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ABSTRACT

Tunas are an ecologically and economically important group of fishes, and have received
attention by numerous researchers for decades. Despite decades of research, their phylogenomic
relationships and evolutionary history remains ambiguous and controversial. Increasing fishing
pressures and climate change have warranted a better understanding of these fishes, as
understanding their past is imperative towards understanding their future. This study focused on:
1) providing a bioinformatic framework for dealing with missing sites using double digest
restriction-site associated sequencing (ddRAD-Seq) data in phylogenomics using tunas as an
example, 2) the construction of a phylogeny using diagnostically useful single nucleotide
polymorphisms (SNPs) for Thunnus spp., 3) the revaluation of Bigeye Tuna’s (T. obesus)
phylogenomic position in relation to temperate and tropical tunas, 4) offering an average rate of
molecular evolution for members of Thunnus, and 5) the estimation of a timeline of speciation
events within Thunnus. Applying both concatenation and species tree methods using untrimmed
and trimmed data provided the support towards concatenation and the inclusion of missing sites
when using ddRAD-Seq to construct a phylogenetic tree. Despite the potential pitfalls with
ddRAD-Seq, this study was able to capture informative phylogenetic markers that successfully
separate individual species, placing Bigeye Tuna within the tropical Yellowfin Group.
Constructing a timetree for Thunnus resulted in congruent results, with the timetree indicating the
lineages for the temperate and tropical tunas are relatively old (> 50 million years). A relatively
high rate of molecular evolution is associated with the Bigeye Tuna clade when compared to the
other tunas in this study, which are estimated to have a relatively slow rate of molecular evolution

when compared to several other taxonomic groups (e.g., mammals). Historic ocean cooling may



have driven Bigeye Tuna to diverge from the Yellowfin Tuna in search of resources in cooler and
deeper waters, with annotated sequences in line with morphological differences between temperate
and tropical tunas. Overall, this study provides evidence towards Bigeye Tuna’s placement in the
Neothunnus, and suggests this species may have undergone a relatively rapid speciation event

leading to convergent evolution in Thunnus.
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CHAPTER I

INTRODUCTION

Speciation in Marine Environments

On a global scale, marine ecosystems are heterogeneous and dynamic, generating one of
the planet’s greatest source of biodiversity (Heywood & Watson 1995). Mora et al. (2011)
estimated approximately 2.2 million species inhabiting marine ecosystems; however, the authors
acknowledge that their estimates are conservative and that more discoveries are to be made (Crist
et al. 2009). Many of these discoveries have been supported by molecular data (i.e., DNA-based),
although there is no clear definition on what distinguishes a species (Saikia et al. 2008, Shapiro et
al. 2016). Most surveys have relied on sequences of mitochondrial (mt) DNA genes (Hillis et al.
1996), with certain segments displaying rates of evolution sufficient to distinguish among closely
related species, such as cytochrome oxidase 1 (COI) or cytochrome b (cyt-b), that mutate faster
than other regions of the mtDNA genome (e.g., 12S rRNA), but slower than other segments (e.g.,
control region)(reviewed in Patwardhan et al. 2014). These relative rates, however, cannot be
generalized to all species. For example, the cyt-b gene, which has been shown to have a greater
number of substitutions than the control region (CR) between closely related species (Tang et al.
2006) and is often used in the field of phylogenetics, has also shown greater variability between
conspecifics than heterospecifics (Chow & Kishino 1995, Ciccarese et al. 2019). This incongruity
may be explained be introgression and/or incomplete lineage sorting (ILS) during rapid speciation
events (Pages et al. 2013, Meyer et al. 2016, Alexander et al. 2017). Additionally, genes involved
in species divergence may also contribute to intraspecific local adaption (Wachowiak et al. 2018),

inferring that not all loci diverge equally between species. Stabilizing selection may mitigate



divergence in loci that contribute to a favorable phenotypic trait shared between species (Hebert
et al. 2004, Smith et al. 2011), while directional selection on other loci further speciation (Palumbi
2009, Pauers & Mckinnon 2012).

The investigation of marine organisms has provided numerous benefits to society in the
form of medicine (Lloret 2010), maintenance of sustainable fisheries (Dann et al. 2013),
restoration projects (van Oppen et al. 2015), and forensics (Saiki et al. 1988). Particularly, the
understanding of molecular evolution has become increasingly important (Nesse 2008, Lea et al.
2017), especially in fields such as cancer (Tollis et al. 2017) and viral diseases (Wang et al. 2020a).
Thus, an increased understanding of molecular evolution in the marine environment would provide
novel information towards areas such as conservation efforts (Grant & Bowen 1998), medical
practices (Taylor 2008), and resource sustainability (Heino & Godg 2002). The use of
bioinformatic tools can aid in our ability to understand and manage marine resources, particularly
marine fish of ecological and economic importance. This study seeks to add to the growing body
of knowledge in the molecular evolution of marine life by illuminating ambiguity in the
evolutionary relationships and history of the ecologically and economically important group of

fishes commonly known as tunas while providing a bioinformatic framework on data optimization.

Literature Review of Tunas

One taxonomical group that are remarkably similar are the members of Thunnus (Richards
& Dove 1971, Collette 1978, Chow & Kishino 1995, Ward 1995, Graham & Dickson 2000,
Graham & Dickson 2004). This genus is composed of eight species and are generally known as
true tunas (Collette et al. 2001). The genus is nested within the family Scombridae, residing within

Tribe Thunnini (Collette 1978, Collette et al. 2001). Considered a distinctively unique group



within the Scombrids, the tribe is composed of five genera: Allothunnus, Auxis, Euythnnus,
Katsuwonus, and Thunnus (Collette 1978, Graham & Dickson 2004). Distinguishable from most
other teleost, members of the tribe maintain high metabolic and digestive rates that supports their
specialized locomotion (Magnusson et al. 1978, Korsmeyer & Dewar 2001, Westneat &
Wainwright 2001). With the exception of Slender Tuna (Allothunnus fallai), the position of their
red myotomal muscle and their lateral heat-exchanging retia are characteristics that make them
distinguishable from the other Scombrids (Collette 1978, Block 1991, Collette et al. 2001, Graham
& Dickson 2004).

The Slender Tuna is considered the most basal member of the tribe, being established as a
monotypic genus (Collette 1978). It was incorporated into the tribe due to the similarity between
its central circulation system, size of haemal arches, and placement of red muscle with those of
other tunas (Graham & Dickson 2000). The remaining four genera in Thunnini possess a
countercurrent heat exchanging system of retia mirabilia that serves to keep metabolic heat warmer
than their surrounding environment (Collette 1978). Excluding Allothunnus and the genus
Thunnus, members of the tribe possess central and lateral heat exchangers (Carey et al. 1971,
Graham 1973, Graham 1975, Collette 1978). Contrarily, the genus Thunnus have developed a more
advanced lateral heat exchanger with a well-developed visceral and cranial retia mirabilia (Collette
1978, Collette et al. 2001).

Following Allothunnus, Auxis is considered the second most primitive genus within
Thunnini comprising of four species, which are the smallest species in the tribe (Collette &
Aadland 1996). Aside from its size, several morphological features distinguish Auxis spp. from the
other three more advanced genera in the tribe. These characteristics include the absence of a

prominent frontoparietal foramina, the structure of its ventral branch, and origin of the dorsal and



ventral branches of their cutaneous artery (Collette 1978, Collette et al. 2001). Similarly to
Euthynnus, the liver’s right lobe extends throughout the body cavity (Collette 1978). Three species
of tuna currently make up Euthynnus: Kawakawa (Euthynnus affinis), Little Tunny (E.
alletteratus), and Black Skipjack (E. lineatus)(Collette 1978). Although this genus is more
advanced in terms of morphological features than both Allothunnus and Auxis, its cutaneous
artery’s ventral branch is less developed compared to more advanced tunas (Godsil 1954). Despite
the fact that the three species can be distinguished morphologically, several of the distinguishable
features (e.g., number of gill rakers, presence or absence of vomerine teeth) overlap between the
species, making them remarkably similar (Godsil 1954, Collette 1978).

Katsuwonus mirrors Allothunnus in being monotypic (Kishinouye 1915, Matsumoto et al.
1984). The Skipjack Tuna (Katsuwonus pelamis) was separated from Euthynnus based on internal
differences between the genera, which includes the morphology of the liver and cutaneous artery,
along with the number of vertebrae (Kishinouye 1915, Matsumoto et al. 1984). Similarly to Auxis
and Euthynnus, Katsuwonus lacks a swim bladder, possesses a straight intestine, and has no scales
posterior to the corselet (Collette 1978). Despite its liver distinguishing it from the smaller tunas,
the liver resembles the livers found in more advanced, tropical tunas (Matsumoto et al. 1984).
Considered the second most advanced genus in Thunnini, Skipjack Tuna typically occupy tropical
and subtropical waters, but can also be found in temperate environments (Collette & Nauen 1983,
Arai et al. 2005).

The most advanced genus within the tribe is Thunnus (Collette 1978, Graham & Dickson
2004). Earlier work from Collette (1978) proposed Thunnus be split into two subgenera: the
temperate tunas (Thunnus) and the tropical tunas (Neothunnus). Members of the temperate, Bluefin

Group consist of the Atlantic Bluefin Tuna (Thunnus thynnus), Southern Bluefin Tuna (T.



maccoyii), Pacific Bluefin Tuna (Thunnus orientalis), and Albacore Tuna (Thunnus alalunga),
while the tropical, Yellowfin group is composed of Yellowfin Tuna (T. albacares), Longtail Tuna
(T. tonggol), and Blackfin Tuna (T. atlanticus). Intermediate between the two groups, resides
Bigeye Tuna (T. obesus), which shares a number of characters with the Yellowfin group (Gibbs &
Collette 1967). However, although the different species of tunas occupy different environments,
fossil evidence suggests that the common ancestor of tunas inhabited tropical waters 55-65 Ma
during the Paleocene Period (Graham & Dickson 2000, Dickson & Graham 2004, Monsch 2006).
Accordingly, adaptations towards temperate waters are considered derived, and the Bigeye Tuna
shares with the temperate Bluefin Group several morphological adaptations, including the location
of striations on the liver, liver lobe sizes, and the loss of a central heat exchanger (Gibbs & Collette
1967), which justify its placement among members of that group (Collette et al. 2001). However,
molecular data suggests a closer affinity of Bigeye Tuna to the tropical Yellowfin group (Alvarado
Bremer et al. 1997, Diaz-Arce et al. 2016).

Members of Thunnini share a number of hydrodynamic adaptations, such as their fusiform
body shape, that allows these fishes the ability to cruise at relatively high speeds over long
distances when compared to other teleosts (Magnusson et al. 1978, Altringham & Shadwick 2001).
Streamlined bodies, a high-aspect-ratio lunate tail and fins, posterior finlets, and small caudal
peduncle enables these genera to achieve a specialized swimming style known as thunniform
(Magnusson et al. 1978, Altringham & Shadwick 2001). Their body thickness to length ratio has
minimized drag, with some genera (e.g., Thunnus, Katsuwonus, and Euthynnus) believed to have
reached a ratio where little to no improvement in drag reduction can be achieved (Hertel 1966,
Altringham & Shadwick 2001). In terms of speed, species in Thunnus have high absolute speeds

(e.g., 15ms™); however, relative speeds in BLs™ (body length per second) are slower in Thunnus



(~1 BLs™) when compared to the smaller species in the tribe (~2 BLs™) (Magnusson et al. 1978,
Wardle et al. 1989, Altringham & Shadwick 2001). While a fusiform body with high aspect ratio
fins may be shared primitive characteristics (symplesiomorphies), other characteristics may be the
result of convergent evolution (homoplasies) which have evolved multiple times among scombroid
fishes (Finnerty & Block 1995). Homoplasies complicate the reconstruction of phylogenies and
may result in the establishment of incorrect relationships (Sanderson & Hufford 1996). Molecular
data can help resolve instances where morphological innovations have evolved independently
several times.

Tunas constantly cruise through the water column while maintaining minimal lateral
movement and primarily using their caudal fin to generate thrust (Lighthill 1970, Altringham &
Shadwick 2001). Adaptions such as larger surface areas in their gills compared to other scombrids
of similar size, increased water contact via swimming speed and greater ventilation volumes than
other teleosts help supply tunas an adequate amount of oxygen to meet their metabolic demands
(Brill & Bushnell 2001, Graham & Dickson 2004). The efficient uptake of oxygen in tunas is also
coupled with relatively large hearts for high cardiac outputs (Farrell et al. 1992, Brill & Bushnell
2001), and blood cells with a high oxygen affinity to maximize oxygen delivery (Bushnell & Brill
1992, Lowe et al. 2000). Although tunas efficiently uptake oxygen, tolerance towards hypoxic
environments significantly varies between species (Bushnell & Brill 1992, Brill & Bushnell 2001,
Brill et al. 2005).

