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ABSTRACT

Makaira nigricans is a highly migratory species that is found within subtropical 
and tropical waters of the Atlantic, Pacific and Indian oceans. The status of blue marlin 
stocks varies among ocean basins and Atlantic blue marlin are overfished. In the United 
States, regulations prohibit commercial capture, importation and sale of Atlantic blue 
marlin, but not conspecifics from the Pacific or Indian oceans, thus creating a need to 
identify the origin of marketed products. Molecular characters in conjunction with 
assignment methods can be used to identify population of origin if genetic differentiation 
exists among populations. I developed 10 new microsatellite markers to supplement 
currently available molecular loci to provide more power to discriminate Atlantic and 
Indo-Pacific blue marlin. In order to validate the usefulness of 13 selected microsatellite 
loci (10 newly developed and three previously developed) and the mitochondrial control 
region locus, a reference database of 348 blue marlin individuals, 190 from the Atlantic 
and 158 from the Pacific, was genotyped. Sixteen samples were also genotyped at these 
14 loci and used as samples of unknown origin. Assignment tests were performed using 
the programs GENECLASS2 and STRUCTURE and assessed at stringent assignment 
threshold (T) levels that are desirable for forensic purposes. The performance of the 
dataset used in this study showed that confident assignments of individuals can be 
achieved at high threshold levels, and that minimal error occurred overall for the 
assignment methods. The Bayesian method in STRUCTURE using model C (a priori 
use of population information and no admixture) performed best, assigning 99.4% of the 
reference database individuals at T > 0.95. Among the unknown samples, three were 
collected from recreationally landed fish from the Atlantic. Assignment test results 
overall suggested an Atlantic origin for these samples. The performance of this dataset 
has demonstrated the ability to discriminate Atlantic and Pacific blue marlin using 
genetic characters with confidence and provides more power to assign marketed blue 
marlin products to ocean of origin. I would recommend the use of multiple assignment 
methods to corroborate results, and validation of additional individuals and loci for 
increased success and further application to blue marlin forensic studies.
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CHAPTER I: AN INTRODUCTION

Fisheries forensics

The multi-faceted field of fisheries management faces overwhelming challenges 

not only in establishing measures to ensure sustainable fishing, but also in the 

enforcement of those regulations. Two main areas where there are compliance problems 

with fisheries management measures are the illegal capture of fishes and incorrect 

product labeling. Illegal, unreported and unregulated (IUU) fishing occurs when policies 

regulating age, species, size, origin, and fishing effort and equipment (i.e. gear 

restrictions, closed fishing areas and fishing seasons) are not observed (Ogden 2008). 

Falsification of product labeling occurs post-capture to illegally market IUU fishes, or to 

sell lower quality products at higher market prices (Jacquet & Pauly 2008).

Since the 1990s, DNA-based genetic techniques have been applied to address 

problems in fisheries management, and the use of these methods in fisheries enforcement 

is becoming more prevalent (Ogden 2008). Several different applications of genetic 

methods to fisheries forensics have emerged, and the identification of species is one of 

the most important (Baker 2008). Molecular methods are useful for species identification 

because marketed products are often highly processed, making species identification by 

morphological characters impossible. Identifications often rely upon fixed genetic 

differences to distinguish between species, and are generally approached in one of two 

ways. The first is to amplify a specific gene region using the polymerase chain reaction 

(PCR) and then sequence the amplified product. The sequence is then compared against
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a database of reference sequences of known origin (e.g., Baker & Palumbi 1994; Paine et 

al. 2008; Ward et al. 2009). The second method involves the development of species- 

specific PCR primers that will amplify DNA from the targeted species in a multiplex 

reaction (e.g., Desalle & Birstein 1996).

In some instances, it is necessary to assign a specimen to a specific stock or to a 

geographic area of origin, and fixed genetic differences may not exist between such 

groups. In these cases, assignment methods are used to identify the most likely 

population or location of origin of a sample based on genetic data. This is done by 

examining alleles across several loci for the unknown sample and comparing them to the 

allelic composition of reference samples from known stocks. Assignment tests infer an 

individual’s origin by calculating the likelihood of its multilocus genotype occurring in a 

reference population. Primmer et al. (2000) used data from seven microsatellite loci to 

uncover fraudulent activities in a fishing competition by confidently excluding the 

suspect fish from the alleged population of origin. The ability to exclude populations is 

an important consideration when a large number of reference samples are not available 

from all populations.

The ability to determine the population of origin of an individual using genetic 

data would provide an important tool for the management of blue marlin in the Atlantic 

Ocean. In the United States there is a prohibition on the commercial capture, importation 

and sale of Atlantic blue marlin; however, this measure does not extend to blue marlin 

from the Pacific or Indian oceans. Consequently, blue marlin from the Atlantic may be 

easily marketed as originating from the Indo-Pacific and therefore, characters that readily
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discriminate the two populations are needed for enforcement. Currently available genetic 

markers are not powerful enough to unambiguously discriminate between Atlantic and 

Indo-Pacific blue marlin. In this study, my goal was to develop additional genetic 

markers and generate a reference database that can be used to identify illegally marketed 

Atlantic blue marlin products.

In the United States, blue marlin are jointly protected under the Magnuson- 

Stevens Fishery Conservation and Management Act and the Atlantic Tunas Convention 

Act (ATCA). The former states that the United States will cooperate to ensure the 

conservation of highly migratory species and promote harvesting at optimum sustainable 

yield by the prevention of overfishing and, when necessary, rebuild fisheries. The ATCA 

allows the domestic implementation of resolutions and recommendations agreed upon by 

the International Commission for the Conservation of Atlantic Tunas (ICCAT). The 

National Marine Fisheries Service (NMFS), under the National Oceanic and Atmospheric 

Administration, is the government agency responsible for the management of blue marlin 

in the United States.

In the United States, the recreational fishery for Atlantic blue marlin is primarily 

catch and release with an established minimum size of 251 cm (lower jaw fork length). 

Under an ICCAT management measure, U.S. annual recreational landings in the Atlantic 

Ocean are limited to 250 white and blue marlins combined. Illegal marketing of Atlantic 

blue marlin in Puerto Rico is known to occur when fish landed in the recreational fishery 

are sold at the dock to markets or individuals (Lynn Rios, NMFS, personal 

communication). Billfish marketing issues are a problem in other countries as well. In
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Australia, for example, there have been concerns that blue marlin may be landed and 

marketed as the more valuable striped marlin or shortbill spearfish (Innes et al. 1998).

In order to enforce fishery regulations, it is necessary to employ supply chain 

controls, including detailed documentation of products in conjunction with genetic 

analyses. It is of great importance that both of these aspects be adopted; dependence on 

documentation alone is inadequate for enforcing regulations. In the case of blue marlin, 

the Code of Federal Regulations requires that Indo-Pacific blue marlin products be 

accompanied by a Billfish Certificate of Eligibility (COE) (or an equivalent document), 

which includes information such as the name of the vessel that landed the fish, and the 

date and port of landing. The COE acts as a chain of custody form and must be signed 

and dated by each handler that possesses products up to the consumer. The problem with 

the COE is that it is easily forged, and often COE forms are damaged or missing from 

products as they make their way through the supply chain. In addition, products may be 

divided into smaller pieces as they are distributed and often times COE forms do not 

accompany these divisions. Genetic analyses provide an alternate means of tracing blue 

marlin products through the market.

Blue marlin: species history and genetics

Blue marlin are a cosmopolitan, highly migratory species found within tropical 

and subtropical waters of the Atlantic, Pacific and Indian oceans. Historically, blue 

marlin were described as several distinct species, but these were synonymized by Briggs 

(1960) who recognized one circumtropical species. Nakamura (1985) described
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morphological characters distinguishing Atlantic and Indo-Pacific blue marlin and 

recognized the Atlantic and Indo-Pacific populations as distinct species. Nakamura 

(1985) noted that lateral line morphology varies between the Atlantic Makaira nigricans 

(Lacepede, 1802) and the Indo-Pacific M. mazara (Jordan & Snyder, 1901); the former 

has a much more reticulated pattern, and the lateral line of the latter forms simple loops. 

These differences are more pronounced in juvenile and immature fishes than in adults. 

Over the past 20 years genetic characters have provided a different perspective on the 

specific status of Atlantic and Indo-Pacific blue marlin. Molecular studies suggest that 

blue marlin comprise a single, circumtropical species (Graves & McDowell 1995, 2003); 

however, significant intraspecific genetic variation exists in the distribution of genotypes 

between Atlantic and Pacific populations. Direct sequencing of a 612 bp fragment of the 

cytochrome b mitochondrial DNA (mtDNA) gene in 26 individuals showed two distinct 

lineages within blue marlin with significantly different frequencies between the Atlantic 

and Pacific (Finnerty and Block 1992). The study conducted by Graves & McDowell 

(1995) supported the presence of two significantly different mitochondrial lineages based 

on restriction fragment length polymorphism (RFLP) analysis of the entire mtDNA 

molecule from approximately 50 blue marlin individuals from the Atlantic and Pacific 

Ocean basins. This study found higher levels of variation within the Atlantic due to the 

presence of two mitochondrial lineages, an Atlantic lineage and a ubiquitous lineage.

