). | find that in agreement with previous analyses that
Caspian seal is not basal to Pusa spp. or Phocini, thus radiation of Phocini is likely to have occurred in a
North Atlantic basin in a post Miocene radiation. An arctic radiation is supported by the synapomorphic
white lanugo coat that is shared between all species of Phocids, which is an adaptation to an ice habitat,
rather than the ‘tropical’ environment of the Miocene Paratethys (Deméré et al., 2003; Koretsky, 2001).
My results show that Caspian seal and Grey seal are more closely related to each other, than Caspian seal
is to the Ringed seal, diverging 6.81 Mya (Table 3.6). | show support for the hypothesis of colonisation of

the Caspian Sea, with a divergence of Caspian seal and Grey seal occurring between 2.29 — 7.73 Mya.

The dating of divergence times within was calibrated using previous phylogenetic analyses. Thus, any
errors in those analysis would cause critical compounding factors in my analysis. It would be imperative
for this analysis to be reperformed with the use of fossil calibrations. The rich source of fossil data of
Carnivora data (Faurby et al., 2021) in combination would allow lower limits to be set in relation to the
diversification date. Ancient DNA of past species of pinniped would improve the confidence of dating,
ancient DNA has been extracted from species of ancient samples of harp seal, grey seal, and walrus (Bro-
Jgrgensen et al., 2021). These samples could be used to calibrate molecular clocks which set mutation

rates.

3.5 Conclusion

In summary, | have further strengthened the evidence that the Grey seal resides in the Pusa clade of
Phocidae, whilst also resolving pinnipeds of a sister lineage to Mustelidae. | found that evolutionary
relationships, especially within the Phocidae, were sensitive to the effects of small numbers of genes that
introduced bias into reconstruction analyses, mostly as a result methodological artefact. By applying
stringent filters to reduce paralogy across samples, and using multiple methods of phylogenetic

reconstruction, | was able to produce a highly supported phylogeny of pinnipeds within Carnivora.
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Chapter 4: Analysis of selective pressure variation across
pinniped lineages and the identification of lactation

associated coding regions under positive selection.
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4.1 Introduction

Pinnipeds have undergone a suite of adaptations during the secondary colonisation of the marine
environment, see Chapter 1.1. It is likely that the major morphological and physiological variation across,
and within families, is driven by alteration to both protein coding regions and regulatory elements.
Phocidae, Otariidae and Odobenidae have evolved diverse lactation strategies, which are adaptations to
niches characterised by temporal and spatial partitioning of marine foraging resources, versus obligate
terrestrial parturition and lactation (Berta, 2018). Primarily, Phocidae follow a capital breeding strategy,
whereas Otariidae and Odobenidae use an income breeding and nursing strategy respectively (Chapter
1). These lactation strategies have driven lactation associated traits across the groups within Pinnipedia
(Figure 4.1). | will focus on a specific subset of life history trait variation in this chapter, using selective
pressure analyses to identify genomic regions under positive selection, and attempt to understand how
they may contribute to lactation related phenotypic variation. Combining the resolved pinniped
phylogeny produced in Chapter 3, with a genome-wide selective pressure analysis across five lineages
(pinnipeds, Otariidae, Phocidae, Hooded seal, and Caspian seal), | sought to determine if gene orthologs
exhibit patterns from developed evolutionary models (Chapter 1.5) that are indicative of positive
selection. Next, | use overrepresentation analyses to assess whether these gene orthologs are associated
with biological processes with known involvement in lactation trait phenotypes in other mammals, before
assessing the functionality of the areas under selective pressure variation. By assessing areas of positive
selection in genes with a known lactation associated function in closely related clades, it is possible to
make inferences about functional shifts in these proteins that in turn may drive phenotypic differences

seen across the clade.

Predicting genotype-phenotype interactions for non-model organisms can be unreliable, as small
numbers of amino acid alterations can dramatically alter function, and so sequence homology between
species may not relate to functional homology (Philippe et al., 2003). Furthermore, many traits are
polygenic, with small changes across numerous genes driving phenotypic responses (Foll et al., 2014).
Genome-wide association studies (GWAS) can be used to make inferences to the molecular underpinnings
of novel phenotypes. GWAS have been repeatedly performed in dogs, for instance single nucleotide
polymorphisms (SNPs) that are attributed to >90% of body size variance across breeds have been

characterised (Karlsson et al., 2013; Plassais et al., 2019). Candidate genes from these studies have been
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Figure 4.1. Lactation associated traits across the different groups in pinnipeds (Phocidae, Otariidae,
and Odobenidae). A) Average maternal body size across phyogeny. This phylogeny is produced from
the analysis in Chapter 3, with Otariidae evolutionary relationships from Lopes et al. (2019). B) a
comparison of diving depth and times across pinniped species, C) a comparison of lactation length and

fat content of milk.
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compiled in publicly available databases (Machiela and Chanock, 2014; Tang et al., 2019). Candidate genes
involved in lactation have received a significant amount of interest, due to their medical and economic
benefits in the dairy industry. Domestic cattle (Bos taurus) have been bred to maximise different milk
related traits including yield and fat content, the advent of genomics has facilitated the rapid progress of
novel trait selective breeding and the understanding of the genetic factors responsible (Ogorevc et al.,
2009; Pefiagaricano, 2020). Cross comparisons from this comprehensive literature sources can be used to

make inferences into genotype-phenotype associations in pinnipeds.

4.1.1 Physiology of lactation strategy variation in pinnipeds

Despite large variations in diet, all species of Phocidae produce lipid-rich milk (Costa, 1993). The demands
of producing such a high energy milk whilst undergoing a prolonged fasting period create complex
challenges for metabolic regulation around storage and mobilisation of large lipid reserves. The internal
layer of blubber is enriched with short fatty acid (SFA) chains and long chain monounsaturated fatty acids
(MUFA). These have been shown to be heavily metabolised during lactation to provision the young and
meet “maternal overheads” - the energy spent on self-maintenance by a lactating female whilst nursing
on land (Fedak and Anderson, 1982; Noren et al., 2003; Strandberg et al., 2008). The milk of Phocid seals
lacks short-medium chain lipids, which are a marker of de novo mammary gland lipid synthesis (Neville et
al., 1997), and instead contains high concentrations of MUFAs (Fowler et al., 2014; Iverson et al., 1995).
This shows that the mobilisation of lipids from the blubber is integral for Phocidae, with the MUFAs being
used to provision the offspring whilst SFAs and polyunsaturated fatty acids (PUFAs) being retained for
maternal energy requirements. As the lactation period increases the proportion of long chain MUFAs in
milk also increases, this is possibly due to facilitate the establishment of a thermoregulatory blubber layer

in the pup (Reidman and Ortiz, 1979; Arriola et al., 2013; Wheatley et al., 2003).

The metabolism and mobilisation of lipids, from adipose tissue into milk lipids by the mother and milk fats
into adipose tissue by the pups, are key pathways of interest in Phocidae due to their extreme nature in
comparison to other mammals. Lipids exist in the plasma as non-esterified fatty acids (NEFAs) or are
converted to triacylglycerol (TAG)/ lipoprotein complexes ready for tissue uptake (Figure 1.2).
TAG/lipoprotein complex tissue uptake is thought to be facilitated by lipoprotein lipase (LPL), which
remains at a constantly low level in some species of Monachinae but has shown to increase with

correlation to increasing milk fat levels in Phocini species (lverson et al., 1995; McDonald et al., 2006;
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Figure 4.2. Processes of how fasting and lactation simultaneously occur in Northern elephant seals. It is
thought that LPL is mainly responsible for hydrolysing circulating TAGs into FAs for tissue uptake. TAG =

triglycerol, NEFA = non-esterised fatty acids. Adapted from Fowler et al., 2018.



137

Mellish et al., 1999). In most mammals, hormone sensitive lipase E (LIPE) has been shown to play a major
role in lipid mobilisation. Although, LIPE has been shown to remain at low expression levels in blubber
throughout lactation, with adipose triglyceride lipase (PNPLA2) appearing to play a much more prominent
role (Crocker et al., 2014). High cortisol, and subsequently low insulin levels, have been seen to be strongly
linked to high levels of plasma circulating NEFAs and milk lipid contents in Northern elephant seals. It is
thought these levels are maintained to prevent the re-esterification of NEFAs and increase lipolysis
(Fowler et al., 2014, Fowler et al., 2016). Despite participating in energy intensive activities whilst fasting,
seals avoid catabolising protein and are able to conserve muscle tissue (McCue, 2012). Low insulin levels
are negatively correlated with glucagon levels, with glucagon being shown to stimulate both
gluconeogenesis and lipolysis in mammals (Perea et al., 1995). Glucagon levels remain low during fasting
and lactation in seals, most likely due to the undesired protein catabolism that is initiated by glucagon.
This suggests that regulation of lipid metabolism and mobilisation are somewhat dissimilar to that seen

in other mammals, with a prioritisation of lipolysis and protein sparing.

Complex changes occur in the mammary gland during the lactation process, with cell proliferation and
differentiation enabling milk secretion during initiation of mammary gland involution after weaning.
Otariidae have the evolved a unique ability to go undergo long bouts of lactation disruption without
inducing involution. This novel adaptation allows Otariidae mothers to temporarily abandon pups at shore
for prolonged periods, whilst embarking on long distance foraging trips (Bonner et al., 1984). In mammals
it is known that lactation involution is a 2-phase process that is thought to be initiated by the local
mechanoreceptor response to an absence of suckling (Green and Streuli, 2004). In the initial phase, milk
genes are downregulated which results in a decrease in milk volume, the second phase involves apoptosis
of 50-80% of epithelial cells from the gland and a re-initiation of the gland is not possible after the second
phase has begun (Sharp et al., 2007). Otariidae can pause involution at the second phase, which Is thought
to be facilitated by a mutation in the lactose protein Alpha-lactalbumin (LALBA) gene (Reich and Arnould,
2007). Lactose is responsible for the water content in milk, as it promotes an influx of water across the
cell membrane into the mammary alveoli via osmosis. Pinnipeds have very low water levels in their milk,
30-50% in pinnipeds compared to 80-90% in cows (Rasheed et al., 2016; Aspariza, 2019). This is reinforced
by lactose only being found in trace amounts in Phocidae milk and is completely absent in Otariidae. Reich
and Arnould (2007) and Sharp et al. (2008), found that the LALBA gene is truncated in Otariidae, which
leads to an absence of LALBA protein in the milk. A lack of lactose would increase viscosity of the milk and

would reduce the distensive mechanistic force during lactation. This could lead to involution when absent,
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although the effects of autocrine factors that are responsible for regulation of lactation secretion in

terrestrial mammals are unknown (Wilde et al., 1998).

Body size plays a direct role in pinniped lactation strategies, facilitating the fasting and foraging techniques
unique to capital breeding Phocidae. Pinnipeds from all families have representatives which have
extremely large body sizes, relative to other terrestrial carnivores. An increase in body size is not unique
to pinnipeds and many marine mammals have experienced shifts towards increased body sizes driven by
thermoregulatory factors (Gearty et al., 2018). Separate foraging and provisioning of young in pinnipeds
means that while selective pressure towards a larger body size would be advantageous for
thermoregulation in water (due to the high heat capacity of water), heat also needs to be off loaded whilst
on land (Schultz and Bowen, 2005). The rate at which energy required for metabolism is lower than that
of fat stores as mass increases (Kleiber, 1961). Thus, species which strive to reduce their metabolic
overheads, for example when fasting, are more efficient if they have a larger body mass. The effects of
this predicted relationship have been observed empirically across species of capital breeding Phocidae.
Increases in body size result in lower metabolic overheads for the mother, allowing species to divert a
higher proportion of energy to pup development through milk energy. For example, the Elephant seal
(which is the largest Phocid species) has a lower maternal overhead of 40%, when compared to the
intermediate sized Grey seal, which has an maternal overhead of 45%. Species such as the Hooded seal
(27% maternal overheads) achieve reduced maternal overheads through the reduction of lactation length
(Costa et al., 1986; Mellish et al., 1999a; Mellish et al., 1999b). Greater body size enables capital breeding
species to engage in longer fasting and provisioning periods, where ecological factors such as predation
and substrate allow. For instance, the Elephant seals occupy stable breeding grounds devoid of predation,
whereas the Hooded seal occupies unstable pack ice and aims reduce visibility to avoid Polar bear

predation (Schultz and Bowen, 2004).