Tuna larvae are generally morphologically similar (Matsumoto et al. 1972, Leis et al. 1991)
and broadly require similar environmental conditions to grow with some exceptions for certain
species (Llopiz et al. 2010, Reglero et al. 2014, Cornic et al. 2018). All tuna species are oviparous,

broadcast spawners, and require sea surface temperatures (SST) of at least 24°C to provide their



larvae a suitable habitat for survival and growth (Schaefer 2001). Despite the geographic and or
temporal limit on oceanic areas where reproduction is suitable, different life history strategies have
evolved throughout the tribe. For example, some populations of Yellowfin and Bigeye Tuna have
been known to spawn throughout the year in certain areas (Kikawa 1966, Suzuki 1994), while
other species, such as those in Auxis and Euthynnus, reproduce seasonally (Schaefer & Marr 1948).
Other species of tunas (e.g., T. thynnus) migrate during certain times of the year to spawn in more
favorable environments than their typical feeding grounds (Rooker et al. 2007).

Similar to other teleosts, tuna larvae experience high mortality rates (Strasburg 1959,
Allman & Grimes 1998, Lehodey 2008, Satoh et al. 2008), but tunas have evolved several
adaptions to increase larvae survival. These adaptions include the ability for larvae to elevate
muscle temperature (Dickson 1994), reduce starvation via cannibalism (Reglero et al. 2011), diel
movements (Tim et al. 1990), selection of relatively high energy prey items (Purcell et al. 2005),
the development of an advanced visual system (Margulies 1997), and the adoption of behavioral
traits associated with food-limited environments (Llopiz et al. 2010). A notable feature of tuna
larvae, is the partitioning of the environment when different species live in sympatry (Boehlert &
Mundy 1994, Llopiz et al. 2010, Koched et al. 2013). This splitting of resources is also mirrored
in adult populations (Bernal et al. 2017).

It is hypothesized that the diversification and radiation of tunas was facilitated by the mass
extinction event during the Cretaceous-Paleogene (K-T; Carrol 1988, Monsch 2000). This event
drastically reduced competitors and predators, subsequently increasing the abundance of resources
available to the tunas (Dickson & Graham 2004, Friedman 2009, 2010, Near et al. 2013). At the
end of the Cretaceous, changing ocean temperatures aided in the diversification of teleosts in

general (Graham & Dickson 2004, Near et al. 2013). In addition to decreased competition, the



alteration of their environment through ocean cooling, gyre and thermohaline modification, and
the development of new upwelling zones, may have allowed the ancestral tunas to evolve
adaptations that contributed to their successful distribution on a global scale (Dickson & Graham
2004, Graham & Dickson 2004, Kumar & Kocour 2015). These hypotheses have resulted in the
interpretation of Thunnus evolution, and thus phylogenies, in light of the niche expansion
hypothesis, with tropical species considered primitive, and adaptations towards temperate
environments, derived (Finnerty & Block 1995).

The fossil record of tunas extends back to the Paleocene Period (55-65 Ma), suggesting
that the common ancestor to all tunas lived in tropical waters as these fossils date back prior to the
cooling of ocean temperatures during this epoch (Graham & Dickson 2000, Dickson & Graham
2004, Monsch 2006). Despite some pronounced differences in size, and other morphological and
physiological characteristics (Altringham & Shadwick 2001, Graham & Dickson 2001, Westneat
& Wainwright 2001), most tunas occupy tropical and temperate waters as far as 45°N and S (Boyce
2004, Kumar & Kocour 2015). The ecological roles of tunas vary based on their life history
(Dickson & Graham 2004, Graham & Dickson 2004, Ménard et al. 2006, Pethybridge et al. 2018).
Smaller species, such as Little Tunny (Euthynnus alletteratus) or Blackfin Tuna, may occupy
different trophic chains during their life cycle (Moore 2014) despite being considered a prey item
to larger marine predators (Adams & Kerstetter 2014). Several species of tuna are regarded as
apex-predators, while simultaneously being identified as prey items to sharks and killer whales
(Guinet et al. 2007, Bonfil et al. 2008). Regardless of whether a tuna is categorized as an apex-
predator, demonstrating top-down control (Varela et al. 2011), or supporting a higher trophic level
(Hunsicker et al. 2012), tunas are critical in maintaining current ecosystem dynamics (Hinke et al.

2004).



Tunas are thought to have evolved from a common ancestor; however, each species of tuna
displays a unique set of physiological and behavioral adaptations that allows it to expand its niche
horizontally and vertically from the tropical environment, to colder environments (Bernal et al.
2017). Investigations on the distribution of marine fauna have shown that thermoclines do have
direct and indirect effects on a species’ range (Inagake & Hirano 1983, Houghton 1988, Roden &
Raine 1994, Spear et al. 2001, Cartamil et al. 2011, Atienza et al. 2016). Species in Auxis and
Euthynnus consistently remain above the thermocline, while some more advanced tunas are able
to go beyond the thermocline for either short or extended periods (Block et al. 1997, Kitagawa et
al. 2007, Schaefer & Fuller 2010, Bernal et al. 2017). This characteristic has allowed some species
of tunas to travel to different regions of the ocean (vertically and horizontally) in search of
resources (Kitagawa et al. 2004, Schaefer et al. 2009, Aranda et al. 2013).

Although the depth at which a thermocline is present is not temporally or spatially constant,
the habitats beyond these boundaries often pose several challenges to the organisms living within
them. In marine environments, thermoclines have been documented at depths as shallow as 20
meters (Leifer & Judd 2002), and as deep as 1,000 meters (Brink 1989). The difference between
surface and bottom water temperatures separated by a thermocline can be greater than 20°C
(Conkright et al. 1998), making ventures or habitation beyond the thermocline demanding for
organisms without specialized adaptations (Carey et al. 1971, Pavlov et al. 2000, Werner &
Buchholz 2013). Of these adaptations, thermoregulation is one that is been reported in a variety of
taxa, including teleosts (Carey & Teal 1969, Block 1991, Holland & Sibert 1994), elasmobranchs
(Goldman 1997, Goldman et al. 2004), mammals (Laidre et al. 2003, Baylis et al. 2008), and birds

(Ropert-Coudert et al. 2006, van Eeden et al. 2016).



All tuna species have the ability to generate heat by continuously swimming and
maintaining metabolic heat within their red muscle (RM) (Graham & Dickson 2001). The relative
amount and position of RM varies between tuna species, with the smaller species having
proportionally more RM than larger species (Graham et al. 1983, Graham & Dickson 2001, 2004).
The speed of contraction for RM in tunas is temperature dependent (Dickson 1996), which
promotes propulsion through the water as their body remains stiff and movement is primarily
generated through the tail (Altringham & Shadwick 2001, Graham & Dickson 2004).

These characteristics give tunas a high metabolic rate when compared to other teleost (Korsmeyer
& Dewar 2001), likely contributing to the radiation of tunas to different niches in search of
resources (Ciezarek et al. 2019).

As depth increases, the amount of visible light decreases exponentially (Lythgoe 1988).
This has led several marine fauna to evolve traits such as light organ systems (McFall-Ngai &
Montgomery 1990), proportionally large mouths (McLellan 1977), specialized olfaction structures
(Jumper Jr & Baird 1991), and comparably large eyes (Nilsson et al. 2012) in order to inhabit deep
waters. One notable species within Thunnini is Bigeye Tuna, which makes frequent dives below
the thermocline (Schaefer & Fuller 2010). As their name implies, these tunas possess relatively
large eyes that are predicted to aid in the location of prey items at depths with low visibility
(Somiya et al. 2000). Given this characteristic, Bigeye Tuna behaves as a temperate species, yet
morphologically, as mentioned above, it shares several characteristics with the tropical tunas,
making Bigeye Tuna an intermediate between the two groups (Gibbs & Collette 1967, Le Gall et

al. 1976, Collette et al. 2001).
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Tuna Phylogenies in the Genomics Era

With tuna populations being increasingly affected by both overfishing and climate change,
it becomes relevant to characterize the genome of these fishes to be able to formulate predictions
about population status, geographic distribution, and the potential for their ecological roles to be
altered. The development of next-generation sequencing (NGS) has facilitated a rapid growth of
genomic and genetic research (Schuster 2007), with a number of implications in fisheries (Wenne
et al. 2007, Narum et al. 2013). To date, studies have applied genomic approaches with a focus on
population structure in tuna (for a review, see Kumar & Kocour 2015), with fewer investigations
directed towards identifying molecular differences between species. Although several approaches
have been made to understand the evolutionary history of tunas, their phylogeny remains up for
debate (Alvarado Bremer et al. 1997, Santini et al. 2013, Diaz-Arce et al. 2016, Ciezarek et al.

2019).

Objectives

This study aims to use double digest Restriction-site Associated DNA Sequencing
(ddRAD-Seq) data to detect genetic variants (alleles) between several members within the
Thunnini tribe in order to identify SNPs that can be used to better understand the evolutionary
relationships between tunas and provide an example of the ramifications of various bioinformatic

pipelines in a phylogenomic framework.

Objective 1: ldentify genome-wide loci useful to identify Thunnus spp. and reconstruct a

phylogeny based on genomic data using single nucleotide polymorphisms (SNPs).
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Hypothesis: Tunas have accumulated a suite of SNPs through random mutation and natural
selection after diverging from a common ancestor, that has led to the formation of each species.

These SNPs can be detected and used to delimit Thunnus species.

Obijective 2: Determine the controversial phylogenetic position of Bigeye Tuna in relationship to
the temperate (Bluefin Group) and the tropical (Yellowfin Group) tunas more closely related to
the temperate (Bluefin Group) or the tropical (Yellowfin Group) tunas.

Hypothesis: Recent genomic studies suggest the Bigeye Tuna reside within the Yellowfin Group

and a further insight into this specific topic can validate its phylogenetic position within Thunnus.

Obijective 3: Estimate the average rate of molecular evolution within Thunnus.
Hypothesis: Tunas are morphologically and genetically similar and will display a relatively slow

rate of molecular evolution when compared to other taxonomic groups.

Obijective 4: Offer a timeline of speciation within Thunnus based on a calibrated molecular clock
using a combination of fossil records and genomic data.
Hypothesis: Speciation events between the temperate and tropical tunas will coincide with historic

changes to ocean temperatures and circulation.
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CHAPTER II
THE EFFECTS OF MISSING DATA TREATMENT IN A REFERENCED-BASED

PHYLOGENOMIC ANALYSIS: RAD-TAGS SPECIES TREE OR CONCATENATION

Introduction

The availability of Next Generation Sequencing (NGS) has provided researchers the ability
to develop and test omics-related hypotheses at an unprecedent rate (Zhang et al. 2011, Koboldt et
al. 2013). As the price of sequencing per sample has decreased, the number of library preparation
methods have increased, with library designs focused on whole genome sequencing or other
methods geared towards specific regions within a genome (reviewed in Jiang et al. 2016).
Although a hypothesis may present clear goals, the appropriate sequencing approach may still
remain ambiguous (Scheben et al. 2017). When investigating non-model species, methods that
require no prior knowledge of the organism’s genome prove to be a useful tool towards obtaining
meaningful results (Burr et al. 1983, Andrews et al. 2016). Genotyping by sequencing (GBS)
approaches, include a variety of methods that provide an overall assessment of the genomic
variation of an organism. Most genomic variation is attributable to single nucleotide
polymorphisms (SNPs), which therefore, offer the highest resolution for tracking disease genes
and population history (Altshuler et al. 2000). Restriction-Site Associated DNA Sequencing
(RAD-Seq) is one of various methods available of reduced representation sequencing that has the
advantage over shearing methods of size-selection during library preparation of increasing the
potential to identify orthologs among samples by utilizing restriction endonucleases to generate

uniformly-sized small fragments required by many sequencing platforms (e.g., lllumina), while at
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the same time keeping assays affordable and without prior genomic resources for focal samples
(Baird et al. 2008).

Since its introduction, different variants of RAD-Seq have been introduced, each
possessing its own particular set of advantages and disadvantages (Andrews et al. 2014, Andrews
et al. 2016). Double digest Restriction-site Associated DNA Sequencing (ddRAD-Seq) is one of
these variants which involves a set of two restriction enzymes, a rare (e.g., six-base cutter) and a
common (four-base cutter), which when used in combination with unique adaptors to cut and
capture genomic regions flanking the restriction sites, allow the characterization of hundreds of
thousands of orthologous reads across a large number of individuals (Peterson et al. 2012). Initially
designed for intraspecific characterization of genomic variation, its utility in the field of
phylogenomics has been demonstrated (Leache et al. 2015, de Oca et al. 2017, Esquerré et al.
2019). Using RAD-Seq datasets has allowed the detection of introgression in freshwater fish
within the genus Rhodeus (Takahashi et al. 2020) and between different genera of sea turtles
(Arantes et al. 2020), as well as to delimit species of corals (Arrigoni et al. 2020) and newts
(Rancilhac et al. 2019), and to test phylogenetic hypotheses (de Oca et al. 2017, Near et al. 2018).

