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ABSTRACT

Bull Shark, Carcharhinus leucas, reproductive patterns are believed to be
characterized by female philopatry towards their natal site, while males migrate longer
distances. This behavior linked to sex-biased dispersal can result in differing patterns of
population structure between markers that differ in the mode of inheritance. This study
tested the hypothesis that Bull Shark exhibit male-biased dispersal by characterizing and
comparing the maternally inherited mitochondrial DNA Control Region (mtDNA CR) to
single nucleotide polymorphism (SNP) data, from the biparentally inherited nuclear
DNA genome. Population structure and historical demography were assessed using
representative samples throughout the entire Gulf of Mexico (GoM) and Atlantic
coastline of the US (NWA), with reference sequences from the Caribbean, eastern
Pacific, and western Pacific.

Here we report significant population differentiation within the mtDNA CR
between the Gulf of Mexico (GoM) and Atlantic coast (NWA) of the US (Fcr, p < 0.05),
though no structuring was observed within either region. The Florida Keys was
identified as containing significantly higher levels of haplotype diversity than both the
GoM and NWA, indicating it may act as a mixing zone between the two regions.
Interestingly, the Caribbean samples from the San Juan River in Nicaragua diverged as a
distinct clade, suggesting Nicaragua may have a genetically unique freshwater

population, or may be mixing with the southern Atlantic populations.
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Historical demography estimates were calculated for both the GoM and NWA.
Both Tajima’s D and R2 neutrality statistics suggest a constant population size, and lack
support for recent expansion. The estimate of female effective population size was much
lower in the GoM (105k) than the NWA (194.5k), though now surprising given the
extremely low levels of haplotype and nucleotide diversity observed within the GoM.

STRUCTURE analyses of SNP data using 18,174 variant sites identified discrete
populations between the southern GoM (Campeche, Mexico) and the rest of the GoM.
Surprisingly, 50% of the samples from North Carolina were assigned to the same cluster
at the southern GoM samples. Given the discrepancy in observed population structuring
within the GoM between mtDNA and SNP data, we concluded the observed differences
in gene flow between the southern GoM and NWA were the result of male-biased
dispersal. The structuring of male dispersal between the southern GoM and NWA (North
Carolina) has not yet been described in other shark species. The distinct subdivision of
each sex creates uniquely restricted gene flow that should be considered and

implemented in future conservation efforts to best maintain viability of the Bull Shark.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

Background and Significance

The Bull Shark (Carcharhinus leucas) is a cosmopolitan species found
primarily in tropical and subtropical coastal marine and estuarine waters. Mature Bull
Shark can grow up to 340 cm in length (Compagno 1984) and are predominantly found
in coastal neritic (<200 m) marine environments. C. leucas is the only species of shark
capable of tolerating long-term exposure to freshwater and has been found in both
rivers and lakes connected to the sea (Thorson et al. 1966, Thorson 1971, Heupel et al.
2010, Froeschke et al. 2012). This species presence in river systems and estuaries
consists primarily of juveniles or mature females (Snelson et al. 1984, Wiley and
Simpfendorfer 2007, Heithaus et al. 2009, Ortega et al. 2009, Heupel et al. 2010)
suggesting these habitats are predominately used for parturition and as nurseries.
Litters of up to thirteen pups are born in these areas following an estimated gestation
period of 10 to 11 months (Compagno 1984). Juveniles reside in their pupping grounds
for multiple years, utilizing a fairly limited daily activity space of <Skm (Heupel et al.
2007, Ortega et al. 2009, Heupel et al. 2010). This habitat preference is not due to any
physical limitation, but rather an adaptation to avoid predators and be near abundant
prey (Thorson et al. 1973, Simpfendorfer and Milward 1993, Pillans and Franklin
2004, Pillans et al. 2005, Carlson et al. 2010). While coastal habitat use does provide

many advantages for C. leucas, it is also vulnerable to anthropogenic activities, such



pollution and habitat modification, but there has been only limited study of these
impacts on this species (IUCN 2020). These impacts are often studied in congruency
with overfishing while examining population trends (IUCN 2020; (Cliff and Dudley
1992, Smith et al. 1998, Dudley and Simpfendorfer 2006, O’Connell et al. 2007,
Carlson et al. 2012, Froeschke et al. 2012).