The Atlantic lineage was found only in Atlantic individuals, whereas the ubiquitous 

lineage was observed in some Atlantic specimens and all individuals originating from the 

Pacific. The Atlantic lineage had a net mean nucleotide sequence divergence of 1.23%
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from the ubiquitous lineage, and was observed in approximately 40% of Atlantic blue 

marlin. Expanding on this study, the Atlantic mtDNA lineage was observed in 43% of 

Atlantic individuals after an additional 139 Atlantic and 105 Pacific blue marlin samples 

were analyzed using RFLP analysis of the entire mtDNA molecule (Buonaccorsi et al. 

2001). This mitochondrial lineage pattern has been observed in other pelagic species 

including bigeye tuna (Alvarado Bremer et al. 1998; Martinez et al. 2006), albacore tuna 

(Vinas et al. 2004), and swordfish (Alvarado Bremer et al. 1996; Rosel & Block 1996).

Inter-ocean differentiation of Atlantic and Pacific blue marlin has also been 

observed in analyses of nuclear loci. Buonaccorsi et al. (1999) examined four 

polymorphic allozyme loci and found that three showed significant allele frequency 

differences between Atlantic (n=44) and Pacific (n=54) samples. A significant F st , a 

measure of population differentiation, of 0.077 (p < 0.001) was reported between ocean 

basins based on these four loci. Single copy nuclear DNA (scnDNA) loci also showed 

significant heterogeneity between the Atlantic and Pacific samples for three of four 

polymorphic loci, with inter-ocean divergence making up to 12% of the overall variance. 

Across all four scnDNA loci, a significant Fst of 0.086 (p < 0.001) was reported between 

the Atlantic and Pacific populations. No significant variation was detected among 

samples within ocean basins for either class of marker. More pronounced allelic 

frequency differences between Atlantic and Pacific blue marlin were evident in an 

analysis based on five polymorphic tetra-nucleotide microsatellite markers (Buonaccorsi 

et al. 2001). The average observed heterozygosity per locus was 0.935 with a range from 

0.91 - 0.95. Genotypic distributions within samples conformed to the expectations of
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Hardy-Weinberg equilibrium at four of the five microsatellite loci, while significant 

heterozygote deficiencies were noted at locus MnlO (Buonaccorsi et al. 2001). Over the 

five micro satellite loci, a significant Fst value of 0.012 (p < 0.001) was reported. At 

locus Mn08 a cluster of alleles was observed almost exclusively within samples from the 

Atlantic, and modal shifts in allele frequency between ocean basin samples were evident 

in loci Mn08, Mn60, and Mn90. Such significant allelic frequency differences may be 

useful in conjunction with assignment tests for distinguishing Atlantic and Pacific blue 

marlin.

Assignment tests

Genetic assignment tests were first proposed by Paetkau et al. (1995). Using 

microsatellite loci, Paetkau et al. (1995) developed a test that determined the expected 

frequency of a specific genotype occurring in each sampled population based on 

reference allele frequencies, and assigned individuals to the population from which it 

most likely originated. This test assumed that unlinked loci were in Hardy-Weinberg 

equilibrium, that reference populations used in the study were well sampled, and that 

allele frequency estimates were truly representative of actual allele frequencies (Primmer 

et al. 2000). Paetkau et al. (1995) addressed one source of bias associated with the use of 

their assignment test, which occurs when either an individual’s genotype is included in 

the sample population from which it was derived, or when alleles from an individual to 

be assigned are not present in the reference sample population (Hansen et al. 2001). In 

order to correct this bias Paetkau et al. (1995) included the genotype they were assigning
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in each of the source populations; however, test individuals were then more likely to be 

assigned to a population with a lower sample size because those alleles have a higher 

relative frequency (Davies et al. 1999).

Bayesian methods have been developed to address the problem caused by the 

assumption that estimated allele frequencies truly reflect actual allele frequencies. This is 

because Bayesian methods are generally less susceptible to error when testing with 

inaccurate reference allele frequencies caused by inadequate sampling (Primmer et al. 

2000), and have been shown to perform more efficiently than other available approaches 

(Comuet et al. 1999). Comuet et al. (1999) developed an exclusion method based on the 

partial Bayesian approach of Rannala & Mountain (1997) that provides a means of 

calculating confidence levels. The exclusion method determines the likelihood of an 

individual originating from a population by simulating reference population multilocus 

genotypes based on the observed allele frequencies. The test individual’s genotype is 

compared to the simulated likelihood distribution, and the probability of the sample 

originating from the reference population is determined, allowing for both assignment 

and exclusion from a population with a calculated degree of confidence (Comuet et al. 

1999). This method assumes that loci are independent and unlinked, and that populations 

are in Hardy-Weinberg equilibrium.

Pritchard et al. (2000) developed a model that uses a Bayesian framework to 

incorporate the uncertainty of estimating model parameters, and allows for the 

incorporation of additional information such as sampling locations; however, prior 

information is not a requirement. The model, which assumes independent, unlinked loci
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and Hardy-Weinberg equilibrium, calculates a posterior probability that the test 

individual’s multilocus genotype originated from each of the sampled populations jointly, 

and this can be compared to a desired threshold value.

Objectives o f  this study

Despite the inter-ocean genetic differentiation observed in blue marlin, not all 

individuals can be unambiguously assigned to ocean of origin based on the available suite 

of genetic markers using assignment tests. For my thesis research, I attempted to increase 

our power in assigning individual blue marlin to either the Atlantic or the Pacific Ocean 

basins by developing new molecular markers. These new markers, along with previously 

developed markers, were used to build a reference database that allowed assignment of 

“unknown” samples to ocean of origin. In order to achieve these objectives the following 

steps were taken: (1) the existing genetic marker library for blue marlin was expanded 

through the isolation of ten novel, variable nuclear markers; (2) genotypic frequency data 

for collections of individuals from several locations in the Atlantic and Pacific were 

generated using the suite of available and newly developed molecular markers to 

determine levels of variation and conformance of genotypic frequencies to the 

expectations of Hardy-Weinberg equilibrium, and to test for linkage disequilibrium; (3) 

appropriate markers were selected and existing in-house collections from the Atlantic and 

Pacific were screened to develop a multilocus forensic reference database; (4) case 

samples processed by the National Ocean Service (NOS), as well as billfish products 

marketed from vendors in Puerto Rico and distributors within the United States, were
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obtained to serve as samples of unknown origin. These unknown samples were screened 

using the suite of microsatellite loci to generate a multilocus genotype for each sample, 

which was used to assign samples to their most likely ocean basin of origin.
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CHAPTER II: MICRO SATELLITE LOCI DEVELOPMENT

Introduction

The current overfished status of the Atlantic blue marlin stock has led to 

management strategies that prohibit their commercial capture, importation and sale. 

However, blue marlin from the Atlantic may be easily marketed as originating from the 

Indo-Pacific; therefore, molecular characters that readily discriminate the two populations 

are needed for enforcement. Current genetic markers are not powerful enough to 

unambiguously discriminate between Atlantic and Indo-Pacific populations (Buonaccorsi 

et al. 2001), requiring the development of additional loci. Here I describe the isolation 

and characterization of new microsatellite markers to expand the current suite of 

available nuclear and mitochondrial loci. Newly developed microsatellite loci were 

screened and tested for their potential utility in assignment based methods to identify 

ocean of origin of unknown blue marlin samples.

Materials and methods 

Microsatellite library development

The protocol to generate the microsatellite library primarily followed the 

procedures of Glenn & Schable (2005) with minor modifications. Genomic DNA was 

extracted from blue marlin heart tissue collected from a specimen that was landed in 

Cape May, New Jersey in 2002. The tissue sample was frozen at -20° C within eight 

hours of capture, and subsequently preserved at -80° C. One gram of thawed tissue was
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ground using liquid nitrogen and added to 10 ml of lysis buffer (10 mM Tris-Cl, pH 8.0; 

10 mM EDTA, pH 8.0; 0.5% w/v SDS; 20 pg/ml DNase-free pancreatic RNase). The 

mixture was incubated at 37° C for one hour. Proteinase K (20 mg/ml) was added to a 

final concentration of 100 pg/ml, and incubated for three hours at 50° C. Total genomic 

DNA was isolated following a standard phenol-chloroform extraction protocol 

(Sambrook & Russell 2001) and subsequent ethanol precipitation. The DNA was 

rehydrated in 1.0 ml of TE buffer (pH 8.0). Genomic DNA quality was examined by 

visualizing 2 pi on a 1.0% agarose gel, and quantified on a BioMate 3 Series 

spectrophotometer (ThermoSpectronic, Rochester, NY).

Approximately 2 pg of extracted DNA was digested with restriction enzyme Rsa I 

(New England BioLabs (NEB), Beverly, MA) using the following recipe: 2.5 pi NEB 

10x Ligase Buffer #2; 1.0 pi Rsa I (10 000 units/ml); 21.5 pi DNA (100 ng/pl). 