Despite the numerous benefits RAD-Seq provides researchers, each variant of RAD-Seq
is prone to different biases and issues (Puritz et al. 2014), particularly the dispersion of missing
data across samples (Arnold et al. 2013). Previous phylogenetic work has suggested that
researchers include missing sites within their datasets (Eaton et al. 2017), as the addition of more
data can provide enough phylogenetic signal to distinguish the focal taxa (Tripp et al. 2017);
however, this assumption has been questioned on whether the high node support is caused by true
phylogenetic signal or an artifact of missing data (Dell’Ampio et al. 2014). Possible sources of

missing data may be linked to true variations in the restriction sites of samples, preventing the
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capture of orthologous sites; howbeit, technical issues such as library preparation and inadequate
sequencing have been anticipated to have a larger effect on allelic dropout (Rivera-Colén et al.
2020). Regardless of these factors during sequencing, the quality of the tissue has a significant role
on whether the sample’s DNA is successfully extracted for downstream analysis and application
(Cho et al. 2017). This bestows a challenge to researchers investigating rare or endangered species
(Kohn & Wayne 1997), especially with organisms with few to no genomic resources (Ekblom &
Galindo 2011), and of specimens captured in the field at distant locations. While many species of
commercial fishes are freshly available through local fisheries, when dealing with highly migratory
fishes high quality tissue sample availability is often constrained by the large distances and long
periods (i.e., weeks to months) between date of capture and landing at port. While many vessels
freshly freeze the samples, the temperatures are often not sufficiently low to guarantee the integrity
of high molecular weight DNA. Further, even when observers are present to sample tunas on board
of vessels, it is not uncommon for fish captured in longlines to have spent considerable ‘soaking’
times already dead, often in warm waters, before the fishes are landed, resulting in degraded DNA
samples even if they are immediately preserved immediately in liquid nitrogen.

NGS has provided labs thousands of nucleotide sequences (Slatko et al. 2018), which has
driven the need for best practices on how to handle the battery of sequencing information (Van der
Auwera et al. 2013, Brownstein et al. 2014, Olson et al. 2015). With respect to RAD-Seq, studies
show that including more loci is only marginally beneficial when trying to differentiate populations
once a sufficient amount of polymorphic sites across samples have been identified (Wang et al.
2013, Diaz-Arce & Rodriguez-Ezpeleta 2019). Ideally, smaller datasets should contain enough
information to represent an unbiased assessment of the genetic variation contained throughout the

genome of the entire population while alleviating computational burden (Jeong et al. 2017). In
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contrast to the Sanger sequencing era, the large amount of data makes manual inspection of the
sequence reads impractical, compelling researchers to trust that any systematic errors are masked
by the data’s biological signal (Lemmon & Lemmon 2013). Methods such as the shortening of
sequence reads through trimming has indicated an improvement in the quality of the sequences in
both de novo and reference based methods (Chen et al. 2014), making this method favorable
towards decreasing systematic errors.

When genomic resources are not available for the specific species being investigated, many
researchers have been able to utilize genomic resources from related taxa (Clucas et al. 2016, Ng
et al. 2017, Wang et al. 2019, Ito et al. 2020). Despite potential issues of utilizing a reference
genome that may be too divergent from the target individuals (Ginther & Nettelblad 2019, Bohling
2020), references as divergent as confamilials produced reliable estimates of nucleotide diversity
and heterozygosity measurements (Galla et al. 2019). Aligning to a reference genome does not
insure the absence of missing data, and best practices, such as the trimming low quality bases, are
still recommended when implementing these types of approaches (Torkamaneh et al. 2016).
However, the use of a reference helps minimize the presence of extraneous sequences resulting
from contamination, and provides a certain level of assurance about the inclusion of orthologous
loci in the analyses. Another issue to consider when dealing with multi-locus data in
phylogenomics is whether to treat each locus separately (partitioning), or whether all the loci
should be treated as a single locus (concatenation) when assessing phylogenies (McVay &
Carstens 2013).

Concatenation methods strive towards maximizing phylogenetic signal while neglecting to
take into account independent genealogies (Gadagkar et al. 2005), while species tree schemes take

into account separate gene histories (i.e., gene trees), which may not reflect the true species history
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(Degnan & Rosenberg 2009). Both approaches remain vulnerable to biological phenomenon such
as incomplete lineage sorting (ILS; Warnow 2015), introgression (McVay et al. 2017), and
recombination (Maddison 1997, Thiergart et al. 2014). Although studies are limited, both methods
have produced similar results empirically (Townsend et al. 2011, Thompson et al. 2014) and
through simulations (Tonini et al. 2015). Empirical evidence has also demonstrated that these
methods can produce opposing topologies using the same dataset (Xi et al. 2014). While both
methodologies have their advantages and disadvantages (McVay & Carstens 2013), both strategies
are still vulnerable to biases caused by missing data (Hosner et al. 2016), and the effects of these
needs to be investigated.

Using several members of Thunnini, this study seeks to demonstrate the utility of the
reduction of missing data generated using a confamilial reference and manual curation of RAD-
Seq data, to identify phylogenetically informative sites for a commercially and ecologically
important taxonomic group (Macfadyen & Defaux 2016, ISSF 2018, Tidd et al. 2018). Since tunas
have been documented to have high levels of genetic similarity within but not across genera (Chow
& Kishino 1995), they serve as an excellent example to test for the effects of missing data on tree
topologies. Although previous work has been conducted towards testing concatenation versus
species trees schemes in regards to missing data (Hosner et al. 2016), this study seeks to minimize
missing data using two approaches: by requiring locus presence across samples and by minimizing
missing sites within shared loci. As technologies such as ddRAD-Seq improve in the amount of
sequences generated, manual inspection of putative loci is becoming less routine (see Lemmon &
Lemmon 2013). The need for manual inspection of NGS data has been recognized (Cantalupo &
Pipas 2019), further warranting the need of proper guidelines towards data processing and validity.

Given that RAD tags are of relatively small size when compared to entire genes, it is hypothesized
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that concatenation methods would produce phylogenetic trees with greater branch support than
species tree methods due to the overall phylogenetic signal, with even greater support when

missing data is minimized.

Materials and Methods
Sample Collection and DNA Isolation

In this study, seven species of tuna differing in migratory behavior, trophic ecology,
generation rate, longevity, and metabolic rate were chosen for ddRAD-Sequencing (Young &
Davis 1990, Block et al. 1993, Korsmeyer & Dewar 2001, Schaefer 2001, Graham & Dickson
2004, Schaefer et al. 2009). The individuals chosen for sequencing consist of the following species:
Atlantic Bluefin Tuna (Thunnus thynnus), Bigeye Tuna (T. obesus), Yellowfin Tuna (T.
albacares), Blackfin Tuna (T. atlanticus), Albacore Tuna (T. alalunga), Skipjack Tuna
(Katsuwonus pelamis), and Little Tunny (Euthynnus alletteratus). All the species were represented
by a single individual with the exception of Bigeye Tuna, Yellowfin Tuna, and Little Tunny. Here,
four Bigeye Tuna samples, three Yellowfin Tuna samples, and two Little Tunny samples were
processed for DNA extraction and isolation, resulting in a total of 13 samples.

Prior to the start of the investigation, several DNA isolation methods were implemented
for each sample in order to produce the highest quality sequences, where the isolation with the
highest yield was chosen for sequencing. DNA isolation methods consisted of phenol-chloroform
extraction (Sambrook et al. 1989), Qiagen Gentra Puregene Kit (Qiagen, Inc. Valencia, CA), and
Zymo Quick-DNA Universal Kit (Zymo Research, Irvine, California, USA) protocols. Following,
5 uL of the DNA isolates were subject to gel electrophoresis. Ethidium bromide was used to stain

the 1% tris-acetate (TA) agarose gel to assess DNA quality and quantity under a UV
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transilluminator. A Qubit 2.0 fluorometer was used to quantify the amount of DNA per isolation
following the manufacturer’s recommendations (Life Technologies, Grand Island, NY, USA)
implementing the Qubit dsDNA HS Assay kit (Invitrogen, MA), whereas a NanoDrop® 2000
Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA) was used to evaluate
the purity of the isolations. The DNA extracts were then sent to the Texas A&M AgriLife
Genomics and Bioinformatics facility (Texas A&M, College Station, TX) for additional quality
and quantity evaluation using a Fragment Analyzer (Advanced Analytics), library preparation, and
paired-end ddRAD-Sequencing using the Mspl and Pstl restriction enzymes for digestion
(Appendix A). Thunnus samples were sequenced in 2015 on an Illumina HiSeq 2500, while the
other two genera were sequenced in 2018 on the Illumina NovaSeq platform. Table 1 presents a
synopsis of the sample’s information.

Table 1: Samples used for analyses, species of the sample, regions from which samples were
collected, year of collection, and year sequenced.

Sample Species Region of Collection Year of Collection ~ Year Sequenced
Tobe0003 Thunnus obesus North Atlantic 1993 2015
Tobe0007 Thunnus obesus North Atlantic 1993 2015
Tobe0008 Thunnus obesus North Atlantic 1993 2015
Tobe0012 Thunnus obesus North Atlantic 1993 2015
Talb0566 Thunnus albacares Gulf of Mexico 2003 2015
Talb0569 Thunnus albacares Gulf of Mexico 2003 2015
Talb0577 Thunnus albacares Gulf of Mexico 2003 2015
Tatl0028 Thunnus atlanticus North Atlantic 1998 2015
Tala0277 Thunnus alalunga Atlantic Ocean 1994 2015

Tthy906 Thunnus thynnus lonian Sea 1999 2015
Kpel0001 Katsuwonus pelamis North Pacific 1998 2018
Ealt0001 Euthynnnus alletteratus North Atlantic 1998 2018
Ealt0002 Euthynnnus alletteratus North Atlantic 1998 2018

Read Assessment and Clustering
The raw reads were demultiplexed, implementing the bcl2fastqg Conversion Software

(https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-
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software.html), subjected to cutadapt 1.8 (Martin 2011) for barcode removal, and assessed for
quality using FastQC (Andrews 2010) by the sequencing facility prior to the release of the
sequence reads to the investigators. Once the sequences were obtained, a sliding window was used
to remove low quality sequences when a window comprising of 15% of the sequence contained an
average lower than a 10 phred score, using the process_radtags.pl script from the STACKS v2.3
suite (Catchen et al. 2013, Rochette et al. 2019). Paired-end data generated in 2015 had forward
and reverse reads split into separate files depending on the barcode used for the loci, resulting in
two files per read direction. Files from the same sample and direction were compiled together in
order to standardize the bioinformatic workflow.

In order to identify phylogenetically informative reads across the taxa, the sequences were
aligned to the T. orientalis reference genome (Accession GCA_009176245.1; Suda et al. 2019)
using ipyrad v.0.9.33 in “pairddrad” mode (Eaton & Overcast 2020). To ensure an adequate
amount of representation for each species, every sample with the exception either of the E.
alletteratus samples was required to contain the locus in order for the locus to be incorporated into
the final assembly. The ipyrad software merges paired-end reads using VSEARCH (Rognes et al.
2016) prior to mapping reads against a reference genome, in which it implements bwa v0.7.017
(Li & Durbin 2010) and bedtools v2.29.2 (Quinlan & Hall 2010) to account for genomic features
such as indels. MUSCLE v3.8.1551 (Edgar 2004) was then employed to align clustered sequences

for the final assembly.

Loci Selection
To further minimize missing data in the assembly and increase the number of tuna species

in the assembly, orthologs from the Pacific Bluefin reference genome were incorporated into the
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assembly and loci that either were not shared between all 13 sequenced samples or contained at
least 60% missing sites for seven or more samples were removed. Separate loci may possess
different amounts of phylogenetic information and experience contrasting genealogies (Deghan &
Rosenberg 2009, Yoder et al. 2013). Furthermore, orthologs may not necessarily evolve
equivalently after divergence (Heger & Ponting 2007). As this study’s purpose is not to resolve
the phylogenetic relationships between scombrid members, but aims to demonstrate the
implications of certain treatments on the sequence data, only a subset of informative loci were
selected.

The Neighbor-Joining (NJ) method rapidly constructs phylogenies while allowing rate
variation between branches (Saitou & Nei 1987), which may be practical when analyzing
relatively young lineages (Masta 2000, Mihaescu et al. 2009). NJ trees for each locus were
assembled using the R packages ape (Paradis et al. 2004, Paradis & Schliep 2019) and Phangorn
(Schliep 2011, Schliep et al. 2016) in R (Team 2013). Ten loci that exhibited differentiation
between species were selected and imported into MEGA X (Kumar et al. 2018) for manual
trimming. Positions where seven or more samples contained an “N” were removed, with the
exception of regions filled with Ns linking forward and reverse reads, in which three Ns were left

as a remnant of these features.

Phylogeny Construction

Loci within both untrimmed and trimmed datasets were concatenated and subjected to a
jModelTest (Posada 2008) in the R environment using the software Phangorn. Model selection
was based on a shared top model between the two dataset when models are sorted primarily by the

corrected Akaike Information Criterion (AlCc; Akaike 1973, Sugiura 1978, Hurvich & Chih-Ling
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1989) and secondarily by the Bayesian Information Criterion (BIC; Schwarz 1978) in increasing
order for a fair comparison. To evaluate the efficacy of the trimmed loci compared to the
untrimmed loci, phylogenies were inferred using 1QTree2 (Minh et al. 2020) using a HKY
(Hasegawa-Kishono-Yano) model (Hasegawa et al. 1985) with the parameters employing a
gamma distribution (G) and the consideration of invariant sites (I) was used to create two
phylogenetic trees following either a concatenation and species tree method for comparison. A
series of 10,000 ultrafast bootstraps (Hoang et al. 2018) were implemented to assess branch
support for each tree.

Previous work has shown that members of Thunnus are exceptionally similar
morphologically (Gibbs & Collette 1967, Collette 1979) and genetically (Chow & Kishino 1995).
The design of the NJ method is intended to produce unrooted phylogenies (Saitou & Nei 1987),
which may not be appropriate when including highly divergent taxa (Zhang et al. 2014). Given
this information, tree construction of untrimmed vs trimmed, and concatenation vs partitioning
schemes were repeated using only Thunnus samples. Nucleotides were re-ran through the
jModelTest to determine the whether the model selected when including all 14 samples was
considered a top model for the Thunnus dataset following the same criteria in model ranking to

increase comparability between results.