Recovery capability, recruitment levels and reproductive dispersal all play
critical roles in the abundance trends for a population, therefore all are key factors to
consider when studying the impacts of overfishing on a species. Recovery capability
refers to the maximum rate of increase for a population given its life history
characteristics, hence its ability to recover or withstand overfishing. When comparing
actual exploitation rates to calculated recovery rates for sharks worldwide, it was found
that the exploitation rate exceeds the median recovery rate by 30%, meaning global
shark trends are declining and will continue to decline until the fishing pressure is
reduced (Worm et al. 2013). Large coastal species, specifically the Bull Shark, tends to
have some of the lowest recovery capabilities among sharks because it is slow growing
and late to mature (males: 14-15 years; females: 18 years) (Branstetter and Stiles 1987,
Smith et al. 1998). These life history characteristics make them less likely to contribute
to the population due to the combined effects of natural pressures and anthropogenic
pressures within the coastal regions they inhabit. Sexually mature females have been
reported to display reproductive philopatry (Karl et al. 2011, Tillett et al. 2012), which is
a pattern for returning to a natal or postnatal nursery area to produce offspring. This high

level of philopatric behavior makes the Bull Shark uniquely susceptible to localized
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extinction (Hueter et al. 2005). Additionally, negative environmental impacts on these
essential nursery areas may directly impact recruitment levels and lower the abundance
of local populations. For instance, in South Africa, Dudley and Simpfendorfer (2006)
found that significant declines in CPUE (catch per unit effort) of Bull Shark were
reported after access to popular nursery habitat was blocked for extended periods of
time. Each of these impacts highlight the importance of understanding population sub-
structuring and patterns of gene flow for better management and protection of Bull Shark
reproductive stock and their essential habitat.

Although the current status of most Bull Shark populations is unknown,
general trends based on localized studies indicate that globally, the population of this
species, while stable, has the potential to decline. Based upon this information, [UCN
(2020) lists the Bull Shark as near threatened and likely to qualify in a threatened
category upon future evaluation. While there has been significant reported declines in
CPUE in parts of South Africa (Cliff and Dudley 1992, Dudley and Simpfendorfer
2006), the population status of the Western Atlantic appears to be much more stable
(Carlson et al. 2012). Within the Gulf of Mexico, abundance appears to be increasing
yearly (Froeschke et al. 2010, Froeschke et al. 2012) with the exception of significant
localized depletions in a major estuary of Louisiana (O’Connell et al. 2007).

Despite the near threatened listing, the Bull Shark is subject to commercial and
recreational harvest throughout most parts of its range. The C. leucas contribution to
total shark landings increased from 1% between 1994-2003 (Morgan et al. 2009) to

12.6% in the Atlantic and 20.6% in the Gulf of Mexico (GOM) between 2008-2011
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(Natanson et al. 2014). In addition, C. leucas is an apex predator for numerous
marine sport fishing species, and thus play a very important role in the stability of
many estuarine communities. Models predict that the loss of sharks in an ecosystem
could result in complex community changes, such as trophic cascades and
mesopredator release, which would in turn cause declines in commercial fish as well
(Ferretti et al. 2010). In contrast, Bangley et al. (2018) found that changing
environmental conditions are causing a northern expansion of estuary use in the
northwestern Atlantic. The introduction of an apex predator into previously
uninhabited estuaries has the potential for significant impacts on localized ecosystems.
Because of their status and ecological importance, in congruency with the lack of
knowledge regarding mating and movement patterns of C. leucas across the entire
Gulf of Mexico, there is a need for determining the levels of population connectivity
(i.e., gene flow) to aid in the proper design of conservation and management plans for

this species.

Current Knowledge in Relation to Population Genetics

Understanding population connectivity is critical for devising an effective
management plan (Hellberg et al. 2002). A comprehensive management plan takes
into account many factors, such as mating behavior, dispersal of young, and
movement of individuals on a fine scale rather than treating a large region as a whole.
When implemented properly, a fisheries management plan will assess the finer scale
movements to identify population differentiations and thus maximize the rebound

potential of the species. Genetic markers are an efficient and highly informative tool
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used for assessing spatial movements and gene flow within a species. Mitochondrial
markers (mt) and nuclear markers differ in inheritance patterns and can be used to
examine behavioral differences in sex-biased dispersal. Mitochondrial markers are
strictly maternally inherited, while nuclear markers represent the contribution of both
parents; therefore, genetic subdivision supported by mtDNA but not by nuclear (n)
DNA may be indicative of male mediated dispersal (Portnoy et al. 2015, Momigliano
et al. 2017, Pazmino et al. 2017). Thus far, genetic analyses of Bull Shark population
structure and gene flow have employed mitochondrial DNA (mtDNA) and
microsatellite loci (nuclear markers). Significant differentiation among locals has been
reported with mtDNA but not with microsatellites (Karl et al. 2011, Tillett et al. 2012,
Laurrabaquio-A et al. 2019), and this lack of congruence has been interpreted as
philopatric behavior of females toward natal sites.