Capital breeding Phocids are released from the constraint of provisioning the pup during foraging. Instead,
making use of distant foraging grounds to build reserves, with an increase in body mass facilitating longer
transit times and prolonged dive times. Foraging in a single long trip is more economical than shorter
more frequent trips, and as transit time is reduced, this increases the proportion of time spent foraging
(Adachi et al., 2014; Costa, 1991; Maresh et al., 2015). Diving depth and duration is physiologically
constrained in air breathing marine mammals by the oxygen stored in tissues, compared to the metabolic

rate of oxygen used (Ponganis, 2016). Like the relationship between fat stores and maternal overheads,
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the rate in which stored oxygen increases with body mass is greater than of oxygen metabolised as body
mass increases, thus, increased body mass allows for longer, deeper dives (Ponganis, 2016). In addition to
increase oxygen stores through body mass, capital breeding Phocidae, and other pinnipeds, have
undergone additional adaptive modifications to allow long, deep dives. Pinnipeds have traits that are also
seen in other mammals which exhibit diving behaviours e.g., cetaceans. These traits include increased
body size, bradycardia, spleen mass, blood volume, and haemoglobin and myoglobin concentrations
(Lincoln et al., 1973; Pasche and Krog, 1980; Ponganis et al., 1992; Mirceta et al., 2013). Decreases in
blubber haemoglobin concentrations have been seen during routines dives in Harbour seals. However,
despite this action to reduce blood flow to the peripheral tissues, central oxygen stores are still depleted
during dives (Allen and Vazquez-Medina, 2019). Constant depletion of oxygen stores will cause even the
constantly perfused tissues, such as the brain, to experience hypoxia. . Pinniped brains have been shown
counteract hypoxic effects by increasing neuroglobin levels during dives, and by an increased tolerance to
lactate and increased glycogen stores (Czech-Damal, et al., 2014). It has also been shown, through
transcriptomic analyses, that major stress response pathways are upregulated during dives to reduce

hypoxic injury to the brain (Hoff et al., 2017).

With such variation within across the different lactation strategies, | will look to interrogate protein coding
regions across the whole genome for signatures of selection. Thus, determining genes under positive
selection, in an attempt uncover some of the genetic underpinnings in different phenotypic traits. | will
use pinnipeds, Phocidae, Otariidae, Hooded seal and Caspian seal lineages as focal lineages in five
selective pressure variation scans, revealing genes uniquely under selection in each. | would expect
pinnipeds as a lineage to have acquired signatures of selection, as with other diving mammals, in pathways
associated with diving physiology, morphology and body size, immunity, and lactation. In capital breeding
Phocidae | might expect genes with involvement in fat mobilisation and metabolism to be under high
selective pressures. The Hooded seal line has an extreme form of the capital breeding system ancestral to
Phocidae. If this variation is controlled by protein coding elements, rather than regulatory elements |
would expect to see genes that are related to increasing milk fat content under positive selection.
Although Caspian seals still have large fat reserves and high milk fat in comparison to other mammals,
they display a hybrid income-capital breeding strategy. Thus, | would expect to see fewer genes related
to a capital breeding strategy, such as fat mobilisation and metabolism. In income breeding Otariidae |

would expect to see genes involved in lactation involution, and mammary gland morphology genes.
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4.2 Methods and Materials

4.2.1 Functional annotation of filtered gene families under positive selection in pinniped lineages

4.2.1.1 Assembly of species dataset

Multiple species comparative analysis requires comprehensive sampling from many lineages. Although,
when using larger phylogeny sets, large evolutionary distances between species can lead to saturation for
silent substitutions, computational limitations, and Type | errors (Anisimova et al., 2003). Taking these
factors into account | gathered dataset of 23 species exclusively from the Carnivora clade, | aimed to
alleviate these issues by not having an excess of representatives from clades but also minimising
evolutionary distances between clades (Table 4.1). The species in these datasets were chosen on the basis
of which genomes were available as of 01/12/2020, this was a reduced species set of the dataset used for
the phylogenetic reconstruction in Chapter 3 (Table 3.2), retaining only Carnivora species. | had intended
to use the whole dataset from Chapter 3, including non-Carnivora species, but the excessive run times of
the selection variation analyses when using more than 20 species prevented this. This contained 13
pinniped genomes with CDS data in Ensembl (v102), Ensembl Rapid (accessed on 10/11/20) or RefSeq
(accessed on 10/11/20), 2 de novo pinniped genomes (assembled in Chapter 2), in addition to 2
unpublished pinniped genomes for the Saimaa Ringed seal (pers. comms Jernvall et al., 2020) and
Mediterranean monk seal (Gaughran, 2020) obtained through collaborators. In total, this species set
contained 12 Phocidae species, 4 Otariidae species, and walrus, which covered most of the variation of
lactation strategies across pinnipeds. Six outgroup species were chosen from Ensembl (v102) and Ensembl
Rapid, with two species each representing Ursidae (Polar bear and Panda) and Mustelidae (Sable and sea

otter), Canis (Dog) and Feliformia (Cat) (Figure 4.1).

Ensembl, Ensembl Rapid and RefSeq annotated nucleotide CDS were downloaded from their
corresponding databases. Headers for each sequence in each species were edited to the format
“SPECIES| GENEID” with the scripts preclean_ensembl.py (Electronic appendix, 3.1), preclean_refseq.py
(Electronic appendix, 3.2) or preclean_inhouse.py (Electronic appendix, 3.3). Sequences from annotations
produced in Chapter 2, had flags of “partial” or “low-quality” were removed. A quality control filter was
applied, with the criterion that sequences must contain complete codons (sequence length is divisible by
3) to be retained for further analysis, using the clean function within the Vespa.py package (Webb et al.,

2017). Filtered nucleotide sequences were then translated to amino acid sequences with the translate
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Table 4.1. Species chosen for selective pressure analysis from their corresponding sources

Common Name Family Database Genome version
Antarctic fur seal Otariidae NCBI Refseq arcGaz3
Bearded seal Phocidae DNA Zoo Erignathus_barbatus_Hi
C
California sea lion Otariidae Ensembl mZalCall.pri
Caspian seal Phocidae Orretal., 2021 puscas4
Cat Felidae Ensembl Felis_catus_9.0
Dog Canidae Ensembl CanFam3.1
Giant panda Ursidae Ensembl Rapid Release GCA_002007445.2
Grey seal Phocidae NCBI Refseq Tufts_ HGry 1.1
Harbour seal Phocidae Ensembl Rapid Release GCA_004348235.1
Hawaiian monk seal Phocidae Ensembl Rapid Release GCA_002201575.1
Hooded seal Phocidae Orretal., 2021 cyscril.l
Largha seal Phocidae DNA Zoo Phoca_largha_HiC
Mediterranean monk Phocidae per comms MMS 114
seal
Northern elephant seal Phocidae DNA Zoo Mirounga_angustirostris
_HiC
Northern fur seal Otariidae Ensembl Rapid Release GCA_003265705.1
Polar bear Ursidae Ensembl UrsMar_1.0
Ringed seal Phocidae Saimaa Ringed seal Pushis
Genome Project
Sable Mustelidae Ensembl Rapid Release GCA_012583365.1
Sea otter Mustelidae Ensembl Rapid Release GCA_002288905.2
Southern elephant seal Phocidae Ensembl Rapid Release GCA_011800145.1
Steller sea lion Otariidae Ensembl Rapid Release GCA_004028035.1
Walrus Odobenidae NCBI Refseq Oros_1.0
Weddell seal Phocidae NCBI Refseq LepWed1.0
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function of Vespa.py (Webb et al., 2017). Original nucleotide sequences were retained within a database,

to allow corresponding nucleotide alignments to be generated further down the analysis pipeline.

4.2.1.2 Orthologous Group Generation and Filtering

| used DIAMOND to search sequence similarity across species (Buchfink, 2015) and orthologous group
inference was achieved using Orthofinder2 (Emms and Kelly, 2019), using default parameters.
Orthologous clusters (OCs) with <6 species representatives were discarded due to the low power of
likelihood ratio tests (LRTs) conducted with <6 taxa (Anisimova et al., 2001). Leaving 16,919 OCs in MSAs.
These OCs were aligned using MAFFT (Katoh and Standley, 2013), MUSCLE (Edger, 2004), T-COFFEE
(Notredame et al., 2000), and Clustal-Omega (Sievers et al., 2011) and norMD was used to assess resultant

alignments and the highest scoring alignment chosen, as in Chapter 3.

To ensure the comparison of true orthologous genes, | filtered single gene orthologs (SGOs), with a
Robinson-Foulds score < 0.5, as in chapter 3. Of the 16,919 MSAs from Orthofinder, 6,323 were SGOs and
10,596 multi-gene orthologous families (MGFs). To further refine the MGFs a tree-based orthology
inference method was employed, using information from gene trees to partition MSAs into their single
orthologous groupings. There are multiple methods that can be employed to perform tree-based
orthology inference: largest subtree (LS) searches the tree, from root to tip, to find the largest subtree
that contains single representatives of each taxa, when this subtree is found it is detached from the rest
of tree and retained as a SGO; maximum inclusion (MI) uses the same principle as the LS methods but
once the a subtree is detached the process is repeated on the remaining tree, and is iterated until no
sequences remain; monophyletic outgroup (MO) method uses defined outgroups to root a tree before
performing the LS method. Phylopypruner (https://gitlab.com/fethalen/phylopypruner/-/wikis/home)
can perform all of these techniques on gene trees. Orthofinder2 uses a duplication-loss-coalescence (DLC)
approach to infer the most parsimonious reconciliation between a gene tree and species tree.
Reconciliation trees were provided as an input to Phylopypruner using the Ml tree-based orthology
inference method, specifying a minimum of 7 taxa per orthologous group. If there were any species-
specific duplications within the orthologous groups the sequence that has the shortest pairwise distance
to the clade’s sister node was retained. Using a MI method ensured | retained as many SGOs as possible,

from the 10,596 MGFs | obtained 12,041 SGOs.



143

As hidden paralogy is a major concern when determining ortholog relationships, OGs were tested for
hidden paralogy. | generated gene trees for the 6,323 SGOs identified directly from the Orthofinder2
approach, and | compared the resultant gene trees against the species tree produced in Chapter 3, using
a Robinson-Foulds (RF) test within Clan (Creevey and Mclnerney, 2005). | retained SGOs that had a cut off
score < 0.5 meaning that the distance between the species tree and gene tree is not too large, whilst
accounting for some deviation. After this step 3,533 SGOs remained from the Orthofinder2 group of 6,323
SGOs.

From my analysis of the pinniped phylogeny (Chapter 3), the evolutionary history of genes with pinnipeds
are possibly subject to evolutionary dynamics such as ILS or hybridisation. Thus, some deviation from the
species tree is expected. Therefore, performing an assessment of putative SGOs using gene tree species
tree distances may not be suitable. The SGOs generated from MGFs using Phylopypruner (Thalen, 2021)
were tested for hidden paralogy using Clan _check (Siu-Ting et al., 2019). The approach uses
incontrovertible “Clans” (Creevey and Mclnerney, 2005) to assess whether a gene family can recapitulate
known and uncontroversial regions of the tree. In this case the clans were assigned at a family level. In
total there were 6,171/12,041 SGOs that had no clan violations and were retained for further analysis.
Gene trees for the 6,171 SGOs were pruned to retain single representatives at the family level, these
family level genes trees were compared with the species phylogeny acquired in Chapter 3, a RF test was
conducted within Clan (Creevey and Mclnerney, 2005). RF scores of 0, which indicate identical
phylogenies, were passed resulting in 4,088/6,171 SGOs being retained. Compiling the 3,533 filtered SGOs
from Orthofinder2 and 4,088 filtered SGOs from pruned MGFs | generated 7,621 SGOs in total for use in
the selective pressure analysis stage. If a gene tree was under selection it could result in a different
topology to that of the species tree. Although, SGOs generated through pruning were susceptible to the
inclusion of paralogous gene inclusion and so the decision was made to enforce stringent filtering, even

though this could possibly result in some truly orthologous genes being removed.

4.2.1.3 Selective Pressure Analysis

The aligned 7,621 SGOs were converted back into nucleotide format using the “map_alignments” function
in Vespa.py (Webb et al., 2017), using the original retained nucleotide sequences. The genes were mapped
on to the resolved Carnivora phylogeny produced in Chapter 3, using the “infer-gene-tree” function from
the Vespasian pipeline (Constantinides, in prep.). The selective pressure analyses were conducted using

CodeML within the PAMLA4.9 package (Yang, 2007). This requires a specific directory structure, and the
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directory structure was generated using the “codeml-setup” function within Vespasian (Constantinides, in
prep.), providing the alignments at the nucleotide level for all SGOs and the inferred gene trees. Analysis
of selective pressure variation was to be investigated on a lineage-specific level for multiple lineages and
so “branches.yaml” was also provided under “-b” flag, specifying the Pinniped, Phocid, Otariid, Caspian

seal, and Hooded seal lineages (Figure 4.3).