Results
Read Assessment and Clustering

The number of sequences generated per sample varied remarkably, with one sample only
containing approximately 3.6% of the same amount of reads as the sample with the greatest amount

of sequences retrieved (Figure 1). Altogether, 46,112,168 sequence reads were available for
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analysis. An average of 909 reads were removed per sample following QC using
process_radtags.pl, resulting in 46,100,348 radtags remaining (Figure 1). After alignment and

clustering using the ipyrad pipeline, the data assembly resulted in 92,575 nucleotide sites

representing 241 individual loci.
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Figure 1: The number of reads across all sequenced samples before and after assessing the
quality of the data by implementing process_radtags.pl. Bars are labeled at the bottom with the
sample name, and at the top with the number of reads at both stages of the pipeline.

Loci Selection

Examination of the ipyrad assembly revealed 14 loci where the 13 sequenced individuals
did not all contain information. Additionally, 20 loci (one of which is not genotyped for all 13
sequenced samples) were found to be of low quality (missing sites composing equal or greater than
60% of the locus across seven or more samples). Once these loci were removed from the dataset,

208 loci were retained, representing 79,978 nucleotide sites across all 14 samples. The majority of
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the remaining loci did not show strong phylogenetic differentiation between species (Figure 2).
NJ trees for loci numbers 10, 13, 38, 60, 89, 114, 170, 188, 195, and 237 were inferred to contain
informative phylogenetic signal towards species delimitation within tunas. These ten loci
amounted to 3,336 total sites, with all samples containing at least two-thirds of its bases genotyped.
Post trimming resulted in a reduction to 2,407 sites, with the greatest percentage of missing data

found to be roughly 4.61% for one sample.
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Figure 2: Unrooted Neighbor-Joining (NJ) trees for all 208 loci retained after filtration of low
quality and unshared loci. Ten loci (trees colored in dark red) demonstrate structuring across
species and were selected for further analysis.
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Phylogeny Construction

An HKY+G+I was found in the top five models when using the untrimmed and trimmed
loci for the 14 samples. When excluding the Euthynnus and Katsuwonus genera, this model
remained a shared top (within top 10) model between both Thunnus datasets. In regards to the
untrimmed and trimmed datasets for all 14 samples, the topologies produced were all similar with
the exception for the tree produced through gene partitioning using the trimmed assembly (Figure
3), which shows paraphyly between the tropical and temperate tunas (see Chapter 2). There are
slight improvements in branch support on a few nodes between trees shown in Figure 3A and
Figure 3B using a concatenation approach, with more branches seeing a decrease in branch
support post trimming. When comparing the trees generated using the untrimmed data between
the concatenation and partitioning method, nodes tend to encompass higher branch support for a
similar topology following a partitioning scheme as opposed to when the loci are concatenated.

The omission of the Little Tunny and Skipjack Tuna samples resulted in comparable tree
topologies for the Thunnus dataset regardless of the approach used (Figure 4). Branch support and
lengths were also found to be relatively equivalent across trees (Figure 4). The longest branch for
all four trees is representative of the Pacific Bluefin Tuna, followed by the branch leading to the
Bluefin Tuna group (Pacific + Atlantic; Figure 4). The scale bars for trees in Figure 4 also show
a six-fold reduction in distance measured once the Euthynnus and Katsuwonus individuals were

removed.
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Figure 3: Trees A-B represent species trees generated through concatenation (A & B) or partitioning (C & D) of either the untrimmed
(A & C) or trimmed (B & D) dataset containing genera Thunnus, Euthynnus, and Katsuwonus. The tree depicted in D is the most distinct
of the four trees, where the Blackfin Tuna sample is now more closely related to the Pacific Bluefin Tuna. Branch support is not high
(< 95) for most branches for all four trees, but topologies are generally consistent across treatments.
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Figure 4: Trees produced across four different treatments using only the Thunnus samples. Trees A and C were generated following a
concatenation methodology, while trees B and D followed a partitioning scheme. Despite the disparities in the number of sites
representative per sample, the HKY+G+1 model was able to recreate equivalent trees for all four analyzes.
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Discussion

The introduction of NGS technology has greatly benefited the field of biology (Zhang et
al. 2011, Koboldt et al. 2013); however, the plethora of information has presented researchers a
number of challenges (Editorial 2009, Ruffalo et al. 2011, Muir et al. 2016). Experiments often
begin with large datasets that are filtered down to reduce noise, preserving enough data
representing the biological signal pertaining to the experiment’s objectives (Edgar & Flyvbjerg
2015, Laehnemann et al. 2016). Although common quality checking and data merging methods
exist, there is no consensus on a standard pipeline (Davis-Turak et al. 2017). Here, we demonstrate
that different methodologies can result in similar results when the phylogenetic signal is strong.

Samples sequenced on the same machines often result in disproportional amounts of
information, which can be attributed to a number of factors (Hicks et al. 2018, Rivera-Colon et al.
2020). Despite the large disparity in sequences retrieved between samples, this study was able to
capture phylogenetically informative markers across relatively recent (Santini et al. 2013) and
divergent taxa (see Graham & Dickson 2004). The phylogeny of tunas remains subject to debate;
however, the majority of Thunnus spp. have been categorized into the Bluefin or Yellowfin Group
(Sharp & Dizon 1972, Collette et al. 2001, Diaz-Arce et al. 2016, Ciezarek et al. 2019). Using this
topology as a proxy, we find the reduction in the dataset is able to differentiate these different
taxonomical groups (Figures 3 and 4) despite some of these organisms being reported as
remarkably genetically similar (Sharp & Dizon 1972, Chow & Kishino 1995, Pujolar et al. 2003).

Similar to what other studies have concluded (Lemmon & Lemmon 2013, Davis-Turak et
al. 2017), this investigation illustrates that there is no single pipeline that can be implemented
towards NGS projects. Sequencing errors and biases are known contributors towards data

heterogeneity (Johnson & Slatkin 2008, Taub et al. 2010), making biological heterogeneity
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difficult to precisely characterize. For simplicity, this analysis selected a subset of reads (140 and
110 for the full and Thunnus datasets respectively) that would minimize missing data and
maximize phylogenetic signal in order to better qualitatively assess the implementations of two
commonly used approaches in phylogenomics: concatenation and species tree/gene trees methods.
While manual selection of a particular set of loci satisfying a priori is not encouraged for empirical
studies (Peterman et al. 2016, Baxter 2020), especially when results are not confidently known
beforehand, selection of such data allows for the examination of phylogenetic signal through
different modelling schemes.

With the exception of one tree (Figure 3D), the topologies produced, regardless of
treatment method following the HKY+G+I model, were similar (Figures 3 and 4). In spite of
Figure 3C containing more missing data than Figure 3D, their analogous topologies render
support towards the inclusion of missing data during phylogeny reconstruction (Eaton et al. 2017,
Hodel et al. 2017). Figure 3D displayed the most dissimilar topology and was constructed with 10
loci ranging in lengths of from 127 to 255 basepairs (bp). Genes have been documented up to
lengths of greater than 2 million bp (Piovesan et al. 2019), suggesting that when considered
separately (i.e. through partitioning), short loci may not provide enough phylogenetic signal to
overcome systematic errors in the assembly of the data or differentiate taxonomic groups (Xi et al.
2015).

Heterogeneity in the amount of information per sample post sequencing is a known issue
(Hicks et al. 2018, Cerca et al. 2020), with rare, informative alleles likely not captured in relatively
under sequenced samples (Marroni et al. 2011). This possibility is even greater when applying
reduce representation methods (DaCosta & Sorenson 2014). Using ddRAD-Sequencing, this study

was able to identify relevant phylogenetic markers across a number of ecologically and
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economically species (Hinke et al. 2004, Fromentin & Powers 2005, Pillai 2009, Macfadyen &
Defaux 2016), while illustrating the utility of a unbalanced dataset across several methodologies.
Although manual inspection of millions of sequence reads is impractical, researchers should
evaluate and test their data when practical to ensure results are not subjected to systematic errors,

producing false signals of differentiation across samples.
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CHAPTER IlI

ESTIMATING THE MOLECULAR EVOLUTIONARY RATE WITHIN TUNAS

Introduction

The ability to detect molecular variants in the form of single nucleotide polymorphisms
(SNPs), insertions-deletions (INDELS), and inversions as aided researchers in understanding the
evolutionary history for numerous organisms (see Delsuc et al. 2005). Restriction-site Associated
DNA Sequencing (RAD-Seq; Baird et al. 2008) has emerged as the alternative of choice for
population and systematic studies of natural populations due to the ample unbiased coverage of
the genome that improve the chances of characterizing ortholog sequences among samples of
individuals of the same species, or among samples of different species. RAD-Seq has the
advantage of being affordable, allowing the researcher to sequence large sample sizes at relatively
low cost (Baird et al. 2008). Restriction endonucleases are used to generate a large number of
fragments uniform in size (< 500 basepairs) that are amenable to current sequencing platforms
(e.g., llumina). Adaptors containing barcodes can be attached to DNA strands that allow sample
identification, permitting multiple samples to be sequenced at once. Applying this approach allows
the capture of orthologous loci between samples, providing investigators pertinent data for
molecular marker detection and identification without the need of a reference genome.

Since its introduction, RAD-Seq has served as a basis for the development of other
alternative reduced representation sequencing methods. Newer technologies include double digest
RAD (ddRAD; Peterson et al. 2012), ezRAD (Toonen et al. 2013), 2b-RAD (Wang et al. 2012),
and 3RAD (Glenn et al. 2017). These protocols vary in sample and library preparation, giving

researchers options ranging from the number of restriction enzymes used, to the target volume of
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sequence data estimated to be generated after sequencing. For example, ddRAD uses two
restriction enzymes to cut the genome and avoids random shearing, improving some of the short
comings of the original RAD-Seq protocol. Although each method encompasses its own
advantages and disadvantages, the detection of molecular variance between focal groups generally
remains the objective of their design (Andrews et al. 2016).

RAD-Seq is often employed in the investigation of natural populations (Davey & Blaxter
2010), with the capability of revealing population structure (Blanco-Bercial & Bucklin 2016,
Vendrami et al. 2017), detecting gene flow (Dierickx et al. 2015), and identifying putative loci
under selection (Benestan et al. 2016). Outside of population genomics, RAD-Seq has also been
applied in the field of phylogenomics, resulting in the detection of introgression (Eaton & Ree
2013, Hou et al. 2015), species delimitation (Razkin et al. 2016), and to resolve phylogenetic
relationships (Darwell et al. 2016, Near et al. 2018). Phylogenomic analysis using RAD-Seq
technologies has been applied on a variety of taxonomic groups, including divergences as old as
68 Ma (Herrera et al. 2014), or as recent as 15,000 years (Wagner et al. 2013). While missing data
is an issue when applying RAD-Seq approaches to survey phylogenies (Rubin et al. 2012), a
number of studies have been able to resolve phylogenetic relationships with a relatively high
percentage of missing data (Huang & Knowles 2016, Eaton et al. 2017, Hodel et al. 2017, Tripp
et al. 2017), and produce results that have similar resolving power as other sequencing approaches
(Leache et al. 2015, Manthey et al. 2016).

Prior to the development of NGS and newer technologies (e.g., 4" generation sequencing),
researchers have investigated the intraspecific relationships of tunas using a suite of molecular
markers including restriction fragment polymorphisms (RFLPs; Chow & Inoue 1993), allozymes

(Sharp & Pirages 1978, Elliott & Ward 1995, Ward et al. 1995), mitochondrial genes (Block et al.
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1993, Block & Finnerty 1994, Chow & Kishino 1995, Alvarado Bremer et al. 1997), and
microsatellites (Takagi et al. 1999). In spite of decades of research, the phylogenetic relationships
of tunas remains controversial, and several competing phylogenies have been proposed (Chow &
Kishino 1995, Tseng et al. 2012, Santini et al. 2013, Diaz-Arce et al. 2016, Bayona-Vasquez et al.
2017, Ciezarek et al. 2019). Recently Diaz-Arce et al. (2016) produced a highly supported tree
using RAD-Seq; however, even though de novo assemblies have produced similar results to
referenced based methods (Fitz-Gibbon et al. 2017), the exclusion of unidentified paralogs in their
analysis cannot be ruled out.