MtDNA and microsatellite markers are often used in congruency, as they can
be informative for answering population-level questions. However, inferences of
population connectivity drawn from mtDNA are limited to investigating female
patterns of gene flow as it is a maternally inherited marker, while inferences from
microsatellite data can be impacted by an increase in the frequency of null alleles,
variable patterns of mutation, and sparse distribution throughout the genome (Estoup
et al. 2002, Putman and Carbone 2014). As an alternative, population level studies
have begun to utilize single nucleotide polymorphisms (SNPs) as they are highly
abundant, distributed throughout the entire genome, have relatively low error for base-

calling, and have simple mutation models (Vignal et al. 2002, Brumfield et al. 2003,



Morin et al. 2004, Schlotterer 2004, Haasl and Payseur 2011). The characterization of
SNPs through massive parallel sequencing is quickly becoming the preferred method
for examining populations because they provide a much greater number of informative
markers as opposed to previous methods, including microsatellites. Recent studies
have shown that a small fraction of SNPs can be highly informative and outperform
microsatellites for discerning population structure (Liu et al. 2005, Fischer et al.
2017). Due to the vast increase of informative markers, the analysis of SNPs provides
the ability to increase both resolution and statistical power. Though it is still an
emerging technique, SNP data has already proven useful in examining sex-biased
dispersal for a coastal shark species (Portnoy et al. 2015).

This study seeks to employ next-generation sequencing to examine single
nucleotide polymorphism (SNP) data, together with the characterization of the
mtDNA control region (CR) to test whether the previously reported lack of
differentiation with microsatellites is due to male mediated gene flow. The CR has
proven to be a useful tool for assessing spatial genetic patterns of the Bull Shark at
different scales. Significant structuring within mtDNA has been reported between the
South China Sea and the southwestern Pacific (Deng et al. 2019), as well as between
the western Indian Ocean, southwestern Pacific, and northwestern Atlantic (Pirog et
al. 2019). Previous studies have found evidence for regional philopatric behavior
between the Gulf of Mexico and northwestern Atlantic (Karl et al. 2012,
Laurrabaquio-A et al. 2019), though no study has had representative samples across

the entire Gulf of Mexico or across the newly expanded northernmost range of C



leucas along the northwestern Atlantic coastline (Bangley et al. 2018). This study
aims to examine the genetic population structure and historical demography of
representative samples from the entire basin relative to their full range along the
northwestern Atlantic, and to contrast these signals against published data from the

adjacent Caribbean Sea region, and from the Pacific as outliers.

Chapter Outline

The following portions of this thesis will consist of two data chapters, proceeded
by a final chapter to summarize general conclusions, including results and management
implications. In Chapter II, I characterized segments of the mtDNA Control Region to
examine female population structure of the Bull Shark throughout the Northwestern
Atlantic, in comparison to the Caribbean and Western Pacific. In order to incorporate my
unique reference samples from the Caribbean, I had to trim all sequences lengths down
to match the shortest reference sequence length (463 base pairs). To confirm that the
population structure found was not an artifact of limited data due to shorter fragment
lengths, I then ran a separate analysis from all my own samples throughout the Gulf of
Mexico and Northwestern Atlantic using 733 base pairs.

In Chapter III, I measure genetic variability and assess population structure using
nuclear DNA markers obtained from double digest restriction-site associate DNA
(ddRAD). This method of sequencing will allow me to characterize variation across the
entire genome using tens of thousands of loci, rather than a single gene as done in the

previous chapter.



In Chapter 1V, I will summarize the conclusions from both data chapters,
including the results and implications. Broader impacts of this research are discussed

with respect to management recommendations of the species.