Incubation was allowed to proceed for 3 hours at 37° C. Small DNA fragments (<100 

bp) were removed from the digestion reaction using the QIAquick PCR Purification Kit 

(Qiagen, Valencia, CA) following the manufacturer’s protocol with a vacuum manifold, 

and eluted in 60 pi of EB buffer.

The digested DNA was ligated to SuperSNX24 double stranded linkers (Glenn & 

Schable 2005) using the following recipe: 7.0 pi ds SuperSNX24 linker (10 pM each); 24 

pi digested DNA, 1.0 \i\Xmn I (NEB); 2.0 pi T4 DNA ligase (NEB); 4.0 10x T4 DNA 

ligase buffer (NEB); 1.5 pi sterile, distilled water; 0.25 pi bovine serum albumin (BSA) 

(NEB, 250 pg/ml); 0.25 pi 5 M NaCl. Digested DNA was ligated overnight at 16° C. In 

order to ensure that the ligation was successful before proceeding, a PCR amplification
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was performed and products were visualized on a 1.0% agarose gel to confirm the 

presence of a smear of fragments centered at a size of 500 bp (Glenn & Schable 2005).

A double enrichment was performed on the linker-ligated DNA fragments using 

3’ biotinylated oligonucleotides, including (TAGA)io and a mixture of five different 

tetra-nucleotide motifs (mix 4) as probes (Glenn & Schable 2005). Independent 

hybridization reactions were carried out for both sets of probes using the following 

mixture: 2.0 pi linker-ligated DNA; 50 pi hybridization solution (12x standard saline 

citrate (SSC), 0.1% sodium dodecyl sulfate (SDS)); 43 pi sterile, distilled water; and 2.0 

pi repeat oligonucleotide (1 pM each). The probe mixture was heated at 95° C for 15 

minutes and incubated overnight at 50° C, and 55° C, respectively.

DNA-probe hybrids were recovered following Kijas et al. (1994) with minor 

modifications. One hundred microliters of Streptavidin MagneSphere Paramagnetic 

Particles (Promega, Madison, WI) for each reaction were pre-washed three times with 

100 pi 0.5x SSC, and re-suspended in 100 pi 12x SSC, O.lx SDS solution. Probe 

mixtures were added to the particles and incubated at 43° C for three hours with constant 

agitation. Particles were washed, and captured DNA was eluted in 200 pi T-dot-E. 

Ethanol precipitation of the DNA and PCR recovery was performed following Glenn & 

Schable (2005), and the above enrichment was repeated using the PCR product in the 

probe mixture as the template.

The doubly enriched DNA was ligated into plasmids and transformed into 

competent cells using the TOPO TA Cloning Kit and TOP 10 chemically competent cells 

(Invitrogen, Carlsbad, CA). Cells were grown on LB ampicillin plates. Clones
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containing plasmids with DNA inserts were selected and examined to ensure they 

contained the target fragment size of 500-1200 bp via PCR amplification using M13 

primers. Ninety six inserts were prepared for sequencing using ABI PRISM Big Dye 

Terminator v 3.0 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) at 1:8 

dilution, and sequenced on an ABI PRISM 3130x/ Genetic Analyzer (Applied 

Biosystems, Forest City, CA).

Sequences were edited using the software Sequencher 4.8 (Gene Codes, Corp., 

Ann Arbor, MI), and microsatellite motifs were identified using Repeat Masker 

(available at http://ftp.genome.washington.edu/RM/RepeatMasker.htmB. Primers were 

developed from flanking regions using PRIMER 3 (Rozen & Skaletsky 2000) and 

MacVector 8.1.2 (MacVector, Inc., Cary, NC).

Screening o f microsatellite loci

Each primer pair was optimized against two individuals using a gradient PCR. 

Approximately 5-50 ng of template DNA was amplified using the following PCR 

reaction with Qiagen (Valencia, CA) reagents: 3.875 pi sterile, distilled water; 0.5 pi lOx 

buffer; 0.1 pi deoxynucleotide triphosphates (dNTP) mix (2.5 mM each); 0.05 pi each, 

forward and reverse primer (10 pM); 0.025 Taq polymerase. Cycling conditions for the 

temperature gradient PCR were as follows: initial denaturation at 94.0° C for 4 minutes; 

35 cycles of additional denaturation (94.0° C for 1 minute), annealing (50.0-65.0° C for 1 

minute), extension (72.0° C for 1 minute); followed by an additional extension at 72.0° C 

for 7 minutes. For primers that amplified well in the initial screen, the PCR was carried
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out on eight additional individuals. PCR conditions were the same as above, but used 

ideal annealing temperatures identified from the temperature gradient.

Primer pairs that amplified consistently across the eight initial test individuals 

were selected for additional screening using T3 tailed forward primers. A total of forty 

additional blue marlin samples comprising individuals from Brazil, Bahamas, Ghana, 

Jamaica, Puerto Rico, Florida, the Gulf of Mexico, New Jersey and Maryland in the 

Atlantic, and Australia, Ecuador, Hawai’i, and Panama in the Pacific was used to assess 

amplification consistency and levels of polymorphism. These DNA samples were 

previously extracted using either standard phenol-chloroform methods (Sambrook & 

Russell 2001) or the DNeasy Tissue Kit (Qiagen, Valencia, CA) following the 

manufacturer’s protocol. The polymerase chain reactions were carried out in a 5.2 pi 

volume using Qiagen (Valencia, CA) reagents: 1.0 pi BSA (1.0 mg/pl); 0.5 pi lOx buffer; 

0.1 pi dNTP mix (2.5 mM each); 0.01875 pi T3 tailed forward primer (10 pM); 0.075 pi 

reverse primer; 0.05 pi fluorescent dye (10 pM); 0.025 Taq polymerase, and 5-50 ng 

DNA template. The PCR cycling protocol was as follows: 4 minutes at 94.0° C; 35 

cycles of 94.0° C for 1 minute, 62.0° C, 64.0° C, or 65.0° C for 1 minute, 72.0° C for 1 

minute; 7 minutes at 72.0° C. PCR products (alleles) were separated on an ABI 3130x/ 

Prism Genetic Analyzer (Applied Biosystems, Foster City, CA) with a GeneScan 500-Liz 

size standard (Applied Biosystems, Foster City, CA), and scored using GeneMarker 1.6 

(SoftGenetics, State College, PA).

Ten polymorphic microsatellite primer pairs that produced consistent 

amplification were selected to genotype collections of 20 blue marlin each from Hawai’i
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and Ghana, and statistical tests were conducted before genotyping additional individuals 

to ensure their utility in further analyses. These DNA samples were also previously 

extracted using either the DNeasy Tissue Kit (Qiagen, Valencia, CA) following the 

manufacturer’s protocol or the standard phenol-chloroform methods of Sambrook & 

Russell (2001). The polymerase chain reactions and scoring were conducted as described 

above. Genotypic frequencies were evaluated for conformance to the expectations of 

Hardy-Weinberg equilibrium using GENEPOP 4.0 (Rousset 2008). Standard genetic 

indices were estimated in ARLEQUIN 3.5.1.2 (Excoffier & Lischer 2010), including 

average number of alleles per locus and observed and expected heterozygosities.

Linkage disequilibrium among the ten loci was tested using a corrected alpha value for 

multiple comparisons in FSTAT 1.2 (Goudet 1995). The MICROCHECKER software 

(van Oosterhout et al. 2004) was used to evaluate the possibility of scoring errors (large 

allele dropout or stutter), and FREENA (Chapuis & Estoup 2007) was used to estimate 

the frequencies of null alleles.

Results

Following transformation of plasmids containing doubly enriched DNA, vector 

inserts from 96 bacterial colonies were sequenced. From these 96 sequences, primer sets 

for 20 micro satellite loci were developed and screened. Ten of these loci were discarded 

due to inconsistent amplification.

Twenty individuals each from the Atlantic (Ghana) and Pacific (Hawai’i) were 

screened with the ten primer pairs that produced reliable amplifications, and tests were
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conducted to ensure the utility of the microsatellite loci in further population and 

assignment test analyses. There was no evidence of scoring errors caused by large allele 

dropout or stutter in either collection according to tests in MICROCHECKER (van 

Oosterhout et al. 2004). The program FREENA (Chapuis & Estoup 2007) estimated low 

null allele frequencies (< 0.05) for all loci except locus Mn.E in the Hawai’i population 

(Table 1). No significant deviations of genotypic frequencies from the expectations of 

Hardy-Weinberg equilibrium were observed for any locus in either collection (P < 0.05). 

There was no evidence of linkage disequilibrium among tested loci following corrections 

for multiple comparisons in FSTAT 1.2 (Goudet 1995). Observed heterozygosity for the 

ten microsatellite loci ranged from 0.850 -  0.950 for samples from Ghana and 0.700 -  

1.000 for those from Hawai’i. For both collections combined, the mean number of alleles 

per locus was 18.4 with a range from 14 -  24 alleles (Table 1).