To assess selective pressure variation in an alignment the frequency of non-synonymous substitutions per
non-synonymous site (dN) is compared against the frequency of synonymous substitutions per
synonymous site (dS), calculating the dN/dS ratio (w). w < 1 putatively indicates purifying selection, w =1
indicates an absence of selection (or neutral evolution), and a w > 1 indicates positive selection (Zhang et
al., 2005; Yang, 2007). Variation in selective pressure is estimated using site-specific and lineage-
specificcodon models of evolution, as described in section 1.4.4. CodeML analyses were run on the Leeds
High Performance Computing Cluster (ARC3) using the command “snakemake -k --jobs 100 --cluster "qsub
-cwd -V" --max-status-checks-per-second 0.1”. The “report” function within Vespasian (Constandinides,
in prep.) was used to extract all tables of model parameters and LRT results for each SGO. To identify the
model of best fit, simpler models are compared to more complex extensions of themselves to assess for
significant fit of the model to the data. The models | was most interested in comparing were the null model
M1neutral and its lineage specific extension Model A. Model M1neutral (df = 2) is a site model that allows
for w to fit 2 site classes, wo < 1 or w1 =1, modelling a neutrally evolving set of sequences, whereas Model
A is a lineage-site model. Model A (df = 4) separates the phylogeny into background and foreground
(lineage of interest): in background branches w is fit in to 2 classes, wo < 1 and w1=1, and in the foreground
branches w is fit in to one class, w, > 1 (Table 4.2). LRTs determine the whether the more
complex/extension of the null model is a more significant fit to the data than the null. It does this by
calculating 2(Inl) between models that are extensions of one another, with the null model being rejected
if p < 0.05 in a X2 distribution with degrees of freedom equal to the number of additional parameters. If
Model A is determined to be a better fit that M1neutral, then Model A is then compared to Model A null.
Model A null (df = 3) has the same background parameters as Model A but in the foreground branch w, =
1, i.e., it is a model that allows for lineage specific variation but only in purifying selective pressure and

proportion of sites evolving under neutrality.

In SGOs where Model A is determined to be significant, the Bayes Empirical Bayes (BEB) method (Zhang

et al., 2005) is used to calculate the probability of each codon being under positive selection (w > 1). Only
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Figure 4.3. Evolutionary relationships of the different species used in the selective pressure variation
analysis. The topology of the tree is based on the results on the phylogeny produced in Chapter 3.
Colours represent the different families within Pinnipedia (blue = Phocidae, red = Otariidae, and yellow
= Odobenidae). Labels 1-5 represent the different lineages investigated: 1 = pinnipeds, 2 = Phocidae, 3

= Otariidae, 4 = Hooded seal, and 5 = Caspian seal.
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Table 4.2 Lineage specific models used within the CodeML analysis. Adapted from Yang, 2007.

Model Parameters Foreground Background
M1Neutral po:wo<1 n/a n/a
modelA Po :Wo, P1:W1, P2.Wo, W2, P3.W1,W2 w32 > 1 0 <Wo <1, w1 = 1

modelAnull Po :Wo, P1:W1, P2:Wo, W1 wi=1 O<wo<l,wi=1
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those sites with >=0.50 Posterior probability (PP) of being positively selected are reported by CodeML,
and | only consider those with >0.80PP in this chapter. Vespasian_postreaderV5.py (Electronic appendix
4.4) was used to extract information from the Vespasian report results to identify the sites putatively
under positive selection. Positive sites were called where BEB > 0.8 and codons are identical across all the
species in the foreground lineage (i.e., | focused on pinnipeds, Phocidae, Otariidae, Caspian seal lineage,
and Hooded seal lineage). Some SGOs did not have sufficient outgroup representatives to their

foreground lineages so were not analysed by CodeML (Yang, 2007) (Table 4.3).

4.2.1.4 Analysis of putative positively selected genes

Recent studies have claimed the requirement of performing false discovery rate tests on selective
pressure analyses is inappropriate for branch-site selective pressure analyses, and instead a 5% threshold
on unhalved P-values is sufficient (Potter et al., 2021; Zou et al., 2021). Potter et al. (2021) performed
simulations examining the effect of model specification on LRT results, empirically showing the need for
false discovery rate tests on branch-site tests being fundamentally flawed due to model misspecification.
Most proteins will be evolutionary conserved (Eyre-Walker 2006; Kimura 1983), hence there will be a lack

of neutrally evolving sites (w = 1), which is used as the null model in model A null (see section 1.4.4).

| found similar properties regarding the distributions of my p-values, with an excess of p-values close to,
or above, 1 (55-68%) across all lineages (Figure 4.4). P-value distribution analyses suggests my empirical
p-value distribution is highly non-uniform. Displaying a U-shape pattern with high frequency of p-values
close to 0, and an increase in frequency as P becomes close to 1, even when p-values close to 1 (>0.98)
are removed (Figure 4.5). Suggesting that my data follows similar patterns to the simulated data in Potter
et al. (2021), and as a result applying FDR tests would remove true positives from my analyses. Thus, |
opted to use a filter removing any orthologous groups with unhalved p-value cut off > 0.05 produced

through the LRT.

Annotation heterogeneity, an artifact introduced using differing annotation methods, can have a
significant impact on the outcome of comparative analyses (Eddy et al., 2022). In this analysis, | found
erroneous regions at the ends of coding sequences and large indels present in a single species coding
sequence, seen in species from all annotation methods. Alignment and annotation errors can cause many
sites within small regions of a sequence to marked as under positive selection (Tsagkogeorga et al., 2015;

Davies et al., 2018). Tools have been previously developed to circumvent the errors caused by annotation
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Table 4.3 Number of SGOs analysed in selective pressure variation analysis for each lineage.

Selection pressure varation analysis performed in CodeML (Yang, 2003).

Lineage No. Species SGOs with 2 7 species (inc. outgroup)
pinnipeds 17 6,892
Phocidae 12 7,426
Otariidae 4 6,840
Caspian seal 1 5,022

Hooded seal 1 4,257
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Figure 4.4. Empirical distribution of P-values from branch-site tests by lineage. Distribution of p-values from the from LRT tests from each

lineage tested. Plots A-C show are of the same Y-axis range whereas D and E have differing ranges.
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Figure 4.5. Overall empirical distribution of P-values from branch-site tests. 10,337 p-values <0.98,

with a non-uniform distribution and U-shape. Y-axis is broken between 400 and 4500.



151

artifacts or by misalignments in the alignment process (Penn et al., 2010; Talavera and Castresana, 2007),
although the performance of these tools can result in an increase of Type Il errors (Goldman and Jordan,
2012). To reduce the presence of Type | errors, positively selected genes (PSGs) underwent post-hoc

filtering.

Possible erroneous sites marked as putatively under positive selection were identified using a custom
script find_falsepos.py (Electronic appendix 4.5), this identified PSGs with > 5 positively selected sites, or
positively selected sites that were located at the first or last 10% of the alignment. Any sites called by
find_falsepos.py were then visually inspected to ensure they did fall in areas of poor-quality with in

alignments, such as unconserved regions or large insertions.

SGOs that passed this filter were then analysed to ensure they were unique to their lineage. Firstly,
positively selected genes (PSGs) from the pinniped lineage were analysed to ensure they contained a mix
of species from at least two of the pinniped families (Phocidae, Otariidae, and Odobenidae), using a
custom script lineage_specific.py (Electronic appendix 4.6). To ensure | focused on cases of positive
selection that were unique to a lineage, PSGs were cross referenced across lineages and retained on a
hierarchical basis. For example, if a gene was under positive selection in both Phocidae/Otariidae and

pinnipeds, albeit at different sites, it would only be analysed in the highest clade - pinnipeds).

Ensembl ID was used to extract gene information, thus only SGOs with representatives with Ensembl
species (Cat, Dog, Giant Panda, and Polar Bear) were analysed downstream. The R library “biomaRt 3.13”
(Durink et al., 2009) in the script “ensembl_conversion.R” (Electronic appendix 4.7) was used to extract

gene and gene ontology information (“external_gene_name”, “go_id") for each PSG.

4.2.1.5 GO Term enrichment

To determine whether functions as summarised by GO terms were enriched in particular lineages, Gene
ontology (GO) IDs and GO slim terms (Ashburner et al., 2000; Gene Ontology Consortium, 2021) were
assessed. GO slim terms are a subset of GO IDs that provide a broad overview of the fine grain GO IDs. For
each lineage, a Fisher’s exact test was performed, using an edited R script “positiveSel. Rmd” (Herrera-
Alvarez et al., 2020), iteratively on counts of each Biological Process from the positively selected genes
against the full set of SGOs for each lineage (Table 4.3). GO terms were defined as enriched if they had a

significant p-value after a traditional Bonferroni correction for multiple testing. GO terms for lineages of
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interest were investigated using similarity search in a REVIGO (Supeket al., 2011). GO terms were supplied
to REVIGO, which removes redundant GO IDs and groups terms using their relatedness, producing a
Treemap of semantic uniqueness of biological process GO terms in PSGs. Similarity is performed using
SimRel algorithm (Schlicker et al., 2006) and GO terms from the entire Uniprot database (The UniProt
Consortium, 2021) were used, with redundancy set on the ‘small’ setting to reduce the outputted list size.
For the analysis of single species as foreground (Caspian seal and Hooded seal), PSGs were analysed for
rapidly evolving genes (REGs) - PSGs that have the highest raw p-distance difference in comparison to
their sister species since divergence from the MRCA. This is to identify the most significantly evolving
genes from the large amount of positively selected genes identified. MSAs were run in HmmCleaner.pl (Di
Franco et al., 2019) which use hidden Markov models to identify areas of the alignments with poor fit and
remove them from the alignment.

Protein trios were identified and extracted for the PSG MSAs for Hooded seal, and Caspian seal. This
included Southern elephant seal, Hooded seal, Harbour seal for the Hooded seal evalutation and were
Harbour seal, Caspian seal, Grey seal for the Caspian seal evaluation. The Southern elephant seal and
Harbour seal serve as outgroups to calculate the difference in distance for the Hooded seal and Caspian
seal respectively against their MRCA. The difference in protein distance (PDqir) was calculated from the
p-distance between the species of interest to the outgroup (PDac) and sister species and outgroup (PDxc),
with a PDgir of zero indicating the lineages had evolved at equal rates since divergence from their MRCA.
PD index (PD,) was calculated by dividing the PDg by PDac to account for differences in protein evolution

between PSGs (Equation 4.1). The top 5% of positive PD;values were classified as REGs.

Equation 4.1 Calculation of PDi from the raw protein distances between species of interest (a) and

outgroup species (c) in comparison to that between sister species (b) and outgroup.
PD,.

PDI =

4.2.1.6 Gene function analysis

| attempted to derive possible gene functions of positively selected elements, through their role in
pathways, and their role in other mammalian species. Thus, | assessed my dataset through two methods:
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and database search of phenotype-
genotype associations. Firstly, KEGG pathway analysis was run to determine whether genes were

significantly enriched for a particular pathway. Genes were converted from HUGO Gene Nomenclature
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Committee (HGNC) gene names to a synonymous Entrez gene ID for human genes, before performing a
KEGG enrichment in ClusterProfiler 4.0 (Wu et al., 2021). The total set of SGOs used in the CodeML analysis
for each lineage (e.g., 6,892 SGOs for pinnipeds) were used as a background set of genes, to assess

enrichment.

| tested the hypotheses that genes related to certain phenotypic traits will be under positive selection in
species that exhibit differentiated lactation strategies. | used pre-existing mammalian gene sets from
managed database sources, if no publicly available database was available, and | identified published
GWAS or expression analyses with the most evolutionary related species. Extracted gene lists are
presented in supplementary dataset 4.10. | predicted that capital breeding Phocidae will have genes under
positive selection that are involved in the mobilisation of high quantities of lipids from blubber to milk
during lactation and genes associated with sequestration of lipids into blubber. To investigate the
underlying molecular changes of these processes | gathered a list of candidate genes associated with lipid
metabolism and mobilisation from the mouse genome informatics (MGI) database, which collates

functional associations from a large cohort of laboratory mice studies (Bult et al., 2019).

Capital breeding Phocidae generally have larger body mass than income breeding Otariidae (Figure 4.1a),
this larger body mass equates to larger blubber reserves, and thus larger reserves allow for an extended
period of self-provisioning and offspring provisioning during lactation. Larger body mass also permits the
increased storage of oxygen during diving which facilitates dives that have durations of up to 1.5 hours
and depths of more than 1700 metres (covered in more detail in section 4.1). To investigate the genetic
basis of the increase of body size with capital feeding Phocidae, | collated information of genes with
relationships to body size difference in canine species or Canidae lupus familiaris breeds (Table 4.4). In
addition, | identified genes associated with cardiovascular control and cell-level hypoxia, which are key
phenotypes exhibited in marine mammals that undertake deep dives with extended submergence times.
These were extracted from a manually curated, experimentally related catalogue (Khurana et al., 2013). |
also extracted genes with expression-regulated relationships to fasting in humans (Couto Alves et al.,

2018).