In addition to Tribe Thunnini sharing many morphological characteristics (Sharp & Dizon
1972), they are more similar genetically than other examples of congeneric teleosts (Chow &
Kishino 1995, Elliott & Ward 1995). Speciation can occur at different time scales, with anagenesis
requiring a couple thousands of years (Momigliano et al. 2017), or millions of years (Lalu et al.
2010). These speciation events are expected to be coupled with changes to the organisms’
genomes; however, phenotypic divergence is not always coupled with molecular divergence
(Sturmbauer & Meyer 1992, Meyer 1993), just as phenotypic convergence is not necessarily
mirrored by molecular convergence (Corbett-Detig et al. 2020), and not all genes are equally
involved in the process (Coyne 1992). Given that tunas are morphologically similar (Sharp &
Dizon 1972, Collette et al. 2001, Graham & Dickson 2004) and considered a relatively recent
lineage (Santini et al. 2013, Ciezarek et al. 2019), members of Tribe Thunnini serve as an excellent
model towards better understanding the micro and macroevolutionary mechanisms operating in
marine teleosts. Given that adaptability is presumed to aid a species or population evade extinction
(Hoffmann & Sgro 2011), estimating the rate members of Thunnus evolve is a crucial component

when developing fisheries models. The purpose of this study is three-fold. First, to reconstruct the
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Thunnus phylogeny to test whether the origin of temperate (Bluefin Group) and tropical tunas
(Yellowfin Group) are reciprocally monophyletic. Second, to determine whether Bigeye Tuna is
more closely related to the Bluefin Group, as per morphological interpretations, or to the Yellowfin
Group as suggested by mtDNA gene trees. The third aim of this study is to utilize SNPs contained
in loci obtained using ddRAD-Sequencing across several Thunnus species to provide an estimate
of their molecular evolutionary rate. Altogether, we speculate that Bigeye Tuna will be nested
within the Yellowfin Group, which together with the temperate tunas, will demonstrate a relatively

slow rate of molecular evolution.

Materials and Methods
Sample Collection and DNA Isolation

A total of 10 samples, representing five species of tuna, were selected for DNA isolation
and sequencing (Table 2). Although the sample sizes are small, sample sizes as low as two
individuals have been demonstrated to produce reliable estimates, such as Fs values, when using
greater than 1,000 bi-allelic markers (Willing et al. 2012, Nazareno et al. 2017), and are able to
resolve phylogenetic relationships within populations (Guo et al. 2019); accordingly, small sample
sizes may be sufficient to resolve species-level relationships. Samples were collected from Bigeye
Tuna, Albacore Tuna, and Blackfin Tuna from the Atlantic Ocean. Yellowfin Tuna samples were
collected in the Gulf of Mexico, and the Atlantic Bluefin Tuna sample was obtained from the
lonian Sea. The reference genome for the Pacific Bluefin Tuna (T. orientalis) was obtained from
GenBank (Accession GCA_009176245.1; Suda et al. 2019). Although some samples were
collected two decades prior to sequencing, age estimation of tunas have been recorded at longer

timespans (Gunn et al. 2008, Shimose et al. 2009). Along with the large effective population sizes
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of tunas (Ely et al. 2005) and their predicted mutation rate (Alvarado Bremer et al. 2005), twenty
years does not present a sufficient amount of time for novel adaptations to become fixed in these

populations.

Table 2: Thunnus samples used for analyses, species of the sample, regions from which samples
were collected, year of collection, and year sequenced.

Sample Species Region of Collection Year of Collection Year Sequenced
Tobe0003 Thunnus obesus North Atlantic 1993 2015
Tobe0007 Thunnus obesus North Atlantic 1993 2015
Tobe0008 Thunnus obesus North Atlantic 1993 2015
Tobe0012 Thunnus obesus North Atlantic 1993 2015
Talb0566  Thunnus albacares Gulf of Mexico 2003 2015
Talb0569 Thunnus albacares Gulf of Mexico 2003 2015
Talb0577  Thunnus albacares Gulf of Mexico 2003 2015
Tatl0028 Thunnus atlanticus North Atlantic 1998 2015
Tala0277 Thunnus alalunga Atlantic Ocean 1994 2015

Tthy906 Thunnus thynnus lonian Sea 1999 2015

DNA was isolated using a variety of methods in order to maximize DNA quality and yield
(see Appendix B). These methods include the use of a Qiagen Gentra Puregene Kit (Qiagen, Inc.
Valencia, CA), a Zymo Quick-DNA Universal Kit (Zymo Research, Irvine, California, USA), and
a phenol-chloroform extraction protocol (Sambrook et al. 1989). The quality and quantity of
supercoiled DNA was evaluated via electrophoresing of 5 uL of DNA isolate through 1% tris-
acetate (TA) agarose gels stained with ethidium bromide (EtBr) followed by digital documentation
through a UV transilluminator. The purity of the DNA extracts was assessed for purity using a
NanoDrop® 2000 Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA), and
the amount of DNA was quantified using a Qubit 2.0 fluorometer following the manufacturer’s
recommendations (Life Technologies, Grand Island, NY, USA) with the Qubit dsSDNA HS Assay

kit (Invitrogen, MA).
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Double-Digested Restriction-Site Associated DNA (ddRAD) Sequencing

DNA samples that met the minimum standards of concentration (> 50 ng/uL) and purity
(OD260/OD2go & OD260/OD230 =~ 1.8) required for massive parallel sequencing were sent to Texas
A&M AgriLife Genomics and Bioinformatics facility (Texas A&M, College Station, TX) for
library preparation and paired-end ddRAD sequencing using restriction enzymes Mspl and Pstl
(Appendix A). These enzymes were chosen owing to demonstrating the ability to producing a
desirable amount of fragments of the correct size to generate genomic data in marine fishes

(Herrera et al. 2015). Tuna samples were then sequenced on an Illumina HiSeq 2500.

ddRAD Loci Assembly

Raw reads were demultiplexed using the bcl2fastq Conversion Software
(https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-
software.html), had barcodes removed using cutadapt 1.8 (Martin 2011), and quality checked
using FASTQC (Andrews 2010) at the AgriLife Genomics and Bioinformatics facility (Texas
A&M, College Station, TX). Post demultiplexing, the data was checked for demultiplexing
balance, rate of prefiltering, and the presence of the technical adapter sequence at the ends of the
reads. Sequences were then made available for investigation.

Errors in bioinformatic processing are recognized for negatively affecting loci recovery in
ddRAD-seq (DaCosta & Sorenson 2014). For further refinement, reads were processed using
process_radtags.pl in STACKS v2.3 (Catchen et al. 2013, Rochette et al. 2019). During this
process, a sliding window evaluating 15% of the read’s sequence was used to drop low quality
sequences containing an average phred score < 10 in a window, and once low quality reads were

removed, forward and reverse reads were phased. Given the current technology at the time, the
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samples sequenced resulted in an additional file per pair-end, consisting of sequences possessing
the alternative barcode during sequencing. FASTQ files of forward reads (R1) were added with
forward reads from the same sample containing the alternative barcode, incorporating all forward
reads of one sample into one file. The same process was replicated for reverse reads (R2).

Processed sequences were then aligned to the T. orientalis genome (Accession
GCA 009176245.1; Suda et al. 2019) using the “reference” method in ipyrad v.0.9.57 (Eaton &
Overcast 2020). “pairddrad” was set as the datatype and to ensure an adequate amount of
representation for each species, every sample was required to contain the locus in order for the
locus to be processed in the final assembly. The remaining parameters were kept at default. Briefly,
bwa v0.7.17 (Li & Durbin 2010) and bedtools v2.29.2 (Quinlan & Hall 2010) were used by ipyrad
to map reads that were merged using VSEARCH (Rognes et al. 2016) onto the reference genome
to generate clusters of sequences, which were aligned using MUSCLE v3.8.1551 (Edgar 2004).

After the loci were assembled, the corresponding orthologous regions from the reference
T. orientalis genome were added into the dataset in order increase the number of taxonomic groups
represented within the genus. The inclusion of missing data using RAD-Seq has been shown to
improve phylogenetic signal (Huang & Knowles 2016, Eaton et al. 2017, Tripp et al. 2017);
however, missing sites have been shown to bias estimations in substitution rate (Excoffier & Yang
1999). To produce a more precise estimation of substitution rates among tuna genes, loci that either
were not shared between all 10 samples or contained at least 50% missing sites for six or more
samples were removed.

Whether sequences should be concatenated into a supermatrix or treated separately is
subject to debate (McVay & Carstens 2013), with simulation and empirical studies suggesting

concatenation over gene trees in order to overcome gene tree discordance (Gatesy & Springer
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2014, Guevara & Steiper 2014, Rivers et al. 2016). Although the nucleotides from an individual
are derived from the same genome, individual genes are subject to different mechanisms that
promote variation, such as recombination (Lanier & Knowles 2012), heterotachy (Pagel & Meade
2008), incomplete lineage sorting (ILS) and hybridization (Garcia et al. 2017). If loci are to be
treated separately, it is recommended that researchers use loci that provided enough phylogenetic
signal for the study’s goal; however, short fragments may not harbor as many phylogenetic
informative sites as opposed to longer stretches of sequences (Rivers et al. 2016). Given this

information, the retained reads were concatenated into a supermatrix for rate estimation.

Phylogeny Reconstruction

To verify the supermatrix contained enough phylogenetic information to differentiate
samples by species, the concatenated sequences for both the unfiltered and filtered datasets were
subject to a jModelTest (Posada 2008) using the R package Phangorn (Schliep 2011, Schliep et al.
2016) in R (Team 2013). Models were sorted by the lowest corrected Akaike Information Criterion
(AICc; Akaike 1973, Sugiura 1978, Hurvich & Chih-Ling 1989) and Bayesian Information
Criterion (BIC; Schwarz 1978) for model selection. Two unrooted trees were then created using
IQTree2 (Minh et al. 2020), implementing a HKY (Hasegawa-Kishono-Yano) model (Hasegawa
et al. 1985), with the inclusion of the invariant sites parameter. A total of 10,000 ultrafast
bootstraps (Hoang et al. 2018) were used to assess branch support. The R packages ggtree (Yu et
al. 2017, Yu et al. 2018) and treeio (Wang et al. 2020b) were used to visualize the generated trees
along with their corresponding sequences.

Using the smaller dataset, a maximum likelihood tree was generated using raxml-ng

(Kozlov et al. 2019) as follows. A single maximum likelihood tree was initially constructed using
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an HKY+l model, with branch support computed by utilizing 1,000 bootstrap replicates.
Additionally, a phylogeny was built using MrBayes 3.2.7a (Ronquist et al. 2012) with the same
substitution model implemented in the assembly of the maximum likelihood tree. The Markov
Chain Monte Carlo (MCMC) chain was run for a total of 10,000 generations, sampling every 10.
Sampled trees and branch lengths were then summarized with a 25% burnin to create a single
representative tree. Both maximum likelihood and Bayesian trees were visualized in the FigTree

v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) software.

Evolutionary Rate Analyses

To estimate the substitution rate for the assembled reads, the filtered loci were imported
into BEAUTI2 to prepare the parameters for BEAST2 (Bouckaert et al. 2014). To allow the clock
rate to vary, the “Automatic set clock rate” parameter was disabled. A HKY +I model was selected
for the site model, while the clock model was set to a log normal relaxed clock (Drummond et al.
2006). For a tree prior, a Calibrated Yule Model (Heled & Drummond 2012) was chosen. Two
log normal priors were used to calibrate the time tree. As previous studies predict species within
Thunnus to share a common ancestor during the Paleocene (Graham & Dickson 2000, Graham &
Dickson 2004, Monsch 2006), one prior was composed of all samples and was centered
approximately 56 Mega-annum (Ma), with a 95% probability range between 54.1 and 58.5 Ma.
The timing of the formation of the Isthmus of Panama is unsettled (Jaramillo et al. 2017), with
estimates as recent as 2.8 Ma (O’Dea et al. 2016), but also including pre-Pliocene dates ranging
~6-10M a Ma (Bacon et al. 2015), as well as older dates (Montes et al. 2015). In the ensuing
analyses an age of 3.5 Ma was chosen as a reasonable median to the approximate timeline of ~3.5-

4.0 Ma for the closure of the Central American Seaway (Grant 1987). Accordingly, the second
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prior was set to a median of 3.5 million years ago (mya; 95% probability range of 2.25-5.44 mya)
as a proxy of the formation of the Isthmus of Panama, and consisted of the two sister Bluefin
species, T. orientalis and T. thynnus. To ensure adequate tree sampling, the MCMC chain was set
to 500 million replications with sampling occurring every thousand. The xml file was then
analyzed using BEAST2 in the CIPRES Science Gateway (Miller et al. 2010).

The resulting log file was inputted into Tracer v1.7.1

(http://tree.bio.ed.ac.uk/software/tracer/) to evaluate the Effective Sample Size (ESS) for all

resulting posterior parameters. Trees constructed by BEAST2 were then used as input to generate
a maximum clade credibility tree, with 10% of the trees set as burnin using TreeAnnotator as part
of the BEAST?2 package. The maximum clade credibility tree was then visualized using FigTree
v1.4.4. A literature review was then conducted in to compare the mean molecular evolution rate of
tunas to other taxonomical groups. Studies using mitochondrial markers were excluded as this
locus generally experiences higher mutation rates than nuclear chromosomes in animals (Allio et
al. 2017) with the exception of one study on tunas. Additionally, data from Allio et al. (2017) and
references therein were used to compare the nuclear and mitochondrial substitution rates across
several classes of animals to the nuclear and mitochondrial substitution rate for tunas estimated

from this study and Ely et al. (2001) respectively.