Discussion

It is important to proceed to assignment testing with loci that amplify well to reduce 

the occurrence of null alleles in the dataset. Null alleles are the result of failed 

amplification during the PCR and can lead to an excess of homozygotes (i.e. deviations 

of genotypic frequencies from the expectations of Hardy-Weinberg equilibrium). Many 

analyses, such as assignment tests, assume that loci are independent and are in HWE.

Loci are also selected based on ease of scoring. Stutter caused by mispriming during the 

PCR can make it difficult to score alleles, causing errors that may lead to Hardy - 

Weinberg disequilibrium and inconsistencies in allele size calls. Finally, microsatellite
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loci with high allelic diversity (polymorphism) are desired, as they generally provide 

greater assignment accuracy (Guinand et al. 2004; Kalinowski 2004). For this study, I 

was able to successfully develop 10 new microsatellite loci that met these criteria.

These newly developed markers amplified well in samples from Atlantic and Pacific 

blue marlin populations in Ghana and Hawai’i, demonstrating their utility in studies of 

both stocks. These markers will further supplement previously developed micro satellite 

markers (Buonaccorsi et al. 2001), allowing us to generate a more complete reference 

database for blue marlin populations. In conjunction with assignment tests, the 

multilocus genotypes of marketed products will provide a more powerful means of 

identifying ocean basin of origin, allowing enforcement of the regulations on this species.
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CHAPTER III: ASSIGNMENT TESTS

Introduction

The plethora of available genetic data and new methods that use this information 

to determine population origins of groups and individuals of non-human organisms is 

becoming increasingly important to wildlife enforcement and monitoring. The ability to 

assign evidence to a specific geographic origin is particularly useful when conservation 

units defined for a species are under different management strategies (Ogden 2008; Ball 

et al. 2011). Blue marlin are such an example. Blue marlin occur circumglobally, but are 

managed as two stocks. The Atlantic stock is protected, but the Indo-Pacific stock is not. 

This strategy results in a situation where illegal harvesting of Atlantic blue marlin can 

occur, and the products can be marketed as originating from the Indo-Pacific. In order to 

identify the origin of products, characters that can discriminate between the two blue 

marlin stocks are necessary.

Inter-ocean genetic variance between Atlantic and Pacific blue marlin has been 

described, suggesting that molecular characters could provide a means of distinguishing 

Atlantic and Indo-Pacific blue marlin (Buonaccorsi et al. 2001). Here I present the 

results of assignment methods based on genotypic data from 13 micro satellite loci (10 

new and three previously developed by Buonaccorsi & Graves (2000)) and the control 

region mitochondrial DNA locus. I used two types of assignment methods, a frequentist 

approach and a Bayesian clustering approach, to validate a reference database of 348 blue
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marlin individuals, and assessed the power of these molecular markers and assignment 

methods to discriminate Atlantic and Pacific blue marlin.

Materials and methods 

Unknown sample collection

A total of 16 blue marlin samples of unknown origin was collected for genetic 

analysis (Table 2). A fresh putative Pacific blue marlin loin was purchased from two 

different American seafood companies via the internet. Six samples of blue marlin were 

collected by Trey Knott, a NOAA forensic biologist, and me from two restaurants in 

Vega Baja, Puerto Rico. One sample was collected from a roadside vendor also near 

Vega Baja by a NOAA field agent. An additional seven samples were received from the 

National Ocean Service (NOS) Center for Coastal Environmental Health and 

Biomolecular Research Laboratory. Four of the NOS samples were from suspected 

Atlantic blue marlin from previous enforcement cases. NOAA agents collected the 

remaining three blue marlin samples from fish landed recreationally in the Atlantic.

Genotyping o f reference populations and unknown samples

In order to generate a reference database of multilocus genotypes, 348 blue marlin 

samples, 158 from the Pacific and 190 from the Atlantic (Table 3), were genotyped at 13 

microsatellite loci following the PCR conditions described in Chapter 2. Three of the 

micro satellite loci (Mn08, MnlO, Mn90) were previously published by Buonaccorsi & 

Graves (2000), and the remaining 10 were developed for this study.
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Genomic DNA was extracted from all market and restaurant samples using the 

DNeasy Tissue Kit (Qiagen, Valencia, CA) following the manufacturer’s protocol. These 

samples were genotyped using the above PCR conditions described in Chapter 2 (5.2 pi 

total volume reactions), and the resulting PCR amplification products were 

electrophoresed on an ABI 3130x/ Prism Genetic Analyzer (Applied Biosystems, Foster 

City, CA). Alleles were scored against a GeneScan 500-Liz size standard (Applied 

Biosystems, Foster City, CA) with the GeneMarker 1.6 software (SoftGenetics, State 

College, PA).

Additionally, a mitochondrial control region PCR assay (Jan McDowell, 

unpublished data) was performed to determine which clade (Atlantic or ubiquitous) was 

present in each unknown and reference database individual. This assay was developed 

from control region sequences generated from 40 Atlantic and 40 ubiquitous clade 

individuals. Sequences were aligned and clade-specific forward primers were designed 

for use in a multiplex PCR reaction. A single istiophorid specific reverse primer was 

used in the reaction. The mitochondrial DNA control region was amplified using the 

following PCR mixtures (10.0 pi total volume) containing Qiagen (Valencia, CA) 

reagents: 1.0 pi 10x buffer; 0.2 pi dNTP mix (2.5 mM each); 0.5 pi U487 forward primer 

(10 pM); 0.5 pi A334 forward primer (10 pM); 0.5 pi dloopi reverse primer (10 pM);

0.05 pi Taq polymerase, and 5-50 ng DNA template. The PCR thermocycler protocol 

was as follows: 4 minutes at 94.0° C; 35 cycles of 94.0° C for 1 minute, 57.0° C for 1 

minute, 72.0° C for 2.5 minutes; 10 minutes at 72.0° C. A PCR product volume of 2 pi 

was visualized on a 1% agarose gel to determine whether each individual had a haplotype

22



belonging to the ubiquitous clade or the Atlantic clade based on PCR product fragment 

size. The PCR assay produced fragments of 520 bp length if the individual had the 

Atlantic haplotype and a product of 420 bp if the individual had the ubiquitous haplotype 

(Figure 1).

Genetic data analysis

The program MICROCHECKER (van Oosterhout et al. 2004) was used to screen 

for scoring errors due to large allele dropout and stutter. The program FREENA 

(Chapuis & Estoup 2007) was used to estimate null allele frequencies within Atlantic and 

Pacific populations. Standard diversity indices for the reference database were calculated 

using ARLEQUIN 3.5.1.2 (Excoffier & Lischer 2010). Conformance of genotypic 

frequencies to Hardy-Weinberg proportions was tested using GENEPOP 4.0 (Rousset 

2008). The pairwise Fst (Wright’s fixation index) value was computed between the 

Atlantic and Pacific collections across all 13 loci using ARLEQUIN 3.5.1.2. The 

pairwise Fst values between collections for each microsatellite locus were computed 

using the program FSTAT 1.2 (Goudet 1995). Tests for linkage disequilibrium were also 

conducted and corrected for multiple comparisons using FSTAT 1.2. Identification of 

private alleles among Atlantic and Pacific collections was determined using GenAlEx 6.3 

in Excel (Peakall & Smouse 2006).

The program GENECLASS2 (Piry et al. 2004) was used to conduct assignment 

tests based on the multilocus genotype data generated for the reference database and the 

16 unknown individuals using the partial Bayesian method of Rannala & Mountain
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(1997). For the microsatellite only dataset (13 micro satellite loci and no control region), 

the simulation method of Paetkau et al. (2004) was used to estimate the probability of 

each multilocus genotype being observed in each population using 100 000 iterations. 

Briefly, simulated genotypes for each population were generated by randomly drawing an 

individual from the reference database, then randomly choosing one of their alleles for a 

given locus. The second allele for the simulated individual was chosen in the same 

manner. This process was repeated for all loci, and the number of simulated genotypes 

was equivalent to the number of individuals in the reference database. The assignment 

criterion for each simulated individual, minus itself, was then computed. The likelihood 

of the reference individual or the unknown individual was then compared to the 

distribution of simulated genotype likelihoods for each sampled population. Using this 

method, an individual was assigned to a given population if it was excluded from all 

other populations at a specified threshold (T) level. The exclusions were assessed at 

threshold levels of 0.001, 0.01 and 0.05. These stringent threshold levels are desired so 

that results can potentially be used in court (Manel et al. 2002).

In order to compare the results from the analyses run with and without the 

mitochondrial locus included, the reference database self-assignment analysis and the 

assignment test for the unknown samples using only microsatellite data were also 

conducted using a strict assignment threshold. The probability computation cannot be 

used for datasets containing a mix of diploid and haploid data, so threshold values of 

0.001, 0.01 and 0.05 were used as critical values for exclusions using the dataset 

containing the 13 micro satellite loci and the dloop mitochondrial locus. Therefore, an
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individual was confidently excluded from a population when the likelihood score of the 

unknown fish belonging to the reference population was less than the threshold value.