One of the most prominent differences between lactation strategies of capital breeding phocids and
income breeding Otariids is the increase of milk fat content of the Phocidae, which enables rapid and

efficient energy transfer between the mother and offspring. GWAS analyses into milk contents are of an
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economical value to the dairy industry and so | exploited these analyses to generate a candidate gene set
of milk lipid level associated genes (Table 4.4). The genetic basis of the physiology of lactational apparatus
of the pinnipeds was also of great interest. With the ability of Otariidae to undergo lactational pauses
facilitating the pronounced foraging trips without undergoing lactation involution. In addition, the
production and delivery of lipid-rich and water-sparse milk has been shown to have large effects on the
physiology and composition of mammary glands in pinnipeds (Tedman, 1983). Again, | chose to use bovine
derived candidate gene sets, which may also be involved in the lactation physiology of pinnipeds. PSGs
for the different lineages were searched against the candidate gene set lists for each functional category
(Table 4.4) to find genes of relevance from gene trait association studies and other selective pressure
variation analysis in mammals that could be used to provide further evidence of function. In all cases | are
aware that assigning function across species is challenging, and therefore the trends | identify would
require functional analyses to be confirmed, through either cellular assays or transcriptomic analyses
(covered in more deail in chapter 5). To further understand the role of the PSGs, any gene with a
representative from a functional category was subjected to a literature search to find more detailed

information on its putative function within closely related mammalian species.
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Table 4.4 Candidate gene lists based on functional properties

Functional category

No. genes

Source

Reference

Lipid metabolism /
mobilisation

Diving/hypoxia

Body size/ obesity

Lactation physiology:

mammary function

Lactation physiology:

mammary gland
involution

Fasting

Milk properties

1,369

2,289

589

2,423

684

610

316

GO terms: ‘lipid metabolism’

and ‘lipid transport’ from MGI

(Mouse Genome Informatics)
database

Hypoxia related genes from
HypoxiaDB

GWAS of candidate genes
associated with obesity-related
traits in Canines

“Lactation-mammary” gene set
produced using bovine EST
libraries

“Involution-mammary” gene set
produced using bovine EST
libraries

Candidate gene set derived from

expression analysis of genes in
skin and fat tissues during
fasting

GWAS and candidate genes
from 4 studies using Bovine
species

Bult et al. 2019

Khurana et al. 2013

Sheet et al. 2020

Lamay et al., 2009

Lamay et al., 2009

Couto Alves et al. 2018

Bionaz and Loor, 2008;

Dadousis et al., 2017;

Littlejohn et al., 2014;

Nayeri and Stothard,
2016
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4.3 Results

4.3.1 Genes that have undergone positive selection across different lineages

A total of 3,266 uniquely PSGs were identified among the 5 focal lineages, pinnipeds, Phocidae, Otariidae,
Hooded seal, and Caspian seal. PSGs were filtered for fixed residues at the selected site, LRT p-value <
0.05, visual inspection of alignment quality in selected region, and genes uniquely under positive selection

in their lineage, leaving 1,562 PSGs across the five lineages (Table 4.5).

Pinnipedia lineage

From the 338 SGOs putatively under positive selection in the pinniped lineages, 262 PSGs had a
representative in the Ensembl database. No biological process GO IDs or GO slim terms were
overrepresented after performing a functional enrichment analysis with corrections for multiple testing.
The resulting treemap returned 43 categories (Figure 4.6), the largest in size being involved in lipid level
regulation (“regulation of plasma lipoprotein particle levels”). Other terms with possible association to
phenotypic adaptations seen in pinnipeds, such as cellular communication and adhesion (“collagen

catabolic process”, “cell communication by chemical coupling”, and “cell adhesion”), and lipid metabolism

(“lipid metabolic process”) are overrepresented.

Phocidae lineage

290 SGOs putatively positively selected in Phocidae had representation in the Ensembl database, from
this no GO IDs or GO slim terms were significantly enriched after corrections for multiple testing. The
treemap of GO IDs clustered in REVIGO (Figure 4.7), found 39 categories revealing semantic similarities in
GO IDs possibly involved in lipid metabolism and storage (“glucose-6-phosphate transport”, “lipid
metabolism process”), as well as adaptations to marine life and deep diving (“collagen catabolic process”,

”n u

“UV protection”, “nitrogen compound metabolic process”, and ‘fluid transport”).
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Table 4.5 The number of PSGs passing each stage of the analysis filters.

Lineage Vespasian Fixed P-value < Alignment Unique to
out residue 0.05 checked lineage
Pinnipedia 415 398 350 338 338
Phocidae 561 543 492 497 312
Otariidae 465 455 413 428 260
Caspian seal 610 610 608 337 188

Hooded seal 1215 1215 1210 701 464
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Figure 4.6. TreeMap of GO biological process terms for pinniped lineage. GO terms present in unique gene sets evolving under positive
selection in the pinniped lineage. Rectangle size reflects semantic uniqueness of GO term, which measures the degree to which the term is an

outlier when compared semantically with the list of terms present in the UniProt database (Bateman et al., 2021).
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Figure 4.7. TreeMap of GO biological process terms for Phocidae lineage. GO terms present in unique gene sets evolving under positive
selection in the Phocidae lineage. Rectangle size reflects semantic uniqueness of GO term, which measures the degree to which the term is an

outlier when compared semantically with the list of terms present in the UniProt database (Bateman et al., 2021).
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Otariidae lineage

From analysis of the 260 SGOs putatively under positive selection in the Otariidae lineage with a
representative in the Ensembl database, no GO IDs or GO slim terms were significantly enriched. The
resulting treemap (Figure 4.8) revealed 36 related GO term categories related to functions in immune

IM

response (“regulation of viral entry into host cell” and “immune system process”), lipid metabolism
(“glycogen metabolic process” and “lipid metabolism process”), in addition to functions possibly related

to a return to marine lifestyle (“response to salt stress” and “mastication”).

Caspian seal lineage

There are no GO IDs or GO terms significantly enriched from the 188 SGOs classified as putatively
positively selected from the selective pressure analysis. The REVIGO analysis revealed patterns of
semantic similarity from the GO terms analysed, producing a treemap with 33 categories (Figure 4.9).
Some of these terms have possible involvement to adaptations to anatomical morphology (“roof of mouth
development”, “multi-organism membrane organisation”) as well as associations with lipid metabolism
(“negative regulation of lipoprotein lipase activity” and “lipid phosphorylation”). | also found from this

analysis, no evidence of selection for functions related to osmotic or thermal regulation, which might be

expected as responses to unique features of the Caspian Sea environment.

Hooded seal lineage

There are no GO IDs or GO terms significantly enriched from the 464 SGOs classified as putatively
positively selected from the selective pressure analysis. A treemap with 52 categories GO ID categories
was returned from the REVIGO analysis (Figure 4.10). | found associations with “endoplasmic reticulum
Golgi intermediate compartment organisation” with the Golgi apparatus responsible for the synthesis of
lactose, and the “sensory perception of umami taste”, which has previously been shown to have been

reduced or lost in all lineages of Pinnipedia and Cetaceans (Sato and Wolsan, 2012; Zhu et al., 2014).

| set out to identify whether | could identify any broad signatures of functions from genes under positive
selective pressure, with a special reference to lactation. | found all focal lineages had PSG GO terms with
associations to lipid metabolism, but also found evidence for selective pressure on genes affecting

additional adaptations of pinnipeds relevant to recolonisation of the marine environment.
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Figure 4.8. TreeMap of GO biological process terms for Otariidae lineage. GO terms present in unique gene sets evolving under positive
selection in the Otariidae lineage. Rectangle size reflects semantic uniqueness of GO term, which measures the degree to which the term is an

outlier when compared semantically with the list of terms present in the UniProt database (Bateman et al., 2021).
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Figure 4.9. TreeMap of GO biological process terms for Caspian seal lineage. GO terms present in unique gene sets evolving under
positive selection in the Caspian seal lineage. Rectangle size reflects semantic uniqueness of GO term, which measures the degree to

which the term is an outlier when compared semantically with the list of terms present in the UniProt database (Bateman et al., 2021).
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Figure 4.10. TreeMap of GO biological process terms for Hooded seal lineage. GO terms present in unique gene sets evolving under positive
selection in the Hooded seal lineage. Rectangle size reflects semantic uniqueness of GO term, which measures the degree to which the term is

an outlier when compared semantically with the list of terms present in the UniProt database (Bateman et al., 2021).
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| found evidence for adaptations of palate/mouth development across within all lineages, this could be a
consequence of the very important feeding adaptations, which vary across species and lineage (Kienle et

al., 2021).

4.3.2 Rapidly evolving genes in Caspian seal lineage and Hooded seal lineage

4.3.2.1 Caspian seal lineage

From the 5,022 Caspian seal SGOs included in the branch-site selective pressure analysis, 4,567 were also
represented in the closet sister taxon, the Grey seal. The protein distance comparison retrieved 1,586
SGOs with a PD, of > 0, with 77 genes falling within the top 5 percentile of rapidly evolving genes. Of the
77 genes classed as REGs, 4 of these, protein crumbs homolog 1 (CRB1), thioredoxin domain-containing
protein 3 (NMES8), Kinesin family member 21A (KIF21A), and Peroxisomal Biogenesis Factor 12 (PEX12),

were also putatively under positive selection (Figure 4.11).

There were no significantly enriched GO terms or GO slim terms returned when analysing the rapidly
evolving positively selected genes. Although, 41 GO terms and 4 GO slim terms were significantly enriched
before correction for multiple testing (Table 4.6). Significant enriched GO terms were analysed for their
hierarchical function using the PantherDB v16 (Mi et al., 2020) and it was found that CRB1 has links to
“blood vessel remodeling” and “post-embryonic retina morphogenesis in camera-type eye” and NMES8
has also found to be involved in “flagellated sperm motility” and ‘cellular response to reactive oxygen

species’.

4.3.2.2 Hooded seal lineage

3,864 of 4,257 Hooded seal SGOs had representatives in harbour seal, the closest sister species in the
phylogeny. The protein distance analysis found 2,537 SGOs with a PD,> 0, with 127 rapidly evolving genes

of which 21 were putatively under positive selection (Figure 4.11).

There were no significantly enriched GO terms or GO slim terms after multiple test correction, despite
128 GO terms and 2 GO slim terms, being significantly enriched. The functions of these genes were
investigated using PantherDB v16 (Mi et al., 2020) and several of these genes returned interesting
associations. LDL receptor related protein 5 (LRP5) was shown to be associated with “cell signalling in

mammary gland development”, “Norrin signalling”, and “blood vessel morphogenesis”; latent
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transforming growth factor beta binding protein 3 (LTBP3) associated to “Growth factor beta signalling”;
WNK lysine deficient protein kinase 3 (WNK3) associated to “osmotic cellular stress”; Diacylglycerol kinase
theta (DGKQ) associated with lipid metabolic process through “progesterone biosynthetic process” and
“Ketone biosynthetic process”; Sacsin molecular chaperone (SACS) was also found to be a chaperone of

Heat shock protein 70.

4.3.3 Lactation associated positively selected genes

4.3.3.1 Gene function association through KEGG pathway

Despite multiple KEGG pathways being overrepresented within the different database lists, no pathways
or traits were significantly enriched after correcting for multiple testing from the KEGG pathway and
database overrepresentation analysis, most likely due to low gene counts. However, | investigated the
pathways that had the highest positively selected genes to background gene ratio from all KEGG

pathways.

Two KEGG pathways linked to the immune system were found to have a high number of representatives
in pinnipeds (Table 4.7). The was due to several cytokine genes being found to be under positive selection,
interleukin family genes such as IL-17 have previously been found under positive selection in pinnipeds
(Park et al., 2018) and other marine mammals (Tollis et al., 2018), due to their role in immune responses
to pathogen infections. Two genes involved in ferroptosis were found to be under positive selection in
pinnipeds, TFRC and LPCAT3. Ferroptosis is a mode of cell death caused by lipid peroxidation, adaptive
responses to reduce ferroptosis are expected in a clade of species that generate high reactive oxygen
species created by regular ischemia events, whilst possessing a large lipid store (Piotrowski et al., 2021).
Ferroptosis an iron dependent process and TFRC is an essential iron transporter involved in Ferroptosis
(Lu et al., 2021). Although as TFRC is also involved in iron regulation and responds to low cellular iron
levels (Penso-Dolfin, 2020), selection on TFRC could also be due to the need for iron during the synthesis
of respiratory pigments that are essential for oxygen transport and storage in blood and muscle (Lenfant
et al., 1970). LPCAT3 is a lipid metabolism enzyme that is a key promotor of ferroptosis (Li and Li, 2020),
but LPCAT3 could play an addition role in the pinniped adaptations due to its function reducing lipid

plasma levels through in lipid absorption (Li et al., 2015).
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Table 4.6. Significantly enriched GO slim terms from positively selected REGs.