CHAPTER II
POPULATION GENETICS AND HISTORICAL DEMOGRAPHY OF THE BULL

SHARK (CARCHARHINUS LEUCAS) IN THE NORTHWESTERN ATLANTIC

Introduction

The Bull Shark (Carcharhinus leucas) is a cosmopolitan species found primarily
in tropical and subtropical coastal marine and estuarine waters (< 200 m) (Compagno
1984). This species has unique physiological capabilities to tolerate long-term exposure
to freshwater (Thorson et al. 1966, Thorson 1971, Heupel et al. 2010, Froeschke et al.
2012) allowing them to utilize river systems and estuarine habitats for parturition and
nurseries (Snelson et al. 1984, Wiley and Simpfendorfer 2007, Heithaus et al. 2009,
Ortega et al. 2009, Heupel et al. 2010). Sexually mature Bull Shark females have been
reported to display reproductive philopatric behavior, by returning to their natal or
postnatal nurseries to produce offspring (Karl et al. 2011, Tillett et al. 2012,
Laurrabaquio-A et al. 2019). While the use of this coastal habitat does provide many
advantages for C. leucas, it also results in increased exposure to anthropogenic activities,
such as pollution, habitat degradation, and habitat modification, which makes them
uniquely susceptible to localized extinctions (Hueter et al. 2005). Environmental
changes of these critical nursery habitats have been shown to directly impact recruitment
levels and lower the abundance of local populations (Dudley and Simpfendorfer 2006).
Many of these anthropogenic impacts are often studied in conjunction with overfishing

for examining population trends (IUCN 2020)(Cliff and Dudley 1992, Smith et al. 1998,
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Dudley and Simpfendorfer 2006, O’Connell et al. 2007, Carlson et al. 2012, Froeschke
et al. 2012).

Keys factors to consider when examining abundance trends for a population
include recover capability, recruitment levels, and reproductive dispersal. The recovery
capability of a species refers to the maximum rate a species can increase given life
history characteristics (Smith et al. 1998). Given C. leucas is slow growing and late to
mature (males: 14-15 years; females: 18 years) (Branstetter and Stiles 1987, Smith et al.
1998), each individual must survive the combined effects of natural and anthropogenic
pressures within the coastal regions they inhabit for long periods of time in order to
contribute reproductively to the population, thus making the recovery capability of the
species lower compared to most teleost fishes. The dispersal capabilities of C. leucas
have been studied directly, using satellite tagging, acoustic tagging, and mark-recapture
studies to demonstrate how individuals move within their habitat. However, determining
if an individual contributes to a population inhabiting a given estuary using these
methods can be time consuming and expensive. An alternative is to utilize indirect
methods such as genetic assessments that have been developed and employed to
examine C. leucas reproductive philopatric behavior to a given site or region (Karl et al.
2011, Tillett et al. 2012, Laurrabaquio-A et al. 2019, Pirog et al. 2019).

Genetic markers are efficient and highly informative for assessing spatial
movements and gene flow among the populations of a species. Patterns of inheritance
can be quantified by measuring changes in allele frequencies resulting from evolutionary

forces (mutation, migration, genetic drift, and natural selection) which can be used to
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identify whether a population is subdivided (Conner and Hartl 2004). Understanding the
extent to which each of these evolutionary forces is acting on a population is critical for
determining population structure and creating impactful management plans of a species

(Hellberg et al. 2002).

Mitochondrial markers (mt) and nuclear markers (n) differ in the mode of
inheritance and can be used to evaluate sex-biased dispersal. Since mtDNA is maternally
inherited, the observed population structure reflects female reproductive behavior.
Previous studies have shown that mtDNA CR is informative about the spatial patterns of
genetic differentiation of C. leucas at different scales. Significant structuring of mtDNA
was reported between the South China Sea and southwestern Pacific (Deng et al. 2019),
as well as between the western Indian Ocean, southwestern Pacific, and northwestern
Atlantic (Pirog et al. 2019). Within our study area, comparisons of Bull Shark samples
from the northern Gulf of Mexico (GoM) and parts of their range on the northwestern
US coast (Karl et al. 2011, Laurrabaquio-A et al. 2019), have been carried using
mitochondrial and nuclear markers, although the findings are not in agreement.
Specifically, Karl et al. (2011) reported significant philopatric behavior and structuring
between the northwestern Atlantic (NWA) and southwestern Atlantic, but observed no
structuring between the northern GoM and NWA, whereas Laurrabaquio-A et al. (2019)
reported significant structuring between the northern GoM and the NWA Bull Shark
populations.