The likelihood score provided by GENECLASS2 when the probability computation is 

not used is the likelihood of an individual in the population divided by the sum of the 

likelihoods of that individual belonging in each of the other populations.

In summary, three sets of analyses were conducted in GENECLASS2. The 

microsatellite only dataset was assessed using the simulation method and the strict 

assignment threshold method, whereas only the latter method was used to analyze the 

microsatellite and mitochondrial dataset (Figure 2a). In GENECLASS2, individuals were 

assigned to a population if the probability (or likelihood score) of it belonging to the 

other population fell below the given threshold, T (T = 0.001- 0.05).

The program STRUCTURE 2.3 (Pritchard et al. 2000; Falush et al. 2003) was 

also used to assign unknown blue marlin samples to the most likely ocean basin of origin 

using data from the 13 microsatellite loci. Runs in STRUCTURE were conducted using 

the dataset containing both the blue marlin reference database individuals and the 

unknowns to assign each unknown sample to the most likely cluster of origin. The 

program STRUCTURE requires a pre-defined value for K, the number of populations, in 

order to conduct analyses. The value of K  = 2 was selected to complement the 

management strategy of two blue marlin stocks, one Atlantic and one Indo-Pacific. 

Genotypes of individuals were clustered into populations under three different sets of 

model assumptions: (A) no a priori population information with admixture, (B) a priori 

definition of populations with admixture (Hubisz et al. 2009), and (C) a priori definition
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of populations without admixture (following Manel et al. 2002). The a priori 

incorporation of population information allows the program to utilize sampling locations 

of reference individuals when conducting the assignment test (Pritchard et al. 2000). No 

prior population information was provided for the unknown samples.

For all sets of model assumptions, runs were conducted using the correlated allele 

model of Falush et al. (2003). The correlated allele frequency model takes into account 

linkage disequilibrium that may occur due to correlated ancestry between two or more 

populations. The model assumes that a hypothetical ancestral population has allele 

frequencies represented by vector Pa, and that allele frequencies of the K  populations in 

the dataset have independently drifted from the ancestral frequencies at a rate of Fk. Each 

set of runs was performed with a MCMC chain of 106 steps and a burn-in of 500 000 

steps. Using STRUCTURE, an individual was assigned to a population when the 

probability of it originating from that population was greater than the threshold levels (I 

used T = 0.999, 0.99, and 0.95). Like the stringent exclusion thresholds used for 

GENECLASS2, the high assignment levels are desirable for forensic purposes (Manel et 

al. 2002).

In summary, three models were run using STRUCTURE, one where no prior 

population information was used and where admixture was allowed. The other two 

models incorporated prior population information; one did not allow admixture, while the 

other did allow for admixture (Figure 2b). In STRUCTURE, individuals were assigned 

to a population if the probability of it belonging was greater than the given T (T = 0.999 -  

0.95).
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Results

Genotyping o f reference populations and unknown samples

A total of 190 blue marlin samples from the Atlantic and 158 from the Pacific was 

selected for use as reference database individuals (Table 3). Each individual was 

genotyped at the 13 microsatellite loci (10 developed in this study and three from 

Buonaccorsi & Graves (2000)) and the control region mitochondrial locus. Only 14 

samples out of the 348 blue marlin individuals had missing data at any micro satellite 

locus (Table 4). Thirteen of these individuals were from the Atlantic; two had missing 

data at more than one locus. The resulting data matrix contained only 0.4% missing data 

for the microsatellite loci. All reference database individuals were successfully scored at 

the mitochondrial locus. Of the 190 individuals originating from the Atlantic, 79 had the 

Atlantic haplotype. The Atlantic haplotype was also observed in two individuals 

originating from the Pacific (out of 158 total samples). Therefore, the Atlantic haplotype 

was observed in 41.6% of Atlantic individuals, and 1.27% of Pacific individuals.

There was no evidence of linkage disequilibrium among the 13 microsatellite loci 

following corrections for multiple comparisons in FSTAT (Goudet 1995). No significant 

deviations of genotypic frequencies from the expectations of Hardy-Weinberg 

equilibrium were observed in either population following a Bonferroni correction 

(corrected significance level of P < 0.004), except at locus Mn.08 in the Pacific 

collection. Within each population, FREENA (Chapuis & Estoup 2007) estimated low 

null allele frequencies (< 0.05) for both the Atlantic and Pacific collections. The
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program MICROCHECKER (van Oosterhout et al. 2004) found no evidence of scoring 

errors caused by large allele dropout or stutter (Table 5).

The microsatellite loci were highly variable. Observed heterozygosities for the 13 

microsatellite loci ranged from 0.831 -  0.962 in the reference collection from the 

Atlantic, and 0.772 -  0.949 in the reference collection from the Pacific. Expected 

heterozygosities ranged between 0.850 -  0.961 and 0.882 -  0.966 in the Atlantic and 

Pacific populations, respectively. For both populations combined, the mean number of 

alleles per locus was 25.2 with a range of 15 -  43 alleles per locus (Table 5). 

Microsatellite allele sizes tended to overlap, but frequency differences were often 

observed (Figure 3). The number of private alleles per locus within the Atlantic ranged 

from 0 - 2 1  alleles and 0 - 6  alleles in the Pacific (Table 6). The pairwise Fst between 

the Pacific and Atlantic reference collections across all micro satellite loci was small but 

significant ( F st  = 0.0097, p < 0.05). The F st  values calculated for each microsatellite 

locus between locations ranged from 0.001 -  0.018 (Table 7).

Assignment tests in GENECLASS2

The reference database self-assignment analyses were conducted using the partial 

Bayesian method of Rannala & Mountain (1997) in GENECLASS2. Using genotypic 

data for the 13 microsatellite loci only, the self-assignment of reference database 

individuals gave an overall assignment accuracy of 87.6% using the resampling 

probability method of Paetkau et al. (2004) (Table 8). This value reflects only the 

percentage of individuals that were correctly placed in their sampled population based on
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the highest probability of inclusion, without consideration for any confidence values (T 

values). Based on this criterion, 4.2% of Atlantic and 19.0% of Pacific reference 

individuals were “assigned” to the incorrect population (error).

The assignment accuracy improved under the strict threshold methodology using 

likelihood scores. Again, without consideration for any assignment thresholds, an overall 

assignment accuracy of 92.2% was recovered using the microsatellite only dataset. When 

the mitochondrial locus was included, the assignment accuracy increased to 93.4%. The 

error rates were 7.8% and 6.6%, for the Atlantic and Pacific, respectively (Table 8).

When following the specified threshold levels (T = 0.001 - 0.05), the self­

assignment test results followed the same pattern observed in assignment accuracies. The 

resampling method performed the poorest in terms of confident assignment of individuals 

to a population. A maximum of 24.7% of reference database individuals was correctly 

and confidently assigned to the correct ocean basin of origin (T = 0.05). The strict 

assignment threshold method using likelihood scores increased this percentage, with the 

combined dataset (microsatellite and mitochondrial locus) resulting in the highest 

percentage of correctly assigned individuals. The results for all three sets of analyses run 

in GENECLASS2 are summarized in Table 9. I will discuss the reference database self­

assignment test results following the strict assignment threshold method for both the 

micro satellite only and the combined microsatellite and mitochondrial datasets below in 

more detail, as they provided a better success rate in comparison to the resampling 

probability method.
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The analysis using the strict assignment method, using only genotype data from 

the microsatellite loci, resulted in a maximum of 33.3% of reference database individuals 

being confidently assigned to their correct ocean basin of origin (T = 0.05). At the 

exclusion threshold level of 0.001, 29 Atlantic individuals were excluded from the Pacific 

Ocean, and 14 Pacific individuals were correctly excluded from the Atlantic. At the 0.01 

threshold, an additional 24 Atlantic individuals were excluded from the Pacific, and 15 

additional Pacific individuals were confidently excluded from the Atlantic. When T = 

0.05, an additional 14 Pacific individuals could be excluded (totaling to 43 individuals) 

from the Atlantic, and an additional 20 Atlantic individuals (totaling to 73) were excluded 

from the Pacific population (Figure 4a). There were no instances of an individual being 

excluded from both sampled populations, or excluded from the incorrect population, at 

any threshold value.