GO slim term Fisher test P value Bonferroni corrected P value
Caspian seal

cytoskeletal protein binding 0.027093802 0.867001668

plasma membrane organization 0.031768909 1

peroxisome 0.038958711 1

protein targeting 0.043722856 1

Hooded seal

kinase activity 0.026759098 1

transferase activity, transferring
acyl groups 0.006248469 0.487380544
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Figure 4.11. Protein distance analysis of Caspian and Hooded seal lineages. The PD, of SGOs from the

Caspian (N=4,567) and Hooded seal (N=3,864) lineages. Grey unfilled dots represent the PD, of an SGO
with no signature of positive selction, whereas the coloured dot signals that the SGO was classified as
putatively under positive selection through the branch-site selective pressure analysis. The solid lines
represent the 5% cut-off of PD,scores, points above the line are described as ‘rapidly evolving genes’

(REGs). The HGNC gene names of the positively selected REGs are highlighted, 4 PSGs were rapidly

evolving in the Caspian lineage, whereas 21 PSGs were rapidly evolving in the Hooded seal lineage (1
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of the positively selected REGs in the Hooded seal lineage had no HGNC gene name, labelled as

UNDEF.).
Two KEGG pathways in Phocidae returned an association to carbohydrate metabolism, this could reflect
of modifications Phocids have acquired as part of fasting processes, which facilitate sustained use of lipids
whilst avoiding ketoacidosis (Crocker ad Champagne, 2018). One of the genes, GYG2, found in the
pathway ‘starch and sucrose metabolism’ also plays a role in glycogen biosynthesis, some species of
Phocid have been found to have larger stores of glucose in the brain that terrestrial mammals, allowing
neurons to survive for extensive periods during hypoxia (Czech-Daniel et al., 2014). Genes related to
mitophagy may also have a role in the deep diving behaviour of Phocids, since hypoxia caused by deep
dives can lead to mitochondrial oxidative stress (Wu and Chen, 2015), mitophagy would be a critical

process required to remove damaged mitochondria.

The top KEGG pathways for Otariidae showed no obvious relationship to lactation. Although within the
biosynthesis of cofactors | found two genes responsible for lipid metabolism, EPRS1 and NADK. EPRS1
gene contributes to adiposity, with mutations in EPRS1 leading to reduced adipose tissue mass (Arif et al.,
2017), whilst knockouts of NADK causes lipid storage defects due to its role in providing NADPH, which is
an essential reducing agent in lipogenesis (Xu et al., 2021). Phagosome and EGFR tyrosine kinase inhibitor

resistance relate to immune responses.

Within the species-specific lineages, Caspian seal and Hooded seal, the top scoring KEGG pathways
showed no direct relation to lactation strategy, with genes mostly being related to immune and other
cellular processes. Within the Caspian seal | saw a proportion of genes selected for protein digestion and
absorption, five out of the six PSGs in this pathway were collagen genes, suggesting this may be related
to collagen rich blubber organisation. All the top scoring KEGG pathways in the Hooded seal PSGs are

related to immune response and cancer preventative pathways.

4.3.3.2 Lactation associated positively selected genes

From cross-referencing against the candidate gene lists (Table 4.4), 181 genes were positively selected
genes within the pinniped branch, 94 within the Phocidae branch, 84 within the Otariidae branch, 190
within the Hooded seal lineage, and 78 within the Caspian seal lineage (Table 4.8). PSGs with

representation were subjected to a literature search to provide putative roles in mammalian adaptation.
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It can be quite common for genes to have no known function in the literature. Thus, genes with no
literature describing their function in mammals are not discussed in detail below. Leaving 15 PSGs in the
Table 4.7. Top five positively selected gene to background genes ratio from all human KEGG pathways,

for each lineage of interest.

PSG/Pathway
ID Description No. genes ratio KEGG Class
pinnipeds
hsa05321 Inflammatory bowel disease 5 0.217 Immune disease
hsa04623 Cytosolic DNA-sensing pathway 4 0.190 Immune system
hsa04977 Vltamm‘dlgestlon and 2 0.182 Digestive system
absorption
hsa04216 Ferroptosis 2 0.167 Cell growth and
death
hsa04929 GnRH secretion 2 0.154 Endocrine system
Phocidae
hsa00052 Galactose metabolism 2 0.200 Carbohy.drate
metabolism
hsa03420 Nucleotide excision repair 2 0.200 Repll'catlon and
repair
hsa00500 Starch and sucrose metabolism 3 0.188 Carbohy.drate
metabolism
hsa04977 V|tam|n‘d|gest|on and 2 0.182 Digestive system
absorption
hsa04137 Mitophagy — animal 2 0.143 Transpc?rt and
catabolism
Otariidae
Drug metabolism - other Xenobiotics
hsa00983 & 2 0.200 biodegradation and
enzymes .
metabolism
hsa01240 Biosynthesis of cofactors 5 0.152 n/a
hsa04145 Phagosome 5 0.147 Transpc?rt and
catabolism
hsa04970 Salivary secretion 2 0.125 Digestive system
hsa01521 EGFR tyrosine kinase inhibitor 5 0.105 Dru.g re5|star.\ce:
resistance antineoplastic
Caspian seal
hsa04540 Gap junction 3 0.250 Cellular community
- eukaryotes
hsa05212 Pancreatic cancer 2 0.182 Cancer: specific

types
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hsa04725 Cholinergic synapse 0.150 Nervous system
hsa04974 Protein fj|gest|on and 0.143 Digestive system
absorption
hsa05130 Pathogenic E. coli infection 0.138 Infectpus disease:
bacterial
Hooded seal
hsa05224 Breast cancer 0.375 Cancer: specific
types
hsa04610 Complement and coagulation 0.320 Immune system
cascades
hsa04350 TGF-beta signalling pathway 0.300 Signal transduction
hsa05322 Systemic lupus erythematosus 0.300 Immune disease
hsa01522 Endocrine resistance 0.294 Drug resistance:

antineoplastic

Table 4.8. Number of positively selected genes found in each functional category, generated from
candidate gene sets. L = Lipid metabolism and mobilisation, D = Diving, BS = Body size, LM = Lactation:
mammary function, LI = Lactation: involution, F = Fasting, M = Milk properties. Candidate genes sets are
mutually inclusive.

Lineage L D BS LM LI F M
pinnipeds 31 26 8 28 14 9 2
Phocidae 20 23 9 18 8 12 4
Otariidae 17 27 5 22 6 4 3
Hooded seal 29 54 17 48 17 18 7
Caspian seal 7 20 7 18 9 14 3
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Table 4.9. 22 Lactation-associated PSGs within the pinniped branch.

Gene name Related function No. sites w>1
CD93 hypoxia 2
PRCP hypoxia 2
CHI3L1 lactation: involution 1
HERC6 lactation: mammary function 2
NOSTRIN lactation: mammary function 11
CD74 lactation: mammary function; lipid metabolism/ transport 2
APOA1 lipid metabolism/ transport 3
APOC4 lipid metabolism/ transport 1
ASXL3 lipid metabolism/ transport 5
CYP8B1 lipid metabolism/ transport 2
HACD3 lipid metabolism/ transport 1
LPCAT3 lipid metabolism/ transport 7
MOGAT1 lipid metabolism/ transport 2
NCEH1 lipid metabolism/ transport 2
PLCD3 lipid metabolism/ transport 1
FASN lipid metabolism/ transport; milk properties 2
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Table 4.10. 15 lactation associated PSGs within the Phocidae branch.

Gene name Related function No. sites w>1
F13A1 fasting 2
SIGLEC1 hypoxia 1
STAT6 lactation: involution 1
ACSL5 lipid metabolism/ transport 5
ELOVL2 lipid metabolism/ transport 1
GLA lipid metabolism/ transport 1
INPPL1 lipid metabolism/ transport 1
PLIN2 lipid metabolism/ transport 1
GHITM milk properties 4
SLC37A1 milk properties 1
SORCS1 milk properties 1

Table 4.11. Lactation associated PSGs within the Otariidae branch.

Gene name Related function No. sites w>1
CERK fasting 1

JAK1 hypoxia; lactation: mammary function 1
CEP63 lactation: mammary function 1

CGN lactation: mammary function 1
MCL1 lactation: mammary function 4
ADIPOR1 lipid metabolism/ transport 10
STAT5B lipid metabolism/ transport 2

CD36 lipid metabolism/ transport; milk properties

MGST1 milk properties
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Table 4.12. Lactation associated PSGs within the Hooded seal lineage.

Gene name Related function No. sites w>1
CAMKK1 fasting 2
KLF11 fasting 14
SERPINE1 fasting

ENPEP hypoxia

EPAS1 hypoxia 29
NCF1 hypoxia 2
NOS3 hypoxia 1
GBF1 lactation: mammary function 22
ABCA7 lipid metabolism/ transport 15
DGKQ lipid metabolism/ transport 19
LIPC lipid metabolism/ transport 17
LRP5 lipid metabolism/ transport 7
PNPLA3 lipid metabolism/ transport 1
SLC51B lipid metabolism/ transport 2
THBS1 lipid metabolism/ transport 6
CACNAIE milk properties 1
RPAP3 milk properties 3
SEMA4G milk properties 2
TMIGD3 milk properties 4
XDH milk properties 13
ZC3H3 milk properties 11

Table 4.13. Lactation associated PSGs within the Caspian seal lineage.

Gene name Related function No. sites w>1
EEF2K fasting 1
VAV3 hypoxia 3
NEK11 lactation: mammary function 1
ALMS1 lipid metabolism/ transport 3
FAMS83H milk properties 3
MROH1 milk properties 1
SPHK2 milk properties 1
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4.3.3.3 Pinniped branch - Lactation associated positively selected genes

Previous studies of selection analyses in Cetaceans have also identified FASN, MOGAT1, CYP8B1, and
PLCD3 as under positive selection, suggesting possible convergent evolution of some genes (Endo et al.,
2018; Park et al., 2018; Wang et al., 2015). CYP8B1 encodes a member of the cytochrome P450
superfamily of enzymes that are responsible for the catalysis of primary bile acids that play important
roles in glucose tolerance and insulin sensitivity (Kaur et al., 2015). FASN encodes fatty-acid synthase,
which catalyses the conversion of acetyl-CoA and malonyl-CoA to long-chain saturated fatty acids with
key roles in obesity (Bernt et al., 2007; Mayas et al., 2010). | found three genes related to TAG metabolism
and transport (MOGAT1, PLCD3, and LPCAT3). MOGAT1 and PLCD3 are essential enzymes involved in the
TAG biosynthesis pathway (Sankella et al., 2016). LPCAT3 encodes a phospholipid remodelling enzyme
which modulates lipogenesis (Rong et al., 2017), and is involved in the transport of TAGs, it is also involved
in the production of lipoproteins in humans (Hashidate-Yoshida et al., 2015). NCEH1 is a key regulator of
cholesterol transport and involved in hydrolysis of cholesterol esters to a comparable degree as LIPE
(Igarashi et al., 2010). Two apolipoprotein genes were also found to be under positive selection in
pinnipeds, APOA1 and APOC4. APOA1 produces apolipoprotein Al which is major constituent of high-
density lipoprotein and involved in reverse cholesterol transport (Liao et al., 2015), whereas APOC4 is
involved in the regulation of plasma lipid levels (Xu et al., 2015). HACD3 was also under positive selection
in pinnipeds which produces a 3-hydroxyacyl-CoA dehydratase which is involved in very-long fatty acid

chain synthesis (lkeda et al., 2008).

Genes related to mammary gland function, were related to immunity responses of the mammary gland
or (CD74 and CHI3L1) (Breyne et al., 2017; dos Santos et al., 2013). | found two genes that have been
shown to influence lipid levels of milk (HERC6 and ASXL3) in cattle. HERC6 has significant effects on fat
and protein yield in breeds of Bos taurus (Cohen-Zinder et al., 2005) and ASXL3 has been found to interact
with many genes that directly affect milk composition in cattle (Sanchez et al., 2019), FASN has also been

shown to be a well-known candidate effecting milk fatty acid levels in cattle (Pegolo et al., 2017).

| also identified two genes in the pinniped lineage that could influence the effects of diving and hypoxia:
PRCP has been shown to influence blood pressure, vascular anticoagulation and contribute to cell
proliferation and angiogenesis (Adams et al., 2013); NOSTRIN plays a significant role in nitric oxide
synthesis and trafficking, which is a key mediator of vasodilatory responses to hypoxia in terrestrial

mammals (Nufiez et al., 2014).
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4.3.3.4 Phocidae branch - Lactation associated positively selected genes

One gene, F13A1, has an annotated function consistent with involvement in fasting. Tthrough regulating
insulin resistance and has been identified as a gene that may contribute to obesity in humans (Myneni et

al., 2016).

Two genes were shown to have associations with TAGs: ACSL5, which is primarily expressed in adipose
tissue is involved in the synthesis of TAGs from fatty acids (Bu and Mashek, 2010), ACSL5 has also been
suggested to contribute to increased blubber synthesis in cetaceans and other carnivores (Zhao et al.,
2019). The process of which ELOVL2 increases TAG synthesis is not well understood, although it has been
shown to increase TAG from extracellular fatty acids (Kobayashi et al., 2007). The mechanisms of other
lipid associated genes are not fully detailed, INPPL1 knockouts in mice show decreased weight gain when
on a high fat diet (Sleeman et al., 2005); GLA mutations are a cause of Fabry disease in humans, a condition

with increased lipid building up in blood vessels and organs (Song et al., 2009).