It is important to note that no study has included representative samples across

the entire GoM, or across the newly expanded northernmost range of C. leucas along the
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northwestern Atlantic coastline (Bangley et al. 2018). The southernmost region of
Florida represents a cryptic barrier between the GoM and NWA for coastal shark species
(Daly-Engel et al. 2012, Portnoy et al. 2015, Dimens et al. 2019). While there is not a
physical barrier or physiological limitation to prevent gene flow or movement, many
marine organisms appear to partition themselves between the GoM and NWA.
Accordingly, this study seeks to address this potential structuring on a finer scale with
the inclusion of samples from the Florida Keys.

This study focuses on characterizing genetic variability of the maternally
inherited mitochondrial DNA (mtDNA) Control Region (CR) gene to test whether
female C. leucas exhibit strong structuring towards natal sites due philopatric behavior.
We aim to examine female genetic population structure and historical demography of
representative samples from the entire basin relative to their full range along the NWA
coast of the US. To gain a better understanding of the timing and relative degrees of
differentiation between these two regions, we will contrast the observed signals against
published data from the adjacent Caribbean Sea region, as well as from Pacific samples
as outliers. We hypothesis that historical demography patterns will show that the
Caribbean population gave rise to its northern counterparts, resulting in the recent

expansion in to the GoM.
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Materials and Methods
Sample collection

Bull Shark tissue samples (n=167), consisting of fin clips or biopsy punches,
were obtained opportunistically from fishing charters, and from studies or surveys for
scientific purposes throughout the Gulf of Mexico (GoM), and along the Northwestern
coastline of the United States. In the GoM, samples came from Campeche, Mexico (n =
26), Texas (n = 26), Louisiana (n = 27), the Big Bend Region in Florida (NW FL, n =
15), near Everglades National Park (SW FL, n = 15), and the Florida Keys (Keys, n = 9).
On the Atlantic coastline, samples came from the Indian River Lagoon in Florida (SE
FL, n =21), along the Georgia/South Carolina coastline (Mid Atlantic, n = 13), and from
North Carolina (n = 15). Samples were collected and immediately preserved in 99%
ethanol and stored at room temperature, or frozen at -20°C, until assayed (Figure 2-1).
Additional published Control Region (CR) reference sequences were included in a
secondary analysis, comprising sequences from Australia (Western Pacific, n = 166), the
China Straight (W Pacific, n = 1), Teacapan, Mexico (E Pacific, n = 2), and the
Caribbean Sea (Nicaragua, n = 6). A total of 334 Bull Shark mtDNA CR sequences were

analyzed (Table A-1).
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Figure 2-1. Sample map of the northwestern Atlantic coastline. Point color cooresponds
to sampling locality, and point shape reflects best AMOVA grouping.

DNA Isolation

High yields of high molecular weight DNA were obtained using the Zymo
Quick-DNA Universal Kit following the manufacturer’s protocols for tissue extraction
(Zymo Research, Irvine, CA, U.S.A.). Isolated DNA was stored at 4°C until assayed.
The quality of isolated DNA was visualized by running 4 pl in a 1% ethidium bromide
(EtBr) stained tris-acetate (TA) gel and quantified using both Nanodrop and Qubit

instruments (Thermo Fisher Scientific, Waltham, MA).
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PCR amplification and Sequencing

Polymerase chain reactions (PCR) were performed using 1uL of the template
DNA. Initial attempts to amplify and sequence the mtDNA Control Region (CR) as
described in Tillett et al. (2012) gave mixed results characterized by a failure to obtain
sequences using their reverse primer. Accordingly, the mtDNA CR was amplified using
the forward primer GWF (5> CTGCCCTTGGCTCCCAAAGC) (Pardini et al. 2001) and
a new reverse primer CLEU-R (5 TATAGGAGGTTTCTTTCCGAGAG) developed
using the Primer 3 software (Koressaar and Remm 2007, Untergasser et al. 2012) in
Geneious Prime v2019.1.8 (Biomatters Ltd, Aukland, NZ), based on partial C. leucas
CR sequences that were generated with the forward primer. DNA amplification was
carried out in a Roche LightCycler 96 (Roche Diagnostics). Polymerase chain reactions
were prepared in 10.0 pL volumes, consisting of 5.0 uL. 2X EconoTaq Plus Master Mix
(Lucigen), 0.5 pL LC Green (Idaho Technologies), 0.2 uM GWF, 0.2 uM CLEU-R, 2.5
puL ddH>0, and 1.0 pL of the template DNA. Thermocycling conditions were as follows;
an initial denaturing step at 94°C for 90s followed by 35 cycles of denaturing at 94°C for
10s, annealing at 59°C for 30s, and extension at 72°C for 60s, followed by a final
extension step at 72°C for Smin. Negative controls were included in all reactions.
Amplification curves were visualized in real time on the LightCycler96, and PCR
products were then visualized via electrophoresis on a 2% TA agarose gel pre-stained
with EtBr run at 100 mV for 35 minutes. PCR products with a single band were diluted
1:10 for post-PCR cleanup and then sequenced in each direction using the ABI BigDye