When the self-assignment test was conducted on the combined nuclear and 

mitochondrial dataset, a maximum of 40.5% of reference database individuals was 

confidently assigned to their population of origin (T = 0.05). At the strictest threshold 

level (T = 0.001) a higher number of individuals was correctly assigned (42 Atlantic and 

18 Pacific) compared to the analysis run using the microsatellite only dataset. When T = 

0.001, all Pacific individuals confidently excluded from the Atlantic using the 

microsatellite data were also excluded with the addition of the mitochondrial locus. This 

was not the case for the Atlantic reference database individuals. Two Atlantic samples 

(ATL98 and ATL167) were excluded from the Pacific based on the 13 microsatellite loci, 

but they were not excluded using the dataset containing both nuclear and mitochondrial
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data at this particular threshold level. Both ATL98 and ATL167 had the ubiquitous 

mtDNA haplotype. However, the likelihood scores computed for ATL98 and ATL167 

belonging to the Pacific for the combined nuclear and mitochondrial dataset were near 

the set threshold level of 0.001 (0.00168 and 0.00151, respectively). At T = 0.01, 27 

additional Atlantic individuals were excluded from the Pacific. When the threshold was 

lowered to 0.05, 23 more Atlantic individuals were excluded from the Pacific (totaling to 

92 individuals). Seventeen additional Pacific samples were excluded when T = 0.01, and 

an additional 14 when T = 0.05. Therefore, a total of 49 Pacific individuals was 

confidently assigned to the Pacific at a threshold level of at least 0.05 (Figure 4b). There 

were no errors in population assignment at any threshold value, and there were no 

instances of individuals being excluded from both the Atlantic and the Pacific.

The unknown sample assignment tests were also conducted using the partial 

Bayesian method of Rannala and Mountain (1997). Congruence of assigned ocean basin 

of origin for unknown samples was confirmed among the three sets of analyses run in 

GENECLASS2 based on assignment accuracies without consideration for confidence 

values (Table 10). Four unknowns (11, 12, 13, and 16) had a higher likelihood score for 

the Atlantic population compared to the Pacific population. All of the remaining 

unknowns had a higher likelihood score for the Pacific Ocean.

Using the probability simulation of Paetkau et al. (2004), none of the unknowns 

was confidently excluded from either of the sampled populations at the more stringent 

threshold levels (T = 0.001 and T = 0.01). However, when T = 0.05, unknown 8 was 

excluded from the Atlantic and unknown 12 was excluded from the Pacific.
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Additionally, unknown 7 was excluded from both populations. These results were not 

corroborated by the strict threshold method using likelihood scores. The microsatellite 

only dataset analysis resulted in the assignment of unknown 14 to the Pacific when T = 

0.01. Two additional assignments were made when T = 0.05; unknown 15 to the Pacific 

and unknown 16 to the Atlantic. When the analysis was conducted using the combined 

nuclear and mitochondrial dataset, the results were similar to those from the 

micro satellite data alone. There were no confident assignments when T = 0.001, and 

there were no instances of an unknown being excluded from both sampled populations. 

Unknowns 14, 15, and 16 were again confidently assigned to a population; however, 

these assignments occurred at higher stringencies compared to when the microsatellite 

only dataset was used. Unknowns 14 and 15 were excluded from the Atlantic when T = 

0.01, and unknown 16 was assigned to the Atlantic at the highest stringency level, T = 

0 .001 .

Assignment tests in STRUCTURE

Overall, the use of a priori population information (models B and C) greatly 

improved the performance of the assignment tests. The proportions of membership (the 

average proportion of an individual’s genotype belonging to each of the clusters (K); i.e. 

admixture) for all models are summarized in Table 11. These values reflect genetic 

contributions (i.e. the average proportion of the individual’s genetic makeup attributable 

to each cluster, and not the percentage of individuals assigned to that cluster). When no a 

priori information was incorporated (model A), proportion of membership to the inferred
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“correct” and “incorrect” clusters was -60% and -30%, respectively, for both the 

Atlantic and Pacific populations. In contrast, when population information was 

incorporated and admixture was not allowed (model C), proportions of membership to 

the “correct” inferred cluster was > 0.998 for both the Pacific and Atlantic populations.

When reference individuals were assigned to the most probable population, the 

accuracy of STRUCTURE was on average 92.3% across all of the models. The 

assignment accuracy, without consideration for the stringent threshold values, was 77.0% 

for model A. Using model B and C settings, the reference database individuals formed 

unmixed “Atlantic” and “Pacific” clusters. Therefore, 100% correct assignment was 

attained when using prior population information in the Bayesian framework (Table 12). 

The results from all three models run in STRUCTURE are summarized in Table 13. 

However, as model C performed the best in assigning individuals to the correct 

population of origin, I will only describe the results of this model further in light of the 

reference database individuals.

Under model C, a priori population information was incorporated and admixture 

was not allowed. Correct assignments to clusters representing the Atlantic and Pacific 

populations were successful under stringent threshold levels and the majority of the 

reference database was assigned at the highest threshold level; 151 Atlantic and 125 

Pacific individuals were correctly assigned when T = 0.999. An additional 29 individuals 

each were assigned to either population cluster when T = 0.99. Finally, when T = 0.95, 

the remaining four Pacific samples were correctly assigned, and an additional eight 

Atlantic individuals were assigned to the Atlantic Ocean (Figure 5). The remaining two
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Atlantic individuals, ATL 45 and ATL 179, were still placed in the Atlantic cluster with 

high probability (ATL 45 = 0.920; ATL 179 = 0.942). There was no error in assignments 

under model C settings.

When the unknown sample analysis in STRUCTURE was run under the settings 

of model A, the results were similar to those observed in the analyses conducted in 

GENECLASS2 (Table 10). Without consideration for T values, unknown samples 11,

12, 13 and 16 were again placed in the Atlantic population, having a higher probability of 

belonging in the “Atlantic” cluster. However, the STRUCTURE analysis under model A 

also placed unknown 5 in the Atlantic, although the probability value given for this 

sample was ambiguous (p = 0.515). None of the unknown samples was assigned to a 

population cluster with a probability >0.877; therefore they could not be confidently 

assigned to either of the two clusters. Confident assignments could not be made for the 

unknown samples based on the analysis under model B either, although many of the 

assignment values were > 0.852. This was true for all the unknown samples except for 

11, 12, 13, and 16. Assignment values for this set of samples remained ambiguous (0.532 

- 0.689). Unknown 16 had a higher probability of belonging to the Atlantic cluster, but 

unlike the results from model A, unknowns 11, 12, and 13 had a higher probability of 

belonging to the Pacific. Finally, under model C, unknown samples were assigned to the 

Atlantic and Pacific populations with more confidence. None of the unknowns was 

placed in either population when T = 0.999; however, six unknowns (1, 6-8, and 14-15) 

were assigned to the Pacific at T = 0.99, and an additional three (2-3, and 9) when T = 

0.95. None of the samples was assigned with confidence to the Atlantic, although
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unknowns 11 and 16 had probability values that suggested an Atlantic origin (0.725 and 

0.833, respectively).

Discussion

Unknown sample assignments

For this study, 16 samples of blue marlin were obtained and used as unknowns for 

assignment tests. Based on the unknown assignment test results, there was no evidence 

of illegal sale of blue marlin products. Unknowns 1-10 and 14-15 were sampled from 

marketed fish and there was no overwhelming evidence suggesting that these samples 

originated from Atlantic individuals. Unknowns 1-3 were provided by the NOS and were 

suspected Atlantic blue marlin obtained from a seafood dealer in New York. The Pacific 

Ocean was the most likely origin of all three samples under all GENECLASS2 and 

STRUCTURE models. Under model C in STRUCTURE, unknown 1 was assigned to the 

Pacific when T = 0.99, and unknowns 2 and 3 at T = 0.95.

Unknowns 4-10 most likely had a Pacific origin as well. Unknown 10 was 

obtained from the NOS and was collected by a NOAA field agent from a Puerto Rican 

vendor. Unknowns 4-9 were also collected from Puerto Rico; DNA from these samples 

was extracted from food items purchased in Puerto Rican restaurants in Vega Baja. For 

these unknowns, GENECLASS2 did not confidently assign the samples to the Pacific 

with the exception of unknown 8. This sample was excluded from the Atlantic Ocean 

when T = 0.05 using the resampling probability method. However, when model C in 

STRUCTURE was considered, four of these six unknown samples were assigned
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confidently to the Pacific (T > 0.95). The remaining two unknowns (unknowns 4 and 5) 

had low probabilities of originating from the Atlantic (p = 0.070 and p = 0.087, 

respectively), suggesting a Pacific origin as well.

Unknowns 14 and 15 were sampled from blue marlin loins purchased from 

internet seafood dealers. Both of these samples most likely had a Pacific origin. This 

was suggested by the results from both GENECLASS2 and STRUCTURE. Using the 

likelihood scores in GENECLASS2, both samples were excluded from the Atlantic with 

high confidence (T > 0.95) using the micro satellite only and combined nuclear and 

mitochondrial datasets. They were assigned to the Pacific with confidence in 

STRUCTURE as well under model C, where they had probabilities of p > 0.992.