STAT6 has been classified as a ‘FAT STAT’ due to its activation by LEPTIN (Ghilardi et al., 1996), with
functions involved with immune and inflammatory responses, in addition to being shown to mediate
development of the mammary epithelial cells during mammary gland development (Wu et al., 2021). Four
of the identified genes are involved in fat transport or synthesis during lactation: PLIN2 is a cytoplasmic
lipid droplet binding protein which could be involved with lipid droplet membrane wrapping of
cytoplasmic lipids, it has also been shown to be involved in milk fat synthesis in goats (Mu et al., 2021;
Zhu et al., 2015). SORCS1 was found by SNP associations with fatty acids in Bos taurus (Li et al., 2014;
Palombo et al., 2018) and SLC37A1 is a solute carrier gene that has associations with mineral content of
milk in Bos taurus (Neyeri et al., 2016; Sanchez et al., 2021). GHITM is associated with increased

polyunsaturated and saturated SFAs in Bos taurus milk (Palombo et al.,2018).

| also found a putative involvement for hypoxia related traits through SIGLEC1, which has been linked to

genetic adaptation to high altitudes in the Tibetan cashmere goat (Song et al., 2016).

4.3.3.5 Otariidae branch - Lactation associated positively selected genes

Within the Otariidae lineage ADIPOR1 was found to be under positive selection; ADIPOR1 is a receptor for
adiponectin. Adiponectin is a key adipocyte specific hormone involved in glucose regulation and fatty acid

oxidisation (Siitonen et al., 2011), with a regulatory role of mammary epithelial cells (Zhao et al., 2021).
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CERK has a role in adipocyte cell differentiation, with a putative role in adipogenesis regulation (Ordofiez
et al., 2017). CD36 is used in facilitating and regulating the transport of fatty acids across the plasma
membrane and has been found to be highly expressed in the mammary gland of Bos taurus (Ganguly et
al., 2017). CD36 was also identified as under positive selection in cetaceans, suggesting possible
convergent evolution of genes related to increased body mass (Wang et al., 2015). STAT5B has been
shown to be involved in the expression of growth hormone genes, which have been shown to be sexually
dimorphicin rats and mice (Kaltenecker et al., 2019), with humans with STAT5B missense variants showing

extreme growth deficiencies (Hwa et al., 2005).

| found genes with a putative role in mammary gland involution. In addition to roles in cell growth and
development JAK1 provides a crucial link between cytokines and STAT3 activation which activates cell
death and mammary gland remodelling during mammary gland involution (Jena et al., 2019), STAT5B also
links to the STAT3 pathway with indirect induction of the LIF-STAT3 pathway with initiates involution (Jena
etal., 2019). MCL1 expression levels have been shown to fall with the onset of mammary gland involution,
suggesting its down regulation is essential for initiation of involution (Fu et al., 2015). From the 3 genes
with a relation to milk production, only CD36 and MGST1 (Nayeri and Stothard, 2016) were shown to
influence milk lipids levels, while CEP63 is associated with milk yield (Chen et al., 2018). CGN is an immune

related gene that has been shown to be expressed in mid-lactation in mammals (Arora et al., 2019).

4.3.3.6 Hooded seal lineage - Lactation associated positively selected genes

For the Hooded seal | found nine genes with functions related to lipid metabolism or transport in
mammals. LIPC is a key enzyme responsible for TAG hydrolysis as well as metabolism of high-density
lipoproteins (Teng et al., 2018). LIPC also plays a role in plasma lipid level regulation and has knock out
studies in mice have shown a reduction in body fat (Chiu et al., 2010). DGKQ is also an essential enzyme
involved in triglycerol metabolism, which has additionally been found under selection in cetaceans (Wang
et al., 2015). | found lipid metabolism related genes that could also be involved in fasting. PNPLA3 has
been shown to reduce the activity of PNPLA2 (Dong, 2019). PNPLA2 is an enzyme involved in the initial
steps of TG hydrolysis in lipid droplets. PNPLA2 expression has been shown to increase during lactation in
Phocidae without an increase in enzyme activity (Fowler et al., 2018), and PNPLA3 could be a candidate
as a potential regulator for this reaction. FGFR1 is a receptor which effects expression of genes involved
in lipid metabolism in the liver, which could have possible function reulating lipid metablism during fasting

(Yang et al., 2012). Two genes of interest, THBS1 and LRP5, have been observed in humans to contribute
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to non-alcoholic fatty liver disease (NAFLD) and obesity risk respectively, suggesting putative roles in lipid

metabolism or liver protection (Bai et al., 2020; Loh et al., 2015).

Of the 7 genes | found with associations to milk properties (Table 4.8), 5 were related to milk fat levels.
XDH is an enzyme involved with lipid droplet formation which has been shown to be highly expressed in
lactating Bos taurus as well as being shown to regulate milk lipid secretion in humans (Ganguly, 2017;
Zhao et al., 2020). CACN1E, SEMAA4G TMIGD3, and ZC3H3 have associations with an increase in milk fat in
gene association analyses in Bos taurus or Bubalus bubalis (Du et al., 2019; Palombo et al., 2018). SLC51B
and GBF1 show an association to milk fat percentage of Bos taurus (Neyeri and Stothard, 2016). ABCA7
was found through its association to lipid metabolism/transportation but through further investigation
was realised to be a lipid transporter that has an inverse relationship with blood cholesterol levels in Bos
taurus mammary glands (Mani et al., 2009). There is evidence of RAP3 being related to protein levels of

milk in Bos taurus (Raven et al., 2014)

From genes related to fasting, | found that a mutation in SERPINE1 in humans is found to decrease insulin
levels whilst fasting (Khan et al., 2017); KLF11 knockouts in mice have increased insulin sensitivity
(Mathison et al., 2015). Whilst, CAMKK1 has been observed to undergo methylation in response to weight

reduction (Crujeiras et al., 2021).

| found 4 genes with a potential association to diving-induced hypoxia in the Hooded seal lineage. NOS3
has been found to be highly expressed in the brain of Weddell seal, another deep diving Phocid species,
and is potentially linked with enhanced nitric oxide production and vasodilation (Hindle et al., 2019).
ENPEP is also shown to be under positive selection in Weddell seal (Noh et al., 2022). ENPEP is an
aminopeptidase which is a part of the renin-angiotensin signaling pathway, other aminopeptidases, such
as ANPEP or LNPEP, have been shown to be under positive selection in species of cetaceans (Kishida et
al., 2007; Lui et al., 2019). NCF1 has been shown to be involved in reactive oxygen species (ROS) mediation
(Hultgvist et al., 2004) and EPAS1 has been shown to be involved with hypoxia adaptations in Canis lupus

familiaris and humans (von Holdt et al., 2017).

4.3.3.7 Caspian seal lineage - Lactation associated positively selected genes

Only 7 genes were found with known associations to lactation trait in mammals. ALSM1 was the only gene

with an association to lipid metabolism, with mutations in this gene causing Alstrom disease, a symptom
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of this disease is obesity in humans (Hearn et al., 2002). EEF2K has been shown to preserve cellular ATP
during long periods of nutrient deprivation (Cope et al., 2018). VAV3 has been shown to be involved in
cardiovascular regulation and angiogenesis, and is under selection in human and Ovis aries high altitude

populations (Edea et al., 2019; Scheinfeldt et al. 2012).

| found 4 genes with a relation to milk composition. NEK11, FAM83H and MROH1 have associations with
protein and cholesterol composition of milk and milk yield respectively (Atashi et al., 2020; Bhat et al.,
2019; Do et al., 2018; llla et al., 2021). SPHK2 is upregulated in the late stages of lactation in Bos taurus

and is involved in sphingolipid fat synthesis (Bionaz and Loor, 2008).

4.3.3.8 Tests of synonymous saturation

dS saturation tests were performed for each of the 90 LAPSGs, measuring dS using across the entire
gene, except for gapped regions. The variance of dSin each LAPSG was calculated (Figure 4.12) and the
LAPSGs in the top quartile of variance ranges were further inspected to ensure the sites under positive

selection did not fall in a region that was had a relatively high dS (Figure 4.13).

Seventeen LAPSGs fell in the top quartile of variance levels, with a 0 >35.2. Of these 17 LAPSGs, no
LAPSGs had all their sites under positive selection in such an area (Figure 4.12). Three LAPSGs
(0G0002425 pruned.aln, 0GO005009 pruned.aln, 0G0006917_pruned.aln) had at least one selected
site in relatively high dSregion, but in these genes, there were at least one positively selected site that

was in a relatively low region (Figure 4.13).
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Figure 4.13. Sliding window of dS values across high variance genes. 17 genes that fall in the top
quartile of variance in dS values, showing dS values across the genes using a sliding window approach.
The horizontal dotted line represents the top quartile of dS values found across the gene where all
species are present, and the vertical lines represents the position of positively selected sites found

within the gene. Partial regions of the gene have an uncalculatable dS due to Genes that have all

positively selected sites in areas of high dS values are be considered as false positives.
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4.4 Discussion

In summary, | found 1,562 genes showing signatures of positive selection across the five different pinniped
lineages evaluated. On further refinement of this list, | have been able to make inferences into how these
genes might be involved in the phenotypic variation that occurs across present day species. The separation
of provisioning and feeding has fundamentally shaped pinniped evolution, leading to the diverse
phenotypic traits and variation in lactation strategies observed in present day Phocidae and Otariidae
species. In this study | have tried to unravel some of the molecular underpinnings of the adaptations that
influence these traits. Several phenotypic traits interact in the different lactation strategies and as a result
drive extreme phenotypic adaptation. | found hundreds of genes across several lineages of pinnipeds,

which have the potential to explain some of the variation seen across extant Pinnipedia.

I found 1,562 genes under positive selection from the 30,437 orthologous groups that underwent selective
pressure analysis in CodeML, suggesting 5.13% of genes under positive selection. This agrees with
previous publications that have found between 0.2-15% of genes under positive selection in Mammalia
(Eyre-Walker, 2006; Hawkins et al., 2019). Two recent selective pressure analyses of pinniped species had
found 0.25% and 1.16% of orthologous groups under positive selection (Foote et al., 2015; Park et al.,
2019), these studies used filtering using correction for multiple testing and so were expected to have
removed possible false negatives from their final datasets. My analyses could also be affected by the
quality of the genome annotation or assembly, although | have attempted to mitigate this by including
least one highly sequenced genome in all my clades, with positive selected sites required to be identical
in all representatives of the clade. Using a method for testing for correction in multiple testing, which
although may remove some false negatives, may also bring down the proportion of genes under positive
selection in my analysis. My analyses may have produced a higher number of positively selected
orthologous groups than previous analyses, but my results fall in the range of other mammalian selective

pressure analyses.

Lipid metabolism and mobilisation in pinniped clades

Utilising blubber as an energy reserve is ubiquitous across all pinniped species. Capital breeding Phocids

have the largest adipose stores, and typically exploit rich pelagic feeding grounds far away from breeding
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locations. Large adipose stores can then be mobilised during lactation, sufficiently provisioning young
whilst meeting their own metabolic requirements. The evolutionary constraints of no, or low, provisioning
during lactation has created pressures for Phocidae to acquire larger adipose stores whilst compressing
the length of lactation, facilitating rapid energy transfer from mother to pup. Converting fat reserves into
an energy rich milk requires Phocids to be able to mobilise large quantities of lipids to the mammary gland.
Digested lipids from prey are converted to TAGs and stored as blubber in adipocytes (fat cells). These fat
reserves are later mobilised to meet maternal and pup energy requirements throughout lactation.
Utilising energy reserves from lipids requires 3 main pathways: lipolysis of non-esterised fatty acids from
triglycerol; lipid transport, which involves the use of lipoproteins to transport the lipids in plasma; and
tissue uptake of lipids, in which TAGs are hydrolised ready for uptake by tissues, including the mammary

gland.

Lipid metabolism was expected to be an integral process in the life history traits of pinnipeds, this was
reflected through the GO term associations with ‘lipid metabolism process’ appearing in my semantic
similarity analysis across all my lineages of interest, except for the Caspian seal lineage. | found many
genes with established roles in lipid metabolism and mobilisation in other marine mammals, including
FASN, suggesting possible convergent evolution of adipose function related genes (Wang et al., 2015). |
was expecting to see genes with previously established roles in energy balance, such as Leptin (LEP) or its
receptor LEPR, which has already been investigated to show evidence of positive selection in some Phocid
species (Hammond et al., 2012). LEP was not included in my positive selection scans as it was discarded
during my filtering process, failing the Robinson-Foulds cut off. Adiponectin (ADIPOQ) has been suggested
as a possible mediator of metabolic effects in blubber (Khudyakov et al., 2019). This was found to be under
positive selection in both the Phocidae and Otariidae lineages but not in the overall pinniped lineage. As |
was interested in genes uniquely under selection in lineages this was filtered from my downstream
analysis. | found many genes across all lineages that could have a putative function in the synthesis of
blubber reserves with established roles in lipogenesis or biosynthesis of TAGs. Also, | found genes for
which the mechanisms are not fully understood but phenotypic differences are seen in knock out
experiments. This analysis has expanded the scope of genes that may be contributing to blubber function.
Previous analyses have focused on well-studied genes in a limited number of Phocidae, | have expanded
on this and now have a multitude of genes that may affect phenotypic differences across many species of

pinnipeds.
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The mobilisation of lipids is a key mechanism in pinniped species that allows them to utilise established
energy reserves for the provisioning of young and their own metabolic requirements. This trait is extreme
in capital breeding Phocids, which fast during their lactation period and so solely rely on reserves to
maintain metabolic processes whilst provisioning young with extremely high percentage fat milk. Plasma
lipid levels are significantly raised during lactation of Elephant seals, displaying how a capital breeding
Phocids utilises these reserves (Fowler et al., 2018). Although the exact processes of how lipids are
mobilised from blubber reserves, then transported to relevant tissues are not fully understood in Phocids.
LPL has been shown to be involved in clearing lipid plasma levels in Phocids, with TAG plasma levels being
inversely correlated with LPL activity in lactating Grey seals, and LPL activity being increased during
lactation (Iverson et al., 1995). ‘Regulation of plasma lipoprotein particles’ and ‘Negative regulation of
lipoprotein lipase activity’ had the largest area in my semantic similarity analyses for pinnipeds and
Caspian seal lineages respectively, suggesting the regulation of plasma lipid level regulation is under
selection in pinnipeds and Phocidae lineages. | found apolipoproteins and other genes with putative roles
in the transport of lipids across all clades of pinnipeds that | investigated. Although, in the Otariid lineage
I did not find many genes with a putative function in plasma lipid transport, but did find CD36 under
positive selection, which is integral in transmembrane transport of fatty acids (Xu et al., 2013) and so may

be imperative in the tissue uptake of lipids rather than their transport through plasma.