terminator v3.1 (Applied Biosystems) following the fast cycle sequencing protocol (Platt
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et al. 2007). Cycle sequencing products were cleaned using the ZR DNA Sequencing
Clean-up Kit (Zymo Research), and Sanger sequencing was performed in a 3130 Genetic

Analyzer (Applied Biosystems; www.appliedbiosymstems.com).

Population Structure Analysis

Multiple sequence alignments of the mtDNA CR of every individual (n=167)
captured in the NW Atlantic and the Gulf of Mexico were carried out in Geneious Prime
v2019.1.8 (Biomatters Ltd, Aukland, NZ) using the progressive pairwise alignment
algorithm. Each polymorphic site was confirmed by inspecting the corresponding
nucleotide in the original electropherograms. Haplotype data files were generated using
DnaSP v6.12.03 (Rozas et al. 2017).

Arlequin v3.5 (Excoffier and Lischer 2010) was used to estimate genetic
variation within and between populations with an analyses of molecular variance
(AMOVA), and to estimate descriptive statistics, including the number of haplotypes
(M), haplotypic diversity (%), pairwise differences between haplotypes, nucleotide
diversity (m), and the number of polymorphic or segregating sites (S) using a corrected
Tamura and Nei model (Tamura and Nei 1993). When conducting phylogenetic analyses
in MEGA v7.0.21 (Kumar et al. 2016) and POPART (Leigh and Bryant 2015) insertions
and deletions (indels), which occur at about the same frequency as transversions, were
weighted the same to adjust for program biases against informative indels (Alvarado-

Bremer et al. 1995). JModelTest2 (Guindon and Gascuel 2003, Darriba et al. 2012) was
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used to select the best fit model of nucleotide substitutions and its associated gamma
distribution based on BIC criterion. A single representative of each haplotype was
randomly selected to generate a haplotype tree. A Maximum Likelihood (ML) tree was
constructed in MEGA from transitions (Ts) and transversions (Tv) with 1000 bootstraps
using a gamma corrected Tamura and Nei model (Tamura and Nei 1993). For
comparative purposes, a Minimum Evolution (ME) tree was constructed using the p-
distance model using Tv + Ts with 1000 bootstrap replicates. A Minimum Spanning
Network (MSN) in POPART (Leigh and Bryant 2015) was constructed to simplify the
visualization of the phylogeographic association of haplotypes. A Mantel test of
isolation by distance (IBD) was calculated using Slatkin’s Linearized Fsr in relation to
pairwise distance between each sampling locality, computed using geographic distance
in kilometers measured as the shortest coastal line between localities (Slatkin 1995). A
Salicru X2 test (Salicru et al. 1993) was used to test significance of pairwise differences

since distribution of diversity statistics have an asymptotic distribution.

Reference Sample Population Structure Analysis

To further examine the phylogenetic origin of haplotypes within the sampling
region, we included reference Bull Shark mtDNA CR sequences from previous studies
(Kitamura et al. 1996, Tillett et al. 2012, Chen et al. 2014). However, this analysis was
conducted separately because substantial trimming of some of the CR sequences was

required when optimizing the multiple sequence alignment because of the different sets
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of PCR primers used in respective studies. JModelTest2 BIC criterion revealed the best
model for the trimmed dataset to be a Tamura-Nei + I corrected model for construction
of haplotype trees. Population structure analyses followed the same protocols as
described above.