The remaining unknown samples (11-13 and 16) were obtained from the NOS and 

were tissues from blue marlin landed recreationally in the Atlantic, so their population of 

origin was certain. The results from GENECLASS2 supported the Atlantic origin of 

these four samples. Unknowns 12 and 16 were the only samples confidently excluded 

from the Pacific at any threshold level. However, the likelihood scores for both datasets 

(microsatellite and micro satellite + mitochondrial) were high ( > 93.99). The probability 

resampling method also gave relatively high values for unknowns 11 and 16, suggesting 

an Atlantic origin. The results from STRUCTURE were more ambiguous for unknowns 

11-13 and 16. Model A recovered the same assignment pattern as GENECLASS2, where 

all four of these unknowns had a higher probability of belonging to the Atlantic, with 

relatively high probability. As in GENECLASS2 analyses, unknown 16 was the sample 

that could be most confidently placed in the Atlantic population compared with the three
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other unknowns under STRUCTURE models A and C. Of these four unknowns, 

unknowns 11 and 16 were least ambiguously placed in the Atlantic population. These 

two samples had a higher probability of originating from the Atlantic based not only on 

their probability values, but also because they were both assigned to the Atlantic under 

model C when unknowns 12 and 13 had a higher probability (though ambiguous) of 

belonging in the Pacific population. It was clear that it was difficult for STRUCTURE to 

unambiguously assign these unknowns. Under model B, unknown samples 11-13 were 

placed in the Pacific population (p = 0.548 -  0.689), and though unknown 16 had a 

higher probability of belonging in the Atlantic, the probability value was also ambiguous 

(p = 0.532). However, it is important to consider that all the results together suggest that 

these samples of known Atlantic origin were from the Atlantic population.

Assignment test performance

This study sought to examine the utility of a suite of newly and previously 

developed genetic markers in identifying the population of origin of blue marlin samples 

using assignment methods. Populations under different management strategies that show 

low divergence can be particularly problematic for assignment testing. Low divergence 

between Atlantic and Pacific blue marlin was evident in the Fst value calculated between 

populations, suggesting some amount of migration occurring between the ocean basins. 

This particular situation can lead to a reduction in power to assign individuals to 

population of origin and/or assignment of false negatives (Ball et al. 2011). However, the 

potential for genotypic data from the loci used in this study to accurately assign
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individuals was promising in light of the STRUCTURE model B and C results where 

89.4 - 99.4% of individuals were correctly assigned when T > 0.95.

Another promising outcome of the assignment tests was that there was relatively 

little error in assigning individuals to their true population of origin, despite the low 

genetic divergence between the Atlantic and the Pacific populations. In the context of the 

current managment strategy for blue marlin, misassigning Pacific individuals to the 

Atlantic population under stringent thresholds would be the worst type of error. This 

error could lead to wrongly accusing individuals of selling Atlantic blue marlin. Under 

model A in STRUCTURE, there was only one instance in which an individual of the 

reference database was excluded from its ocean of origin. This sample was ATL 14, 

which was excluded from the Atlantic when T = 0.95. This misassignment was not 

supported by any other STRUCTURE model. There was also no error using the strict 

threshold method in GENECLASS2 for either of the datasets. Using the resampling 

probability method in GENECLASS2, there was no error recorded for Atlantic 

individuals; however, three Pacific individuals were excluded from the Pacific population 

at T = 0.05 (1.9 % of Pacific reference database samples). Despite this being the most 

undesirable type of misassignment, the three Pacific individuals had very low 

probabilities of an Atlantic origin (p < 0.065). Because the number of misassigned 

individuals and their probabilities of originating from the Atlantic were low, and the 

misassignment of these individuals was not corroborated by any of the other test models, 

the error produced by the probability resampling method was not considered serious.
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Therefore, the reference database demonstrated robustness in avoiding misassignment 

errors for this combination of data and models.

Prior to the development of microsatellite loci for blue marlin, genetic methods 

used to classify putative Atlantic individuals were limited to the identification of 

mitochondrial haplotypes, i.e. whether the individual had the Atlantic or ubiquitous 

haplotype. The success of this method to assign samples to the Atlantic was dependent 

upon the observation that the Atlantic clade of haplotypes did not occur in Indo-Pacific 

blue marlin. The frequency of the Atlantic blue marlin haplotype was 43% in the study 

conducted by Buonaccorsi et al. (2001), and was comparable to the results of this study 

where the Atlantic mitochondrial haplotype was observed in 41.6% of Atlantic 

individuals. Therefore, the success rate for identifying Atlantic individuals was ~ 40% 

prior to the development of microsatellite markers. The use of additional genotypic data 

provided by the micro satellite loci has demonstrated an increase in power to discriminate 

Atlantic blue marlin with high confidence.

In contrast to more recent reports, the Atlantic mitochondrial haplotype was also 

observed in this study at a low frequency (1.27%) in Pacific individuals based on results 

from the PCR assay. The presence of the Atlantic haplotype in Pacific individuals was 

not observed in the studies by Graves and McDowell (1995) or Buonaccorsi et al. (2001). 

However, Finnerty and Block (1992) reported an occurrence of the Atlantic 

mitochondrial lineage in one Pacific individual from Hawai’i in their study based on a 

612 bp sequence fragment of the cytochrome b gene in 26 blue marlin. In order to rule 

out possible errors with the mtDNA PCR assay (i.e. Pacific individuals in reality do not
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have an Atlantic lineage sequence, but there is a problem with the assay), the presence of 

the Atlantic mitochondrial haplotype in Pacific blue marlin should be confirmed by 

sequencing the mtDNA control region locus for the two reference database individuals 

sampled from the Pacific (PAC 2 and PAC 24). Both of these individuals were sampled 

from Australia.

The performance of assignments for blue marlin presented here was comparable 

to other studies using microsatellite markers to assign individuals to population of origin. 

For example, the study conducted by Sonstebo et al. (2007) used genotypic data from 11 

microsatellite loci to assess the population structure of brown trout (Salmo truuta L.) in 

Norwegian streams and lakes of the Hardangervidda. They also used the partial Bayesian 

approach in GENECLASS2 to perform assignment tests to assess the homogeneity of 20 

brown trout populations. Pairwise tests were conducted between each of these 

populations and values similar to the Fst across all 13 loci for blue marlin were estimated 

for three pairwise comparisons (population 12 vs. 10 ( F st  = 0.008), population 12 vs. 11 

( F st  = 0.008) and population 13 vs. 14 ( F st  = 0.009)). Self-assignment accuracy for any 

of these five populations did not exceed 54% (N = 206). My study included data from 

two additional loci compared to Sonstebo et al. (2007), so higher assignment test success 

was expected; however, the magnitude of difference was of interest. The poorest 

performing model (the probability resampling method) for blue marlin assigned 87.6%

(N = 348) of individuals. Following the same method used by Sonstebo et al. (2007) 

(likelihood scores), tests for blue marlin performed even better with an assignment 

accuracy of 92.2%.

40



The 92.2% assignment accuracy in GENECLASS2 based on microsatellite data 

for blue marlin also compared well to the salmon study conducted by Withler et al.

(2004). Using data from 13 microsatellite loci for chinook salmon, and 14 microsatellite 

loci in addition to the MHC class II DAB gene for sockeye salmon, Withler et al. (2004) 

used the partial Bayesian method in GENECLASS to validate reference database 

populations of 37,000 chinook and 39,000 sockeye salmonids. Chinook salmon were 

scored at the same number of loci as blue marlin and assignment accuracies ranged from 

90.1% to 100.0%. Sockeye salmon were scored at two additional loci compared to the 

blue marlin from this study and assignment accuracies for this species ranged from 91.2% 

to 99.2%. For blue marlin, the assignment accuracy for the combined nuclear and 

mitochondrial dataset was 93.4%. The proportions of individuals correctly assigned to 

population of origin fell well within the range of the salmon results despite using much 

smaller baseline populations, and compared to sockeye salmon, fewer loci.

The blue marlin assignment tests also performed well when compared to other 

species groups, including terrestrial organisms. Ball et al. (2011) examined assignment 

method success using empirical data from 10 microsatellite loci for moose in eastern 

Canada. The F st  was relatively low ( F st  = 0.06) between the protected Nova Scotia 

mainland and the New Brunswick populations. Using the partial Bayesian and the 

probability resampling methods in GENECLASS2, Ball et al. (2011) assignment 

accuracies of 10.0% for New Brunswick moose (N = 29) and 67.0% for Nova Scotia 

moose (N = 46). Again, for my dataset the assignment accuracy using the same 

methodology, but with 13 microsatellite loci, was 87.6%. Even at stringent thresholds
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the assignment accuracy using the data developed for blue marlin was comparable to 

results from the Ball et al. (2011) study. A total of 24.7% of individuals was assigned to 

the correct ocean of origin when T > 0.05.

Successful assignments of reference database individuals occurred more often for 

Atlantic individuals compared to Pacific in GENECLASS2. This may have been due to 

the higher number of private alleles in the Atlantic collection (up to 21 at a single locus). 

Higher genetic diversity has been observed in the Atlantic population due to the presence 

of the two distinct mitochondrial lineages (Graves and McDowell (1995)); however, there 

appeared to be little impact of the mitochondrial genetic diversity on the results of the 

GENECLASS2 assignments. The microsatellite only and the combined datasets 

performed similarly (92.2% assignment accuracy compared to 93.4% assignment 

accuracy, respectively). Based on these results, the differential bias towards a greater 

number of private alleles in the Atlantic population seems to be driving the greater 

assignment success using GENECLASS2. Private alleles are clearly evident in locus 

Mn.08 where there is a bimodal distribution of alleles, one mode found only in the 

Atlantic. These private alleles can provide substantial power to assignment methods to 

unambiguously identify the origin of individuals that have these alleles.