LIPE has been shown to have a key role in lipid mobilisation in other mammals, and some studies have
found it expression to be positively correlated with milk fat levels of some Phocidae (Fowler et al., 2013),
but in Elephant seals it remains at low expression levels in blubber throughout lactation (Crocker et al.,
2014). It has been suggested that PNPLA2 might serve as a primary lipase in blubber lipolysis in Elephant
seals (Fowler and Crocker. 2018). Expression or activity levels are not correlated with milk lipid levels,
instead other enzymes such as Perilipin (PLIN1) may contribute to regulation of lipolysis (Fowler et al.,
2015). | found PLIN2, a paralogue of PLIN1, to be under selection in Phocids, consistent with a putative
role in lipolysis regulation in Phocidae. PNPLA3, a paralogue and regulator of PNPLA2, was under positive
selection in the Hooded seal lineage, possibly contributing to the extreme lipid mobilisation that allows
the Hooded seal to direct large amounts of lipids toward to mammary gland during lactation. In addition
to this | have also found genes that have roles in non-alcoholic fatty liver disease in humans, suggesting
they may have a function in protecting the liver from high levels of circulating lipids in the plasma. Despite
being a potential avenue for drug therapeutics and study candidates for diseases that affect lipolysis, there

is little research into the underlying molecular details of genes that permit capital breeding Phocids to
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thrive despite high lipid levels in the plasma. Here | have uncovered a selection of candidate genes that

might be suitable avenues of future research.

Through observation of milk fatty acid chain composition, lipids in pinniped milk fat are primarily
mobilised and from adipose tissue and up taken by mammary gland tissue, rather than de novo lipid
synthesis by the mammary gland (Neville et al., 1997). | found some established genes involved in milk
composition such as CSN1S1 (Balia et al., 2013), but this was filtered out due to being under selection in
both Otariidae and Phocidae lineages (although at different sites). The resources established from GWAS
of high milk bovine species gave us a unique opportunity to see whether another mammalian species had
any comparative gene modifications that could uncover some candidate genes that allow capital breeding
Phocids to have higher milk lipid levels than other pinnipeds. | detected positive selection in several genes
with an association to milk lipid levels in cattle across all my lineages, especially in the Hooded seal lineage.
This could possibly infer that despite the main regulatory network dictating lipid composition being
blubber mobilisation in pinnipeds, some additional regulatory mechanisms, possibly involving lipid

transportation or milk lipid secretion may be important for some of the highest fat milk producing species.

Fasting in capital breeding Phocidae

The access to, and predictability, of hauling out site along with their extreme nature of the post-partition
fasting cycles has resulted in studies on the mobilisation of energy reserves during fasting being primarily
performed on Elephant seals (Mirounga spp.). Elephant seals experience fasting periods lasting months
during which individuals losing up to 40% of their total mass. Blubber tissue expression and enzymatic
analyses and have uncovered gene networks that may promote lipolysis and adipogenesis (the process in
which adipocytes can accumulate into adipose tissues) (Crocker et al.,2014), but not much is understood
about the networks that regulate hormonal factors such as cortisol and insulin, and whether these
systems are identical across the difference capital breeding Phocidae. Elephant seals have low ketone
levels and avoid ketoacidosis during fasting, unlike other fasting mammals, which can occur when
organisms increase dependence on lipid catabolism for energy (Champagne et al., 2006; Crocker et al.,
2014; Houser et al., 2007). | found DGKQ to be both under rapid and positive selection in the Hooded seal
lineage and found that HMGCS2, a key enzyme in ketogenesis, had an omega value > 1 when the Phocidae
lineage was used as foreground, although the p-value of the LRT was > 0.05. | only found five genes related

to fasting under positive selection with corresponding mammalian functional evidence in the literature.
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Thus, generating a small number of avenues of investigation for fasting properties of capital breeding
Phocidae. However, this might also suggest that the fasting properties of the Phocidae may differ across
lineages and could even be differentiated through regulatory changes rather than amino acid

substitutions.

Lactation involution suppression in income breeding Otariidae

Income breeding Otariidae and nursing strategy Odobenidae have a much longer lactation lengths than
that of capital breeding Phocidae, and this is facilitated through their unique ability to prevent involution
during long foraging trips. Otariids can leave their young for weeks to build their reserves in local low-
productive feeding areas, before returning to their young to continue lactation. This has decreased
selective pressure on high fat milk and extended their lactation in comparison to capital breeding Phocids.
The process by which Otariidae can prevent the involution of mammary glands in the absence of a suckling
stimulus is still not fully resolved but it has been suggested that that the modification of the LALBA gene,
which would reduce or eliminate the level of lactose in milk, may reduce the apoptosis in the mammary
gland. | expected to see several genes under selection that were involved in mammary gland remodelling
or immunity during lactation, although LALBA was not included in my selective pressure analysis, due to
failing the Robinson-Foulds cut off. | found genes under positive selection in Otariids that possibly could
be associated with the ability to prevent involution, such as JAK1 and MCL1. Both JAK1 and MCL1 have a
functional role in involution and mammary gland remodelling that occurs during involution in other
mammal species (Fu et al., 2015; Jena et al., 2019). | found comparable levels of genes involved with
mammary function across the different lineage in showing that lactation related genes are important

source of adaptation across pinnipeds.

Body size in Pinnipedia

It is thought that a larger body size of Phocidae was an adaptation to the arctic climate in which they
diversified. A larger body size has then served an additional function of accumulating large energy
reserves. Capital breeding Phocidae are some of the deepest and longest diving mammals, with Northern
elephant seal capable of reaching depths of 1,700 metres and over 90 minutes submerged. These
incredible feats allow Phocidae to reach productive pelagic waters which in turn help fill their large energy

reserves, thus makes the diving capabilities of these seals instrumental to their lactation strategy and their
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subsequent success. Many comparative analyses have concentrated on genes that allow marine
mammals, including pinnipeds, to forage at deep levels whilst avoiding severe negatives such as hypoxia.
| found genes under selection in all lineages that have putative functions in vasodilation, blood coagulation
and antioxidation. | found many genes from my hypoxia-related candidate gene set that have also been
found under positive selection in other marine mammal comparative analyses, suggesting possible
convergent evolution between the two clades in relation to diving physiology (Foote et al., 2015; Zhou et

al., 2015; Chikina et al., 2016; Yuan et al., 2021).

The purpose of my analyses was to try and find genes that may contribute to the variation in lactation
strategies across Phocidae and Otariidae, but not produce an exhaustive list of genes. There are many
genes that | expected to find, such as LEPTIN and LALBA not under selection. In addition, phenotypes of
interest, such as fasting, were found to be lacking in my analysis. My analysis has highlighted a breadth of
genes that are under putative positive selection across Pinnipedia, many which have a possible

involvement in lactation strategies.

Caveats in selective pressure variation analyses

In this analysis, | have used genes with previous evidence of roles in lactation, or lactation related traits,
inferring that the selective pressure is a result of adaptation to lactation related traits. It is feasible that,
despite a known role in lactation, the positive selection in this gene could be due to other adaptations.
Further differentiation between the events of adaptation and the selection in the genes would be
achievable though an ancestral reconstruction of the lactation states in pinnipeds. By comparing the
ancestral states of old pinnipeds with the evolutionary timings of variation within these genes, it would
be possible to assess if the variations under positive selection occurred at a time when the phenotypic

properties also evolved.

Results of large-scale genomic analyses are dependent on the quality of the data and the fit of the models
used to fit such data. The annotation of genomes in eukaryotic species is a complex problem, which is
reliant on the quality of the underpinning genome assembly. Ensuring the gene models are supported by
cutting edge RNA sequencing methods and high-quality DNA sequencing is paramount to attaining a
complete and error free genome assembly and annotation (Rhie et al., 2021). Genomes assemblies for

previously unsequenced species are being produced at a rapid rate, meaning that comprehensive
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annotation processes involving manual gene curation are not always feasible with time and monetary
constraints (Salzberg, 2019). A practical alternative it to use quicker computational methods, although
these can be prone to errors, thus it is important to identify possible errors during analysis. Common
problems causing annotation errors include incorrect assignment of exon and gene boundaries,
fragmentation or fusion of gene models, and missing gene models (Meyer et al., 2020). The rate of these
errors is often influenced by the methodology used to produce the annotations (Scalzitti et al., 2020) and
thus, the impact of errors is reduced when all annotations in comparative analysis are produced using the
same methodology. However, this can be difficult to ensure when comparing newly assembled genomes

or genomes that have not been publicly released (Eddy et al., 2022).

Errors in annotations become prominent when the gene models from different species are aligned in a
MSA. It has been shown that errors introduced from misalighnments can produce false positives in branch-
site test models of selection, and false negatives can be introduced through misalignments from highly
divergent sequences (Fletcher and Yang, 2010; Jordan and Goldman, 2012). Due to their importance in
the preparation of the data, the accuracy of alignment tools has been compared continuously, with
different aligners performing better with different sequences (Pais et al., 2014; Thompson et al., 1999).
Thus, multiple alignment tools should be compared to attain the optimal alignment for sequences
between different species (Anisimova and Liberies, 2010). In this analysis, | used an optimised version of
AQUA (Muller et al., 2010), using four different alignment approaches: MAFFT (Katoh and Standley, 2013),
MUSCLE (Edger, 2004), T-COFFEE (Notredame et al., 2000), and Clustal-Omega (Sievers et al., 2011). The
outputs of these alignment tools were refined using RASCAL (Thompson et al., 2003) software, before all
non-refined and refined outputs were compared using the NORMD (Thompson et al., 2001) assessment
tool. This method sought to alleviate any errors in the data caused by alignment tools. In addition, | used
a filter to visually inspect alignments that showed signatures of false positives, with previous studies
suggesting that alignment errors can produced a high number of sites under selection being called in small
area of sequence space (Potter et al., 2021; Zou et al., 2021). My filter listed the alignments containing
greater than 5 BEB sites across the alignment, which then were visually checked for alignment issues,
assessing whether the regions around the site under selection were conserved. Another issue that had
been seen when first visually checking the alignments was poorly aligned regions at the start and end of
the alignments, this a product of putatively missing exon boundaries (Guigé et al., 2000) or retention of
noncoding sequences in coding regions (Dragan et al., 2016). As these occurred at the start and end of the

alignments all MSAs with BEB sites occurring in the first and last 10% of the sequence were also subjected
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to visual alignment assessment. | also only retained BEB sites for which all residues were identical between
all species within the foreground lineage, this would help to improve confidence of a site by reducing the

possibility of an assembly error contributing to a false positive (Mallick et al., 2009).

Alignments can be more prone to errors when the divergence between species is high (Fletcher and Yang,
2010), for this reason | my species was chosen in a phylogenetic informative manner, attempting to reduce
divergence times between selected species, and so attempting to limit divergence between sequences. It
has been shown in areas which have high rates non-synonymous substitutions can be susceptible to false
positives, to circumvent this possibility my final set of genes, that were putatively involved in lactation
associated functions and under positive selection, were subjected to a synonymous substitution analysis.
Genes were removed from the final set if they displayed a relatively high rate of synonymous substitutions

in the region of the positively selected site.

When performing a selective pressure analysis in CodeML (Yang, 2007) some omega values are fixed, i.e.,
wo = 0in ModelA, whereas other omega values are variable and estimated from the data. In this analysis
| use Vespasian (Constantinides et al., 2021) to generate the configuration files for the CodeML analysis.
Vespasian creates several starting values for omega, this reduces the risk of reporting the estimated

omega values from areas of local minima on the likelihood plane.