Gene Ontology

To associate the retained orthologs to known proteins, sequences used for molecular
evolutionary rate estimation were subject to a BLASTX analysis (Altschul et al. 1990) using
DIAMOND (Buchfink et al. 2015) against the NCBI non-redundant protein database. A maximum

of 20 BLAST hits with an e-value threshold of e*° with a tolerance of zero high-scoring segment
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pairs (HSPs) were allowed. A custom python script was used to filter BLAST hits to a single
representation for each query sequence. In short, BLAST hits without Reference Sequence
(RefSeq v200) accessions were filtered out and the BLAST hits with descriptions associated with
hypothetical proteins or uncharacterized proteins were removed. RefSeq accessions were chosen
as they are generally considered high quality annotations as it is a highly curated and managed
project, representing data for over 55,000 organisms across a wide range of taxonomic groups
(O'Leary et al. 2016). Any query sequences that did not meet these criteria was returned back into
the dataset, at which point the blast hit for each query with the lowest e-value was selected as the
single representation for that query sequence. Accession IDs were then used to retrieve the Gene
Ontology (GO) information associated with the IDs using all the available datasets in the ensemble
database (Hubbard et al. 2002) via the R package biomaRt (Durinck et al. 2009). To avoid false
overrepresentation of GO terms due to repetitive mapping, each RefSeq accession was searched
across the resulting data frame using a custom python script ensuring that no accession retained
information from multiple datasets. GO annotations were then visualized using the R package

ggplot2 (Wickham 2016) for all three ontologies.

Results
Double-Digested Restriction-Site Associated DNA (ddRAD) Sequencing

A total of 28,503,252 sequences were obtained after paired-end ddRAD-Sequencing, with
the number of sequences per sample ranging as low as 255,032, up to 5,755,230 (Figure 5). After
filtering for low-quality reads, 28,492,172 sequence reads remained, with the average of 11,080
reads lost per sample (Figure 5). Evaluation of the Sequence Alignment Map (SAM) files

generated when mapping the processed sequences to the T. orientalis genome revealed 100% of
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the reads remaining after filtration in ipyrad’s pipeline were properly paired and aligned. At the
end of the pipeline, a total of 531 loci were retained, consisting of 249,856 sites harboring 5,463

SNPs.
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Figure 5: Bar plot of both the number of starting raw reads for all 10 samples, along with the
number of reads retained per sample after quality checking using the process_radtags perl script.
The values on top of the bars indicates the number of reads.

The amount of missing data within assembled loci varied across samples (Figure 6). The
Albacore Tuna sample remained the most under-sequenced sample, with approximately 57.48%
of its sites genotyped in the alignment. The remaining samples had at least two-thirds of their
nucleotides identified in the sequence matrix). A total of 107 loci were filtered out, resulting in
424 remaining loci composing of 157,171 sites, with the average amount of missing sites per locus

below 25% for most samples (Figure 7).
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Figure 6: The distribution of the amount of missing data within the 531 loci across all 10 samples.
Each point corresponds to a locus, with the red point representing the average amount of missing
data for that sample.
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Figure 7: The distribution of the amount of missing data within the remaining 424 loci after
removing relatively poorly characterized loci across tuna samples. Each point corresponds to a
locus, with the red point representing the average amount of missing data for that sample.
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Phylogeny Reconstruction

After the incorporation of the T. orientalis sequences, the tree model test revealed the
HKY+I model as a high scoring model for both unfiltered and filtered datasets. The phylogeny
derived using this model successfully separated the tunas by species for both the unfiltered and
filtered loci (Figure 8). Both trees resulted in similar topologies, with T. obesus as sister species
of T. albacares (Figure 8). Despite the unfiltered dataset containing more loci, node support was
greater for the tree constructed using the smaller but cleaner dataset.

Both maximum likelihood and Bayesian methods resulted in relatively similar topologies
with the exception of the Albacore Tuna (Figures 9 & 10). Branch support was also high for both
methods, with the only low bootstrap (< 100) or posterior probability (< 1) values associated with
intraspecific nodes (Figures 9 & 10). Similar to the previous phylogenies constructed in this study
(Figure 8), Bigeye Tuna samples were placed within a clade shared by the Yellowfin Tuna. The
Atlantic Bluefin Tuna and Pacific Bluefin Tuna are also grouped together in both topologies, with
the Albacore Tuna being the most related to this clade; albeit, Albacore Tuna is shown to be
grouped with the tropical tunas in the maximum likelihood tree (Figure 9), while using a Bayesian

approach places this sample in a clade with the other temperate tunas (Figure 10).

45



Unfiltered Dataset
531 Loci (249,856 Sites)

— [0 RN -~
I -

AN AT -
A A -
A A
AR O~
AT O -
LA AR A

0.001

[
-+

|. 29.64%

Filtered Dataset
424 Loci (151,171 Sites)

——® [ [[UMATHR IR0~

A5
£

2 ]

@

||IIIIII\IIIIIIIIIIMIIII\IIII\IHII||||II!
A MCAEIONATRELN-
[ DIRTNAETATRIND

I-I. -Ij 2

y
IHH"I|||||I||""|I”|I|I |I||‘|HH|| ||| ‘lHIH |I|||||”| || N

.Bgy

e
IO G-
||I||||II|||I||I|||I||||I|I\I||H\|\III|\IHIII|||ﬂ|I||n-m

Figure 8: Unrooted phylogenetic trees of Thunnus samples using the loci assembled using the ipyrad pipeline for the unfiltered (531
loci) and the filtered assembly (424 loci). The alignment used to construct the trees is placed to the right of the tree, where bases color
coded black indicates a missing site. The percentage of missing data for each sequence is shown to the corresponding sequence in the

alignment.
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Figure 9: Maximum likelihood tree of Thunnus spp. using 424 orthologs. Node values represent
bootstrap values.
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Figure 10: Summarized Bayesian tree of Thunnus spp. using 424 orthologs. Node values represent
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Evolutionary Rate Analyses

Assessment of the Effective Sample Size (ESS) values for the posteriors sampled in the
MCMC chain were greater than 200, indicating good convergence for the estimated parameters.
The “rate.mean” parameter across the entire MCMC chain length with a burnin of 10%, averaged
1.085e% substitutions per site per million year, with a 95% highest posterior density (HPD)
interval of 6.3582e% to 1.5427e%4. Previously, Thunnus was split into two groups: the temperate
or Bluefin Group, and the tropical or Yellowfin Group (Collette 1979, Collette 1999). The timetree
presented in this study separates the tropical tunas from the temperate tunas, with the Bigeye Tuna
residing within the Yellowfin Group (Figure 11). The branch containing the highest rate is found
to lead to the reference sequences for the Pacific Bluefin Tuna, with the highest rate for the
sequenced samples leading to the Bigeye Tuna clade (Figure 11).

Figure 12 shows the 95% HPD for each node’s age in the timetree. With the exception of
the nodes containing calibrations and enforced monophyly, the other nodes separating species on
the timetree contain relatively high levels of uncertainty (> 20 Ma). The largest 95% HPD for node
age is located on the node supporting the Yellowfin Group, extending from the Eocene into the

Pliocene. A similar distribution is also associated with the node containing the temperate tunas.
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The genome-wide assessment for several members of Thunnus indicates a mean
substitution rate per site per million year of 2.648e*. As seen in Table 3, the molecular rate of
evolution has been documented at faster rates in cephalopods (1.35x), Antarctic fishes (1.58x-
2.90x), several species of mammals (3.85x), and birds (2.50x-7.17x), but comparable to rates
found in turtles, and slower than what has been reported for crocodilians. The molecular rate of
evolution of tunas using mitochondrial data was estimated to be ~1.85x faster than its nuclear
counterpart estimated in this study, a smaller magnitude of difference in comparison to other
studies using nuclear data (Table 3). This mitochondrial mutation is comparable to the rate of
molecular evolution estimated on the branch supporting the Bigeye Tunas (Figure 11), which is
faster than some of the estimates calculated in previous work (Table 3). Furthermore, the ratio of
nuclear to mitochondrial substitution rate per Ma places tunas on the lower end of nuclear to

mitochondrial substitution rates per Ma when compared to several classes of animals (Figure 13).

Table 3: Molecular evolutionary rates across several studies and taxonomic groups. With the
exception of the study by Ely et al. (2015), investigations documented here used nuclear data. The
‘4d’ acronym is representative of fourfold degenerate sites.

Taxonomic Group Reported Rate Stuay Data Type
Thunnus; Thunnus + Katsuwonus  2.648E-04; 4.90E-04 This Study; Ely etal. 2005 ddRAD-Seq; Mitochondrial
Mammals 1.02E-03 Literman et al. 2018 Coding Genes
Squamates 8.79E-04 Literman et al. 2018 Coding Genes
Birds 6.64E-04; 1.90E-03  Literman etal. 2018; Zhang etal. 2014 Coding Genes; 4d Sites in Coding Genes
Crocodilians 1.67E-04 Literman et al. 2018 Coding Genes
Turtles 2.38E-04 Literman et al. 2018 Coding Genes
Dissostichus mawsoni 4.20E-04 Daane etal. 2019 Targeted NGS
Chaenocephalus aceratus 7.70E-04 Daane etal. 2019 Targeted NGS
Octopus himaculoides 3.60E-04 Albertinetal. 2015 Protein Coding Genes
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Gene Ontology

BLAST retrieval resulted in a total of 25517 BLAST hits. Filtration for a single
representative BLAST hit per query sequence with a BLAST hit reduced the number of retrievals
to 1,371, representing 159 out of the putative 424 orthologs. Approximately 4% of the 1,371
BLAST hits were found to not contain a RefSeq accession ID, resulting in 1,317 exonic accessions
subject to annotation. After retrieving annotations and reducing redundancy, a total of 7,083
annotations were retained. “Regulation of transcription, DNA-templated” was the most prevalent
annotation found in the biological process ontology (Figure 14), protein ion binding was the most
common annotation found in the molecular function ontology (Figure 15). In the cellular
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component ontology, the membrane annotation was the most frequent description in the final
biomaRt dataset (Figure 16). Biological processes such as eye and liver development were found

in relatively high frequencies (Figure 14), while several annotations showed the binding of metals

(Figure 15).
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Figure 16: Bar graph of the annotations found for the cellular component ontology.

Discussion
This study aimed to obtain genome-wide loci across several members of Thunnus and
estimate a molecular rate for these taxa. Low quality samples are often recommended to be

removed from a dataset as a means of improving the quality of the overall dataset (Andrews et al.
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2016); however, researchers have noted that low quality samples can be rescued and contribute to
the focal study (Guo et al. 2014). Albeit there is a large variance in the amount of information
initially obtained per sample, 424 loci could be retained and used to accurately delimit the species
and produce phylogenies with a topology similar those of other studies using genomic and
transcriptomic data (Diaz-Arce et al. 2016, Ciezarek et al. 2019). This congruence of topologies
across different studies suggests that a sufficient amount of phylogenetic signal can be detected
despite the reduction of data after assembling the loci, and supports Bigeye Tuna as a member of
Neothunnus.

Tunas are constant swimmers (Boggs 1985) and have been documented swimming at
speeds of 15ms™? (Magnusson et al. 1978), which requires support by several adaptations for
oxygen uptake such as relatively large surface areas in their gills and ram ventilation (Brill &
Bushnell 2001, Dickson & Graham 2004). Coupled with regional endothermy, tunas are
considered to have high metabolic rates relative to other teleost (Block 1991, Korsmeyer & Dewar
2001). Under the metabolic rate hypothesis, tunas are expected to display a fast rate of molecular
evolution due to the constant uptake of oxygen (Shigenaga et al. 1989) and their fast metabolic
rates (Martin & Palumbi 1993). Oxygen is known to have genotoxic properties, and can cause
indirect or direct mutagenesis at both the mitochondrial and nuclear level (Richter et al. 1988,
Joenje 1989, Martin & Palumbi 1993). Given this hypothesis, mutations are predicted to occur at
higher rates in DNA receiving constant oxidative damage at higher rates as opposed to base pairs
that interact with oxygen radicals at a lower frequency. This increase of mutation rate would
therefore increase the molecular clock at which a species evolves.

This study estimated an average of 2.648e%* substitution rate per site per million year for

the Thunnus genus. With a 1:1.85 ratio when compared to the evolutionary rate using
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mitochondrial genes (Ely et al. 2005), this ratio is atypically low for teleost and vertebrates in
general (Allio et al. 2017). An important factor when considering this ratio is that the authors note
that the mutation rate is “very conservative”, and that this calculation was estimated using Skipjack
Tuna, a tuna with a faster generation time than some of the Thunnus members used in this study
(Kikawa 1966, Matsumoto et al. 1984, Ely et al. 2005, Rooker et al. 2007). Regardless of these
factors, this genus was found to possess a slower molecular rate of evolution when compared to
other taxonomic groups at the nuclear and mitochondrial level (Table 3, Figure 13). Previous
studies have found evidence opposing the metabolic rate hypothesis (Mindell et al. 1996, Lanfear
et al. 2007, Galtier et al. 2009), while others have provided support for it (Bleiweiss 1998, Santos
2012). This finding of a slow rate of molecular evolution and high metabolic rate is in line with
previous work on scombroids (Qiu et al. 2014). Based on other factors, several alternative
hypotheses have been advanced to explain molecular rate variation across taxonomic groups,
including the generation time hypothesis (Wu & Li 1985), the longevity hypothesis (Nabholz et
al. 2008), and suggestions of variation in DNA replication and repair efficiency (Britten 1986).
Life history traits documented for the species examined within this study vary, with some
species spawning seasonally such as the Atlantic Bluefin Tuna (Rooker et al. 2007) and the
Albacore Tuna (Nishikawa 1985), with others (e.g., Yellowfin Tuna) spawning year-round
(Ueyanagi 1969). Species with a faster generation turnover have been reported to have a faster
evolutionary rates per million years in comparison to species with a relatively slower generation
rate (Laird et al. 1969, Li et al. 1996, Thomas et al. 2010). Another factor to take into consideration
when evaluating possible drivers of the molecular clock, is the effective population size (Ne).
Empirical evidence comparing island populations of vertebrates and invertebrates to their

mainland counterparts of larger Ne have higher non-synonymous to synonymous substitution ratios
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(Woolfit & Bromham 2005). Although the researchers did not find a significant difference between
overall substitution rates, the results highlight the possible effects of genetic drift on the molecular
clock (Woolfit & Bromham 2005, Ho 2014). Similar to generation time, interspecific differences
in Ne among tunas have been described (Ely et al. 2005), and while tunas with smaller effective
population sizes would be effected by genetic drift to a greater extent than tunas with larger
effective population sizes, the effective population sizes in all tuna species is extremely large, and
generation time may be a factor when comparing small tunas (e.g., Euthynnus and Katsuwonus)
against the larger members of the genus Thunnus, but cannot explain the substantial differences in
mutation rates compared to cephalopods and other vertebrates. Another factor often quoted as an
explanation for the disparities in census size and N in marine animals is the variance in
reproductive success (Hedgecock 1994). However, given the large effective population sizes of
tunas (Ely et al. 2005), variance in reproductive success also fails to explain the reduced level of
variability reported here for tunas.