The levels of neutral genetic variation in a population are informative of long-
term female effective population size [Ner)] can be estimated from the relation between
the levels of neutral genetic variation measure of genetic diversity 0, and the long-term
effective female population size [Ne(r)] is 0 = 2Ne(r)l, where p is the substitution rate per
generation, as described in Roman and Palumbi (2003). In order to examine historical
demography, rate of divergence was calculated using randomly selected representatives
from the Gulf of Mexico that were then compared to samples from the eastern Pacific
within DnaSP v6.12.03 (Rozas et al. 2017) to obtain Tamura-Nei distances (Da) between
the populations. A generation time of 18 years was used based on estimates for sexual
maturity of females (Branstetter and Stiles 1987). Mutation rates were calculated based
on time since divergence from a known geological event, the emergence of the Isthmus
of Panama, estimated to have occurred approximately 3.2 million years ago (Mya)
(O’Dea et al. 2016) given we have representative samples from either side of the land
formation. Pairwise mismatch distributions (Rogers and Harpending 1992), divergence
between groups (Da statistic) (Nei 1987), population neutrality tests (R2 statistic)
(Ramos-Onsins and Rozas 2002), estimated mutational time, and tau (1) (Rogers and
Harpending 1992) were generated to estimate patterns of historical demography in
relation to population expansion.
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Results

Gulf of Mexico versus northwestern Atlantic Coast of United States

A total 733 base pairs (bp) of mtDNA CR sequence was obtained for 167
individual Bull Shark (C. leucas) collected in the NW Atlantic and GoM, containing a
total of 14 polymorphic sites, including three indels, seven transitions, and four
transversions, that defined 21 distinct haplotypes. Analyses of these CR sequences
revealed a low level of nucleotide sequence diversity (m) of 0.001206 + 0.000982 and a
haplotypic diversity (/) of 0.6234 + 0.1034 within and among these two groups (Table
2-1). There were significant differences in the levels of haplotypic diversity among the
samples, with Louisiana and NWFL displaying significantly less variation (4 < 0.36)
than SWFL, the Keys, SEFL, the Mid Atlantic and NC (p < 0.05; Table 2-2). The Keys
was the most variable sample (4 = 0.86) characterized in this study, except for SEFL,
which contained similar levels of variation (4 = 0.78).

Comparison of pairwise Fsr values identify the Florida Keys, SE FL, and the Mid
Atlantic as not different from one another, but individually significantly different from
Campeche (p < 0.05), Louisiana, and SW FL (p <0.01). Linearized Fsr calculations of
Slatkin’s distance and Reynold’s distance (Table 2-3) yielded similar relationships.
Despite the apparent differences between the GoM and Atlantic samples, a Mantel Test

failed to support IBD (R2 =-0.09935, p = 0.6646) (Figure 2-2).
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Location n M h(SD) n (SD) S Ts Tv 1
1. Campeche 26 6 0.5662(0.1085) 0.001845(0.001316) 6 5 1 0
2. Texas 26 4 0.6123(0.0806) 0.001156(0.000945) 2 2 0 O
3. Louisiana 27 3 0.3305(0.1083) 0.000548 (0.000584) 2 2 0 O
4. SW FL 15 5 0.6762(0.1049) 0.000417 (0.000512) 4 2 0 2
5.NW FL 15 3  0.3619(0.1448) 0.000383 (0.000487) 2 1 0 1
6. Keys FL 9 5 0.8611(0.0872) 0.001576 (0.001270) 4 2 1 1
7. Mid Atlantic 137 0.7308 (0.1332) 0.002064 (0.001490) 6 3 2 1
8. SE FL 21 7 0.7857(0.0635) 0.001492 (0.001138) 7 3 2 2
9. North Carolina 15 4  0.6857(0.1040) 0.001377 (0.001099) 3 3 0 O
All Samples 167 21 0.6234 (0.1034) 0.001206 (0.000982) 14 7 4 3

Table 2-1. Molecular indices for 733 bp of mtDNA sequences of the CR for C. leucas by
sampling location. Table shows number of haplotypes (M), haplotypic diversity (h), nucleotide
diversity (m), standard deviation (SD), number of segregating (polymorphic) sites (S), number of
transitions (Ts), number of transversions (Tv), and number of indels (insertions and/or deletions,
D).

Isolation by Distance Mantel Test

Gulf of Mexico and NW Atlantic Dataset

o ® R =-0.09935
' . p= 0.6646
k)
L 0.3 L