False positive detection in selective pressure analyses

Correcting for multiple testing is an important issue, especially in the field of genomics where investigators
will test thousands to millions of hypotheses in single analysis. These methods, such as Bonferroni
corrections (Bonferroni, 1936) and the Benjamini and Hochberg step up procedure (Benjamini and
Hochberg, 1995), are implemented to reduce the probability of a Type | error being reported (Goeman
and Solari, 2014). Tests performed in absence of biological hypotheses, e.g., thousands of genes from a
genome scanned for positive selection, or testing using all branches of a phylogeny iteratively as
foreground, will raise the probability of falsely rejecting a hypothesis (Anisimova and Yang, 2007).
Although in the presence of a biological hypothesis, e.g., testing for positive selection in a single
foreground branch, would not require corrections for multiple testing as there is an expectation for
positive results, and the power of a LRT being sufficient (Anisimova and Yang, 2007; Zhang et al., 2005).

Recent studies using branch-site models for single, or many branches, have often blindly implemented
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corrections for multiple testing, usually through Benjamini and Holberg (BH) false discovery rates (FDR)
(Derious et al., 2021; Foote et al., 2015; Huang et al., 2021; McGowen et al., 2020). Recently it has been
shown that the use of these tests could possibly be inappropriate due to the underlying assumptions of
the models being violated and that implementing the tests could be too conservative and would be
discarding true positives (Potter et al., 2021). | tested my p-values to the same extent of Potter et al.
(2021) and found similar results: an excess of p-values equal to one and a non-uniform distribution of p-
values less than 1. | instead used additional filtering methods to reduce the possibility of false positives:
requiring a p-value from the LRT to be greater than 0.05, a BEB site posterior probability of > 0.8, and

visual assessment of alignments.

4.5 Conclusion

In this chapter, | reveal genes that have been subject to positive selection in different pinniped lineages. |
attempt to link these genes with physiological and phenotypic adaptations, attempting to find
connections from the genes to the unique lactation strategy of the lineages. | find genes that may
contribute to the unique lactation strategies seen in pinnipeds, such as mammary gland remodelling genes
in Otariid species which can supress lactation involution; many lipid mobilising, synthesising, and lipolysis
genes in all species, including the high energy milk producing Phocidae. | do not provide clear mechanisms
for these genes but future analyses exploring these genes in more detail different lineages may explain

what genes have driven the extreme lactation associated phenotypes in pinnipeds.
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Chapter 5: General discussion
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Molecular evolution has progressed from a predominantly theoretical field to an empirical one due to the
advancement of experimental molecular genetics. Decreasing costs and technological advancements have
reduced the difficulty of generating genome-scale data for non-model organisms, transforming the
molecular evolutionary ecology field (Liberles, et al., 2020). In this thesis, | took advantage of recently
developed methods and techniques to further my understanding of the molecular evolutionary dynamics
in Pinnipedia. This semi-aquatic clade is one of the few mammal lineages that have successfully
recolonised a marine environment, evolving a suite of adaptations that have allowed them to be thrive in
a marine environment whilst retaining a dependency on solid substrates for birth and lactation. For this
study, | have focused on the unique traits that have arisen as consequence of overcoming spatial-temporal
separation of foraging and breeding, with reference to the distinct lactation strategies that have evolved
between families. The unique traits observed between species have the potential to be driven through
changes in protein coding regions. Conducting genomic comparative analyses across pinnipeds offers a
fantastic opportunity to investigate the role of selective pressure in the development of novel traits

involved in lactation.

The capacity to generate novel genomic data for pinniped species is what facilitated this study. When this
study was initiated, there were only 5 annotated pinniped genomes that were publicly available. In
Chapter 2 | sought to expand this with two extra species Caspian seal and Hooded seal. | chose these
species as they offered insight to either phylogenetic ambiguity, conservational relevance, or extreme
lactation related adaptations. Having access to state-of-the-art long read sequencing technology allowed
us to try and produce a less fragmented assembly than what was currently available, such as the Walrus,
Hawaiian monk seal and Weddell seal assemblies, whist remaining at moderate sequencing depth and
cost. | was able to produce assemblies of excellent contiguity and completeness, with gene content
assessment tools finding my assemblies being close or superior to other consortium produced Carnivora
assemblies. My assemblies were still quite fragmented, in comparison to some of the assemblies that
made use of long-range sequencing technologies, although my assemblies had no ambiguous bases. It
would be advantageous in the future to apply long range sequencing to my assemblies to further decrease
the contiguity, and allow further investigation into chromosomal rearrangements and synteny, for which
pinnipeds are an interesting clade due to their variability in chromosomal number within and between

families (Beklemisheva et al., 2016; Beklemisheva et al., 2020).
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An important facet of Chapter 2 was the annotation of the produced assemblies, which would be integral
for my investigations in Chapters 3 and 4. | initially used pre-developed pipelines to produce my gene
models, but these resulted in unexpectedly high gene number counts with low BUSCO scores. Instead, |
developed an in-house pipeline based on that of recent studies (Jebb et al., 2020), this produced gene
counts in line with other publicly available pinniped annotations. The quality of the gene models produced
is lower than what is produced using some of the advanced pipelines produced by larger organisations
such as Ensembl annotation (Aken et al., 2016) or NCBI eukaryote annotation (Thibaud-Nissen et al.,
2016), but it is only with public release of data that these pipelines could be utilised. Once these
assemblies are in the public domain it would be beneficial to submit these for annotation using a more

advanced pipeline.

From my gene models produced in Chapter 2 | was able to apply these in a comparative phylogenetic
reconstruction analysis in Chapter 3. To date, some of phylogenetic relationships within Pinnipedia have
been contentious, with the placement of some of species, especially within the Phoca/Pusa clade changing
as data is increased. | used strict filters based on assess homologous relationships to create my data
reducing paralogy. | investigated evolutionary relationships using three different phylogenetic techniques
with varying underlying principles, for which | was able to confidently produce a congruent phylogeny for
Pinnipedia. | found that a small number of genes were disproportionately influencing the phylogeny and
were creating discordance between phylogenies produced through Bayesian inference and Maximum
Likelihood methods. | found that the vastly increased phylogenetic signal in some genes was a result of
erroneous parts of gene models, rather than introgression or incomplete lineage sorting which had caused
similar effects in a previous analysis of Otariids (Lopes et al., 2021) and other marine mammals (Arnason
et al., 2018). From my data it appeared differing annotation methods possibly contributed to increased
similarity between distantly related species. My results from this chapter highlight the importance of data
quality and filtering in phylogenetic analyses such as these, where few differences exist between coding

regions of recently diverged species.

Through my resulting phylogeny | confidently estimated that pinnipeds are the sister taxon to Mustelidae.
| estimate that a Mustelidae/Pinnipedia lineage diverged from Ursidae, approximately 41.5, before
Pinnipedia lineage diverged from Mustelidae approximately 39 Mya. | also conclusively demonstrated that
the Grey seal is sister to the Caspian seal, following its contentious placements variously within the Pusa

clade (Nyakatura and Binida-Emonds, 2012); as sister to the Pusa clade (Fulton and Strobeck, 2010; Fulton
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and Strobeck, 2011); and as sister to Pusa/Phoca clade (Burns and Fay, 1970; de Muizon, 1982; Perry et
al., 1995; Binida-Emonds et al., 1995). This placement of Grey seals conflicts with the taxonomical naming
conventions currently in place for Grey seal and raises questions about whether the Grey seal re-evolved
a larger body size or did multiple lineages independently evolve smaller body sizes. This analysis would
have greatly benefitted from the inclusion Baikal seal, which at the time of analysis was not publicly
available. Therefore, it would be of great interest if | was to repeat my phylogenetic analysis pipeline, after

performing the annotation of the recently released Baikal seal assembly (Yuan et al.,2021).

In Chapter 4, | then investigated signatures of positive selection that are present in pinnipeds. | found
abundant evidence of positive selection in Phocidae and Otariidae, in addition to the whole of Pinnipedia.
| sought to identify genes with a putative role in the key features of lactation strategies that exist between

different clades, such as fasting, lipid metabolism, lactation physiology, and milk composition.

| found hundreds of genes under selection from each clade, with many genes with putative functions in
lipid metabolism and mobilisation, reflecting the expected importance of developing and subsequent
utilisation of a thick blubber layer ubiquitous in Pinnipedia. Many genes with related functions to the
synthesis and transport of triglycerol were found in the overall pinniped lineage in addition to additional
candidates in only the Phocidae lineage, highlighting the central role of storage and subsequent
mobilisation of lipids in the capital breeding species. | also identified two genes that may influence key
lipolysis regulatory pathways, with evidence suggesting their paralogues play a role in the milk fat levels
in Phocidae (Fowler et al., 2013; Fowler et al., 2015). | find a high number of genes that share a putative
function in increasing milk lipid levels with cattle also have signatures of positive selection unique to the
Hooded seal, the species with the highest milk fat content across Mammalia (Oftedal et al., 1988). Thus,

suggesting convergence between human driven selective breeding for traits in agricultural species and

natural selection for traits related to life history strategies in wild taxa. For income breeding Otariids |
found that modifications in genes that have known functions in mammary gland physiology, including
gland remodelling, possibly playing a role in the mammary gland involution prevention that is unique to
Otariidae (Sharp et al., 2005). Finally, | also investigated any genes that could be associated with deep
diving, finding genes with putative roles in hypoxia. Some of these hypoxia-related genes were also found
in studies investigating hypoxia prevention in other marine mammals. Again, identifying addition possible

avenues for convergent evolution the molecular level (Foote et al., 2015; Zhou et al., 2015; Chikina et al.,
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2016; Yuan et al., 2021). In summary, | have identified many candidate pathways that could be subject to

positive selection in pinnipeds and could contribute to trait that define their diverse lactation strategies.

By only using coding regions of the genome, this analysis only makes use of a small portion of available
features of which selection can act. Non-coding regions including regulatory regions, transposable
elements have been shown to have impacts on fitness and adaptive features in various organisms (McLean
et al., 2011; Mack et al., 2018; Lewis and Reed, 2019). Within Pinnipedia, it has been observed that novel
regulatory microRNAs could have possible roles in the adaptations to diving and preventing hypoxia at
deep depths (Penso-Dolfin et al., 2020). Improving the microRNA catalogue with representatives of
Pinnipedia (Kozomara et al., 2019) would improve links between microRNA sequences and functions. In
addition to this conducting more analyses that make use of non-coding regions, i.e., GWAS, with
Pinnipedia models could have a great impact on the understanding of non-coding factors that contribute

to phenotypic variation within Pinnipedia.

It would be imperative to further analyse the candidates, mapping the residues under positive selection
on to predicted 3D proteins and performing experimental residue replacement analyses. It would be
advantageous in future studies to not only increase the sampling of available pinniped species but also
increase the number of individuals from a representative species, helping to determine whether
molecular adaptations are fixed in populations. Given more time, | would have liked to have evaluated
patterns of milk expression from different species of pinniped which differing lactation strategies.
Comparing the profiles of expression in the candidate genes | have identified could help verify that the
selection pressure experienced at a site has had a significant impact on the lactation-related phenotypes

seen across pinnipeds.

Additional work could be done in terms of achieving a comprehensive understanding of lactation within
pinnipeds. It would be important to perform whole genome sequencing of the remaining pinnipeds
without a representative genome assembly and establishing a co-ordinated effort within a pinniped
consortium would increase efficiency. There has been some in vitro work using transcriptomic analyses
that help investigate different physiological traits in pinnipeds (Khudyakov et al., 2015; Martinez et al.,
2018). Producing cell lines of a pinniped species would increase our knowledge on the mechanisms of

genes specific to pinnipeds. Although, producing pinniped-derived organoids would hugely increase our



199

knowledge of cell-cell interactions within tissues and would bypass the limitations of needing a captive

population of a pinniped species, which would be impossible due to the size and range of the species.

In this thesis | set out to identify molecular underpinnings that have in contributed in the to the different
lactation strategies that are present across Pinnipedia. | explored the patterns that are important in
evolutionary biology, in which adaptive molecular processes can occur and contribute to complex
phenotypic phenotypes. With the increase in available genetic data of non-model species it is increasingly
possible to use wild populations to test hypotheses of genotype-phenotype associations and underlying
mechanisms of phenotypes. But it would be an avenue of great interest to understand the evolutionary
history of phenotypic traits associated with lactation, comparing the timings of the emergence of such
phenotypic traits with the ancestral sequences of candidate genes found in this analysis. This would help
resolve the critical genes that help bring about diverse changes to lactation strategies. With reference to
pinnipeds, | show that they are excellent models for investigating the evolution of novel adaptations their

drivers in mammals.

There were several constraints in time or current knowledge that, as a result certain analyses could not
be performed. It is of great disappointment that the genome assembly of the Baikal seal was not available
at the initial stages of the phylogenetic reconstruction. The inclusion of this species would have greatly
improved the resolution understanding the evolution of the Pusa clade. It would have been beneficial to
also have investigated alternative methods of dating the timings of speciation events in Chapter 3. In
addition, the use of previously published estimates of calibration times and use of familiar tools to
investigate the divergence dates may have improved my analysis. Using fossil calibrations and established
tools such as BEAST (Bouckaert et al., 2019), could possibly have improved the confidence of my results.
One additional analysis, that would also have complemented Chapter 4 would have been a gene family
expansion analysis, combining genes under selection and genes that have undergone reductions or

expansions.
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