While on average the substitution rate for tunas averages 2.648e%4, a considerable amount
of variance is observed, with certain branches suggesting substantially faster rates. The branch
with the highest rate found on the timetree is associated with the Pacific Bluefin sample (Figure
11). This estimate could be an artifact of the enforcement of monophyly between Pacific and
Atlantic Bluefin species, as suggested by the branch’s length in the phylogenetic trees in Figures
8, 9, and 10. Unexpectedly, the second largest evolutionary rate detected in the timetree is located
on the branch supporting the Bigeye Tuna clade (Figure 11). As mentioned above, the
phylogenetic position of this species has been subject to debate because of the presence of
intermediate physical characteristics also supported by one mitochondrial study, which place it

within the Bluefin Group (Chow & Kishino 1995, Collette et al. 2001). By contrast, another
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mitochondrial study and two genomic studies and one transcriptomic study support the placement
of Bigeye tuna as a member of the Yellowfin Group with Longtail Tuna (T. tonggol) and Blackfin
Tuna as sister species (Diaz-Arce et al. 2016, Bayona-Vasquez et al. 2017, Ciezarek et al. 2019).
Bigeye tuna share similar morphological characteristics with temperate tunas, such as liver shape
and striations on the ventral surface of this organ, along with shared vertebrae traits such as their
haemal prezygapophyses (Gibbs & Collette 1967). One possible explanation for these overlaps
between Bigeye Tuna and the four other members of the Bluefin group is convergent evolution, in
which these shared traits are homoplasious.

Several GO annotations point towards mutations in a number of possibly adaptive genes.
Liver and eye development annotations (Figure 14) are of key interest in regards to the Bigeye
Tuna. Several authors have used liver morphology as a justification for the Bigeye Tuna’s
placement within the Bluefin Group (Gibbs & Collette 1967, Collette et al. 2001). Unlike their
sister species Yellowfin Tuna, Bigeye Tuna are known for deep dives below the thermocline for
relatively long periods of time (Schaefer et al. 2009, Schaefer & Fuller 2010), where sunlight may
be limited. Adaptations towards a more acute visual system than their sister species may benefit
these visual hunters (Yang et al. 2019). Future work is required in order to understand the
molecular mechanisms associated with Bigeye Tuna’s visual system.

The diversification of the tropical and temperate tunas is estimated to have occurred during
the late Eocene and early Oligocene periods (Figure 11); however, there is a relatively large
amount of uncertainty in these regarding these estimates (Figure 12). This transition between
periods is characterized by a global decrease in temperature (Liu et al. 2009), the formation of
Antarctic ice sheets (Ehrmann & Mackensen 1992), the extinction of numerous marine organisms

(Keller 1983, Hansen 1987, Gaskell 1991, Aubry 1992, McKinney et al. 1992), and several
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terrestrial species (Collinson & Hooker 1987, Prothero 1994). The timetree (Figure 11) suggests
that Yellowfin Tuna and Bigeye Tuna diverged from a common ancestor during the Miocene,
where a number of studies have reported the cooling of ocean cooling during this epoch (Shevenell
et al. 2004, Majewski & Bohaty 2010, Tzanova et al. 2015), as well as an alteration to deep ocean
circulations (Flower & Kennett 1994, Butzin et al. 2011). Theory predicts that adaptations to
distinctive environments may be a driver for speciation (Meszéna & Hendry 2012). For example,
resource heterogeneity across depth was associated with divergence between cichlids fishes in the
genus Neochromis (Magalhaes et al. 2012), whitefish from the genus Coregonus (Ingram et al.
2012), and in rockfish within the Sebastes genus (Ingram 2011). Bigeye Tunas have developed a
series of adaptations that allow them to forage for resources beyond the thermocline for extend
periods of time (Holland & Sibert 1994, Dagorn et al. 2000, Schaefer & Fuller 2010), a
characteristic not universal with its sister species Yellowfin Tuna (Dagorn et al. 2006). This
attribute of Bigeye Tuna allows the species to exploit other resources when living sympatrically
with Yellowfin Tuna, a form of niche partitioning (Sardenne et al. 2016). Taking into account the
95% HPD intervals for node ages, these results are incongruent with earlier estimates of speciation
for members of Thunnus (Graham & Dickson 2004, Santini et al. 2013), with estimates occurring
during the last 12 Ma, a time period in which global decreases of temperature have been described
(Herbert et al. 2016). Since the timetree does not contain all Thunnus species (e.g., Longtail Tuna),
and is composed of unequal taxonomic sampling of the genus, these factors are likely causing
imprecise estimates of the time of divergence (Marin & Hedges 2018). However, as mentioned
above, nuclear data provide strong evidence regarding the sister-species relationship of Longtail
Tuna and Blackfin tuna (Diaz-Arce et al. 2016, Ciezarek et al. 2019). Accordingly, despite the

biases due to an incomplete representation of the genus, these results support the placement of
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Bigeye Tuna within Neothunnus, and provide evidence regarding the convergent evolution and
homoplasy of morphological adaptations within scombrids.

Results presented here show that the two Bluefin species under investigation began to
diverge from a common ancestor 4.19 Ma (Figure 11). This estimate disagrees the time of
divergence between these two species in a study conducted by Ciezarek et al. (2019), where the
time of divergence is predicted to have occurred ~1 Ma. As current evidence suggests that the
formation of the Isthmus of Panama, thus the separation of the Atlantic from the Pacific Ocean,
occurred at least over 2 Ma (Jaramillo et al. 2017), divergence between the Atlantic Bluefin and
Pacific Bluefin Tuna populations 1 Ma after the Isthmus of Panama’s formation is improbable.
This study does not argue for the timing of divergence of 4.19 Ma between the Atlantic Bluefin
and Pacific Bluefin species, but notes that this estimate may be closer to the precise timing of
speciation.

Heavy fishing pressures have drastically reduced tuna populations in several species
including the Atlantic Bluefin Tuna (Fromentin & Powers 2005, Boon 2013) and the Bigeye Tuna
(Bailey et al. 2013). Overfishing has also been linked to the reduction of Ne in several marine
species (Hauser et al. 2002, Hoarau et al. 2005, Chabot et al. 2015, Righi et al. 2020). As the
number of individuals and alleles within a population decrease, the potential adaptability of the
population is predicted to also decline, making the population more vulnerable to environmental
changes (Barton 2010, Jensen & Bachtrog 2011). Climate change is a powerful force altering
marine ecosystems (Gille 2002, P6rtner 2008, Lyman et al. 2010), possibly driving species with
low adaptability to extinction if no other means of adjustment (e.g., range shift) is carried out
(Feeley et al. 2012). A slow pace rate of evolution of members of Tribe Thunnini could represent

a major challenge in light of climate as their adaptability could be outpaced by unfavorable
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environmental shifts and fishing pressures (Somero 2010). Together, these results provide insight
to the evolutionary history of Tribe Thunnini and present valuable information that may be
implemented in designing approaches towards more effective conservation and fisheries practices

regarding tunas.
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CHAPTER IV

CONCLUSIONS

Several competing hypotheses have been advanced regarding the relationship of the
members of the genus Thunnus. Analysis of conventional morphological data has suggested the
division of this genus into two subgenera: the subgenus Thunnus (Bluefin Tuna Group) that
includes Atlantic Bluefin Tuna, Pacific Bluefin Tuna, Southern Bluefin Tuna, and Albacore Tuna,
and the tropical Neothunnus (Yellowfin Group) that includes Yellowfin Tuna, Longtail Tuna, and
Blackfin Tuna, and which based on morphology are considered to be more primitive than the
Bluefin Group, which represent the advanced condition for endothermic characters (Gibbs &
Collette 1967, Collette 1978). Accordingly, the entire Bluefin Group is hypothesized to have
radiated from a pantropical distribution to a more temperate and subpolar niche (Collette 1978,
Sharp & Pirages 1978). This phylogenetic relationship has been tested numerous times, yielding
often contradictory results (Chow & Kishino 1995, Block et al. 1997), and has important
implications towards niche expansion hypothesis for this genus. According to this view, temperate
tunas evolved from a tropical ancestor through a series of adaptations driven by thermal niche
expansion and not selected for increased aerobic capacity (Block et al. 1993, but see Block et al.
1997), with the timing of these events coinciding with changes in ocean circulation patterns that
took place during the Miocene (Butzin et al. 2011)

This thesis tested these hypotheses using genomic data and focused on answering four main
questions: 1) do genome-wide loci data support the reciprocal monophyly of the temperate
(Bluefin Tuna Group) and the tropical (Yellowfin Group) tunas within the genus Thunnus? 2) Is

Bigeye Tuna (T. obesus) more closely related to the temperate subgenus Thunnus or the subgenus
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Neothunnus? 3) What is the average rate of molecular evolution within the genus Thunnus, and
thus 4) does the timing regarding the origin of the Tropical and Temperate groups yields support
to the niche expansion hypothesis? In order to answer these questions, it was important to first
address a very important bioinformatics issue: 5) what is the best approach to handle missing data
in double digest Restriction-site Associated DNA Sequencing (ddRAD-Seq; Peterson et al. 2012)
in phylogenomics. This last question was addressed first (Chapter 2). Accordingly, the general

results and conclusions for these five questions are as follows:

Phylogeny Construction of Thunnus Using ddRAD-Seq

The phylogeny of Thunnus remains unconclusive (Diaz-Arce et al. 2016, Bayona-Vasquez
et al. 2017); however, the separation of tunas by their morphological and ecological attributes into
two groups (temperate and tropical) is generally accepted (Collette et al. 2001, Bernal et al. 2017,
Ciezarek et al. 2019). Genome-wide loci obtained from ddRAD-Seq in Chapter 3 supports the
partitioning of Thunnus spp., with the proposed phylogeny in congruence with nuclear (Diaz-Arce
et al. 2016) and transcriptomic (Ciezarek et al. 2019) data. In here, ultrafast bootstrap support
(Hoang et al. 2018) was high for most branches in both the unfiltered and filtered datasets, with
both topologies separating the temperate tunas (Atlantic Bluefin Tuna, Pacific Bluefin Tuna,
Albacore Tuna) from the tropical tunas (Yellowfin Tuna, Blackfin Tuna). Using a maximum
likelihood and Bayesian approach revealed two different topologies; however, Bigeye Tuna
remained the most related species to the Yellowfin Tuna. Despite the potential shortcomings
associated with RAD-Seq (Puritz et al. 2014), this study adds to the growing literature supporting

its applicability in phylogenomics (Hou et al. 2015, Eaton et al. 2017). Genome-wide loci
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harboring single nucleotide polymorphisms (SNPs) were able to distinguish tunas by species and
provide support to the reciprocal monophyletic origin of the Bluefin and Yellowfin Groups.

The timetree in Chapter 3 suggests that the temperate tunas separated from the tropical
tunas sometime between the Paleocene and Eocene. This is in opposition of previous studies that
estimate this separation to have occurred in the late Miocene (Graham & Dickson 2004, Santini et
al. 2013). This earlier time frame has been characterized by a global decrease in temperatures
(Herbert et al. 2016) and would be congruent with the niche transition into temperate waters. The
95% HPD intervals for the node ages on the timetree overlap with the node ages previously
reported; however, these estimates did not have the highest likelihood in our results. The transition
from the late Paleocene to the initial Eocene is characterized by ocean acidification (Zachos et al.
2005) and global ocean warming (Lu & Keller 1993, Sluijs et al. 2011), even in deep-sea waters
(Kennett & Stott 1991). Given this information, the separation of Thunnus from Neothunnus during
the Paleocene-Eocene transition would suggest that the subgenus Thunnus would more primitive
than Neothunnus, as the ancestor to the tropical tunas may have occupied new, warmer waters
during this time period, thus supporting the hypothesis of a tropical expansion. However, with
relatively large 95% HPD intervals in our estimates (see Chapter 3), our node ages should be

interpreted cautiously.

Phylogenetic Placement of Bigeye Tuna

Collette et al. (2001) concluded Bigeye Tuna be placed in the Bluefin Group based on
morphology, although, noting that this species is intermediate between the temperate and tropical
tunas. Recent molecular phylogenies based on nuclear data have suggested Yellowfin Tuna (T.

albacares) as the most closely related sister species to Bigeye Tuna (Diaz-Arce et al. 2016,
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Ciezarek et al. 2019). Using the Pacific Bluefin Tuna (T. orientalis) genome as a reference (Suda
et al. 2019), genome-wide SNP data obtained using ddRAD-Seq technology yields support to this
conclusion. Despite the uncertainty under the timetree constructed in Chapter 3, it can be
hypothesized that speciation between Yellowfin Tuna and Bigeye Tuna was driven by climate
change, as ocean temperatures began to decrease during their estimated time of divergence
(Shevenell et al. 2004, Tzanova et al. 2015). As speciation has been reported to have occurred
across the water column in several fish species (Ingram 2011, Ingram et al. 2012, Magalhaes et al.
2012), it is conceivable that this route of speciation may have occurred within Thunnus.
Accordingly, the series of adaptations that allow the invasion of colder habitats that Bigeye Tuna
shares with members of the Bluefin Group, which include a series of vascular characters (striations
of the liver, lateral heat exchangers only, and cranial retia) are likely the result of convergent
evolution (i.e., homoplasies). GO annotation of the investigated loci revealed annotations such as
liver development and morphogenesis, along with annotations towards the formation of eyes. Liver
morphology is used to distinguish temperate tunas from tropical tunas, and was used by Collette
et al. (2001) as evidence towards Bigeye Tuna’s placement within the Bluefin Group. As Bigeye
Tuna’s name suggests, this species of tuna possesses relatively large eyes, which may be of high
value given that this species searches for prey in light limited environments (Yang et al. 2019). In
conclusion, this study supports the notion of Bigeye Tuna as a member of Neothunnus and provides
evidence of convergent evolution of several adaptive traits that enable this species to enter cooler

deeper waters.
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Estimating the Average Molecular Evolutionary Rate in Thunnus

Tunas share a number of physical traits (Gibbs & Collette 1967), leading to similar
physiologies (Sharp & Dizon 1972, Graham & Dickson 2004) and adaptations such as thunniform
swimming (Westneat & Wainwright 2001) and ram ventilation (Wegner et al. 2010). Additionally,
members of Thunnus have been reported to be highly genetically similar (Chow & Kishino 1995).
The molecular evolutionary rate estimated in Chapter 3 sought to investigate whether tunas were
evolving slowly as inferred by morphological and genetic similarities, or whether their active
lifestyle would lead to relatively high rates of molecular evolution as theory would suggest. A
literature review to compare our results to other estimates suggest that tunas are a relatively slow
evolving taxonomic group, supporting Smith’s (1978) Optimization Theory of evolution, as tunas
have been reported to have potentially maximized their swimming efficiency (Hertel 1966,
Altringham & Shadwick 2001). This rate of molecular evolution along with their fusiform shape
may suggest strong positive selection towards loci responsible for their fusiform body shape and
thunniform swimming style.

An interesting finding in this study is the rate of molecular evolution associated with
Bigeye Tuna. This rate of molecular evolution was relatively high compared to the other rates
estimated in the timetree, with the exception of rate for the Pacific Bluefin Tuna, which could
possibly be due to biases caused by missing data. An increased rate of molecular evolution would
be in agreement with selection for new morphological traits in light of novel ecological
opportunities (Thompson 1998), and may be beneficial if Bigeye Tuna diverged from Yellowfin
Tuna through sympatric speciation. Although introgression between tunas has been documented
(Chow & Kishino 1995, Alvarado Bremer et al. 1997, Rooker et al. 2007), the rate of divergence

of genes associated with fertilization is hypothesized to display heterotachy (Doorn et al. 2001),
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which may have aided in the rapid speciation of Bigeye Tuna. Altogether, these results suggest a
relatively slow rate of molecular evolution within Thunnus and provides information necessary
towards designing long-term management practices for tunas particularly when considering the
effects of global climate change on the horizon (Sunday et al. 2012) and vertical redistribution of
marine fauna (Brown & Thatje 2015). The inclusion of additional members of Thunnus spp. (i.e.,
Southern Bluefin Tuna and Longtail Tuna), along with additional members of closely related
taxonomic groups (e.g., additional members of Euthynnus) would aid in providing a more precise

estimate of the rate of molecular evolution in tunas.

Treatment of Missing Data Using ddRAD-Seq in a Phylogenomics Framework

Chapter 2 explored a variety of methods towards inspecting the effect of missing data in
topology support using ddRAD-Seq data for tunas of the genera Euthynnus, Katsuwonus, and
Thunnus. As previous studies have found, the inclusion of missing data results in higher branch
support during phylogeny reconstruction in comparison to phylogenies constructed with less, but
more complete datasets (Eaton et al. 2017, Tripp et al. 2017). Although numerous studies have
investigated the effect of missing data in phylogenomics (Hosner et al. 2016, Huang & Knowles
2016, Tripp et al. 2017), this is the first study to our knowledge that minimizes missing data within
individual loci. Concatenation methods were more efficient than partitioning approaches in
producing similar topologies to topologies generated in Chapter 2; albeit, this may due to the
lengths of the fragments used in these analyzes. Using complete gene sequences as opposed to rad-
tags may prove to be more useful in partitioning schemes, and the testing of the effects of missing
data under this framework would add the growing body of literature in regards to phylogeny

construction.
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Subsampling the data to only members of Thunnus and employing similar strategies used
when analyzing all three genera of tunas resulted in dissimilar topologies. This discrepancy may
be attributed to the exclusion of an outgroup, as the inclusion of an appropriate outgroup is vital
towards differentiating samples within the clade of interest (Stackebrandt & Ludwig 1994).
Furthermore, ddRAD-Seq is known for producing relatively short loci, which may not produce a
strong phylogenetic signal when analyzed independently. Collectively, our results support the
notion of including missing data when applying ddRAD-Seq in phylogenomics, and justifies the

use of concatenation over partitioning methods when utilizing relatively short reads.
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APPENDIX A

SUPPLEMENTAL MATERIAL FOR CHAPTERS Il AND I1I
Methodology for general ddRAD methods from the sequencing center

One hundred micrograms of DNA per sample in 96 well plates were digested in a final volume of
25ul in 1X NEB Cut Smart Buffer and 100 U each ENZYME 1 and ENZYME 2 (NEB) at 37°C
for 4 hours. Following a 20 min 80°C enzyme inactivation, samples were held at 12°C until
ligation. To each 25l digest was added 3.5 pl 10X Ligase buffer (NEB), 0.5 ul T4 DNA Ligase
(NEB) and adapters containing 1 of 48 unique barcodes and Illumina-compatible P5 sequences
coupled to an ENZYME 1 overhang and Illumina-compatible P7 sequences coupled to the
ENZYME 2 overhang. Plates were incubated 8 hours at 16°C and heat inactivated at 80°C for 20
min. Pools of no more than 48 samples were combined and EDTA was added to a final
concentration of 25uM. One tenth volume of 3M NaAc, pH 5.2 and two volumes of 100% ethanol
were added and pools were placed at -20°C for 1 hour before spinning at high speed for 10 min in
a bench top microfuge. Pellets were washed twice in 1 ml freshly made 70% ethanol and
resuspended in 200ul of EB. Samples were purified with Qiagen PCR Purification columns and
eluted in 2 X 50 pl EB for a total of 100 pl. One volume of AMPure XP beads were added to the
elutant and DNA purified as per the manufacturers protocol and eluted in 35 pul EB. Thirty pl of
each pool containing between 1.9 — 2.2 ug DNA was subjected to Pippin Prep size selection on a
2% dye-free agarose gel with internal size markers aiming for 300-600 bp inserts. Recovered
samples were cleaned with 1X AMPure XP beads and quantified on a DeNovix spectrophotometer.
One hundred and fifty ng of each pool was then subjected to a pre-selection PCR (PreCR) in which
a biotinylated forward primer and unique indexed reverse primers were used to amplify and tag
desired DNA fragments. Reactions (200l total) contained 200 nM dNTPs, biotinylated forward
and two P7-index primers per pool and 4 units Q5 Hi-Fidelity Taq (NEB) and were split into 2 X
100 pl volumes for thermocycling. Following an initial denaturation at 98°C for 30 sec, samples
were subjected to 15 cycles of 98°C for 10 sec, 72°C for 30 sec then a final elongation at 72°C for
5 min and held at 4°C. PCR products were cleaned up in Qlagen PCR purification columns then
1X AMPure XP beads and quantified as before. Removal of nondesirable fragments (P5 to P5 and
P7 to P7 ligated products) was achieved with Dynabeads M-270 Streptavidin coupled magnetic
beads (ThermoFisher). Briefly, 50 ul of beads per sample were captured and washed twice with
1X Bead Washing Buffer (1X BWB, 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 2 M NaCl). Beads
were resuspended in 100pl 2X BWB and mixed with 2000 ng of PreCR product in 100 ul EB.
After 20 minutes at RT, beads were captured and washed three times in 200 pl 1X BWB, twice in
200 pl water and once in 100 pl 1X SSC. Beads were then resuspended in 50 pl 1X SSC and
heated at 98°C for 5 min and placed on a magnet and supernatant removed as soon as possible.
This elution was repeated and the final supernatants were cleaned up with Qiagen PCR columns.
The eluted ssDNA was DeNovix quantified, and diluted to 1 ng/pl with EB. A final PCR was
performed on 10 ng of input DNA using P5 and P7 primers in a 50 pl reaction as described above
but with only 8 cycles. Final PCR products were purified with 1X AMPure XP beads, quantified
and assessed for quality on a Fragment Analyzer (Advanced Analytics).
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APPENDIX B

SUPPLEMENTAL MATERIAL FOR CHAPTER IlI

Table B-1: DNA extraction size and concentration parameters for sample Talb066 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated
Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 1.3207 1725.716 186.91
TIC (ng/uL) 0
TIM (nmole/L) 0
Total Concentration 3.0641
(ng/uL)
Final Concentration 41.667
(ng/uL)
GQN 0

Table B-2: DNA extraction size and concentration parameters for sample Talb069 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated

Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 1.3319 1740.411 1556.7
TIC (ng/uL) 0
TIM (nmole/L) 0
Total Concentration 200.52
(ng/uL)
Final Concentration 41.667
(ng/uL)
GON 0.3
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Table B-3: DNA extraction size and concentration parameters for sample Talb077 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated
Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 1.2554 1640.428 290.47
TIC (ng/uL) 0
TIM (nmole/L) 0
Total Concentration 47.329
(ng/uL)
Final Concentration 41.667
(ng/uL)
GON 1.7

Table B-4: DNA extraction size and concentration parameters for sample Tobe0003 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated
Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 1.8638 2435.379 315.96
Peak 2 11418 71.4974 10.309 70.72
TIC (ng/uL) 71.497
TIM (nmole/L) 10.309
Total Concentration 90.152
(ng/uL)
Final Concentration 41.667
(ng/uL)
GON 4.4
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Table B-5: DNA extraction size and concentration parameters for sample Tobe0007 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated
Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 1.8638 2435.379 315.96
Peak 2 11418 71.4974 10.309 70.72
TIC (ng/uL) 71.497
TIM (nmole/L) 10.309
Total Concentration 90.152
(ng/uL)
Final Concentration 41.667
(ng/uL)
GQN 4.4

Table B-6: DNA extraction size and concentration parameters for sample Tobe0008 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated
Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 2.8141 3677.162 361.53
Peak 2 5781 31.4906 8.968 65.72
TIC (ng/uL) 31.491
TIM (nmole/L) 8.968
Total Concentration 41.944
(ng/uL)
Final Concentration 41.667
(ng/uL)
GON 1.4
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Table B-7: DNA extraction size and concentration parameters for sample Tobe0012 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated
Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 0.865 1130.313 391.87
Peak 2 7640 140.8642 30.354 61.41
TIC (ng/uL) 140.86
TIM (nmole/L) 30.354
Total Concentration 154.08
(ng/uL)
Final Concentration 41.667
(ng/uL)
GQN 2.3

Table B-8: DNA extraction size and concentration parameters for sample Tatl0028 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated
Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 1.2554 1640.428 290.47
TIC (ng/uL) 0
TIM (nmole/L) 0
Total Concentration 47.329
(ng/uL)
Final Concentration 41.667
(ng/uL)
GON 1.7
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Table B-9: DNA extraction size and concentration parameters for sample Tala0277 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated
Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 5.9247 7741.731 353.44
TIC (ng/uL) 0
TIM (nmole/L) 0
Total Concentration 31.05
(ng/uL)
Final Concentration 41.667
(ng/uL)
GON 2.7

Table B-10: DNA extraction size and concentration parameters for sample Tthy906 provided by
the sequencing center. Parameters include Total Integrated Concentration (TIC), Total Integrated
Molarity (TIM), Genomic Quality Number (GQN), and Coefficient of Variance (CV).

Size (bp) Concentration Molarity CV%
(ng/uL) (nmole/L)
Peak 1 1 (LM) 1.4882 1944.566 254.39
Peak 2 61.43 32.8533 8.804 78.64
TIC (ng/uL) 32.853
TIM (nmole/L) 8.804
Total Concentration 45.378
(ng/uL)
Final Concentration 41.667
(ng/uL)
GON 2.3
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