The difference in results from the various assignment test programs and models 

has been previously observed (e.g. Manel et al. 2002; Ball et al. 2011) and emphasizes 

the importance of running multiple analyses to reach more confident conclusions. It has 

been suggested that both frequentist (e.g. analyses performed by GENECLASS2) and 

Bayesian (e.g. analyses in STRUCTURE) methods be used complimentarily to assign
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individuals to population of origin and to validate individuals in the reference database, 

respectively (Baudouin et al. 2004). The benefit of combining these two methodological 

categories is that each approach the matter of assigning individuals in different ways, and 

the corroboration of the population of origin among both types of methods can be viewed 

with more certainty. In addition, Bayesian methods have the disadvantage of requiring 

all putative populations to be sampled. The inclusion of GENECLASS2 methods in the 

analysis allows the opportunity to conduct the assignment test with putative populations 

remaining unsampled.

The general success of assignment methods based on the data presented here for 

blue marlin may be due to the hypervariability of the microsatellite loci. In general, more 

variable loci tend to be preferable for use in assignment methods (e.g. Estoup et al. 1998; 

Comuet et al. 1999; Manel et al. 2002; Guinand et al. 2004; Kalinowski 2004; Winans et 

al. 2004), providing better accuracy and success. Winans et al. (2004) used genotypic 

data from 32 allozymes, five micro satellite loci and three introns for steelhead 

(Oncorhynchus mykiss) and found that genetic stock identifications were more accurate 

using all the data combined (i.e. greater number of alleles), although minimal gain was 

attained compared to using subsets of loci. This was evident in the blue marlin 

GENECLASS2 likelihood score results where the addition of the mitochondrial locus 

only increased assignment accuracy by 1.2%. Manel et al. (2002) used simulated data to 

show that 100% accuracy in assignments in STRUCTURE could be achieved at lower 

Fst values using 10 loci with higher mean heterozygosity. Their results based on 

simulated data also suggested that mean heterozygosity had little impact on assignment
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success when Fst was low (0.05), The overall Fst for blue marlin fell below the limit of 

their simulations, suggesting the need for tests investigating the impact of locus 

variability in species with low inter-population divergence.
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CHAPTER IV: CONCLUSIONS

The performance of the dataset used in this study, containing genotypic data from 

the mitochondrial control region and 13 microsatellite loci, demonstrates that our ability 

to discriminate Atlantic and Pacific blue marlin using genetic characters has greatly 

improved. Indeed, confident assignments of individuals can be achieved at stringent 

threshold levels, which are preferable for forensic applications. Prior to this study, 

identification of putative Atlantic blue marlin was very limited. Individuals could not be 

considered as originating from the Atlantic stock with any certainty unless they had the 

Atlantic mitochondrial haplotype. Now a combination of mitochondrial and nuclear data 

can be utilized to assign individuals. In fact, results from this study show that the power 

to assign individuals using genotypic data from the available micro satellite loci alone 

exceeds our previous ability to make confident assignments using only the mitochondrial 

locus.

The application of molecular forensic techniques to the management of blue 

marlin appears to be an appropriate and promising approach. The dataset and methods 

used showed that a high percentage of reference database individuals were correctly 

assigned to their population of origin. In addition, results for tissues collected from 

recreationally landed fish in the Atlantic that were treated as unknowns suggested an 

Atlantic origin. There was also minimal error overall for the assignment methods. The 

most serious error was considered to be Pacific individuals assigned with confidence to
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the Atlantic. Erroneous assignments such as these occurred at low frequencies and were 

not consistent across multiple tests.

Attainment of higher confidence assignments will always be beneficial for 

forensic purposes and to provide robust results for use in court. Overall improvement of 

blue marlin assignments may be achieved by increasing the number of loci. The 

hypervariability of the blue marlin microsatellite loci may provide the ability to reach 

desired assignment performance with comparatively fewer loci, however the currently 

available number of loci should be supplemented to increase the percentage of 

individuals assigned at stringent threshold levels. In addition, the characteristics of 

additional loci should be considered. Identification of loci with private alleles at high 

frequencies may be more desirable to discriminate Atlantic and Pacific stocks, as well as 

loci that have much more dramatic differences in allele frequencies. Different types of 

nuclear loci may be useful as well, for example single nucleotide polymorphisms (SNPs). 

If SNPs can be identified that demonstrate greater allelic frequency differences compared 

to microsatellites, or explicitly demarcate Atlantic and Pacific populations with fixed 

differences, they may provide a powerful dataset to discriminate the two stocks. The 

performance of assignment methods for blue marlin may also be improved upon by 

increasing the number of genotyped individuals (i.e. expanding the reference database). 

Establishing large databases of individuals is generally desirable and has been achieved 

for some fishes (e.g. salmonids), providing data that include all potential source 

populations. Obtaining blue marlin samples from the Indian Ocean, as well as additional 

regions of the Pacific (e.g. additional sites in the western Pacific, eastern Atlantic) may
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be desirable. The affect of including genotypic data from individuals of these locales on 

assignment test results would be interesting and important, particularly if additional 

geographic regions show any unsampled genetic diversity. Finally, the ability to predict 

the usefulness of a locus and its ability to provide power to assignment methods has been 

of interest in recent years, particularly in light of the increasing volume and availability 

of genetic data. More rigorous testing of the performance of assignment methods using 

both simulated and empirical datasets are necessary to gain a better understanding of 

which locus characteristics, and which sets of loci, are more desirable to discriminate 

populations with low estimated Fst values, like in marine fishes. Blue marlin populations 

are an example of where there is low F st , but where highly variable microsatellite loci are 

available. The hypervariability of the nuclear loci appeared to be driving the high 

performance of assignments in this study; however, explicit tests and additional studies 

are needed to determine whether this pattern is robust, and what other conditions are 

required to reach desired performance measures.
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Table 2: Samples used as unknowns for assignment tests in GENECLASS2 and 
STRUCTURE. Six samples were collected from restaurants in Puerto Rico, two from 
American seafood dealers, and eight were received from the National Ocean Service.

Unknown sample no. Source

1 National Ocean Service; New York seafood dealer

2 National Ocean Service; New York seafood dealer

3 National Ocean Service; New York seafood dealer

4 restaurant; Vega Baja, Puerto Rico

5 restaurant; Vega Baja, Puerto Rico

6 restaurant; Vega Baja, Puerto Rico

7 restaurant; Vega Baja, Puerto Rico

8 restaurant; Vega Baja, Puerto Rico

9 restaurant; Vega Baja, Puerto Rico

10 National Ocean Service; Puerto Rico vendor

11 National Ocean Service; tournament/recreational sample

12 National Ocean Service; tournament/recreational sample

13 National Ocean Service; tournament/recreational sample

14 internet seafood company

15 internet seafood company

16 National Ocean Service; tournament/recreational sample
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Table 3: Blue marlin reference database individuals used for assignment tests in 
GENECLASS2 and STRUCTURE. Four sampling locations within each of the 
collections, Atlantic and Pacific, were included.

Population Sample location N

Atlantic

Ghana 49

New Jersey, USA 45

Brazil 45

Jamaica 51

Total 190

Pacific

Australia 46

Mexico 49

Ecuador 19

Hawai’i 44

Total 158
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Table 4: Missing microsatellite data in the reference database matrix. Fourteen out of 
348 blue marlin individuals that were genotyped had missing data at any microsatellite 
locus. The reference database matrix had only 0.4% missing data after accounting for 
these individuals.

Sample Location Missing microsatellite locus 
(loci) data

Atl 3 Ghana Mn.08

Atl 15 Ghana Mn.S

Atl 79 NJ, USA Mn.90

Atl 83 NJ, USA Mn.Y

Atl 84 NJ, USA Mn.M; Mn.Y; Mn.08

Atl 85 NJ, USA Mn.M

Atl 86 NJ, USA Mn.08

Atl 88 NJ, USA Mn.Y

Atl 89 NJ, USA Mn.Y

Atl 91 NJ, USA Mn.Y

Atl 92 NJ, USA Mn.Y

Atl 94 NJ, USA Mn.Y

Atl 101 Brazil Mn.E; Mn.GG; Mn.10; Mn.90

Pac 58 Mexico Mn.S
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Table 6: Private allele frequencies for the 13 blue marlin microsatellite loci used in this
study.

Locus Allele Atlantic Pacific

Mn.E 216 0.003
220 0.003
228 0.003
232 0.008
236 0.003
239 0.008
297 0.003
341 0.003

Mn.I 238 0.003
320 0.008
329 0.005
356 0.003
360 0.003
379 0.003
383 0.005
387 0.003
391 0.003
395 0.003

Mn.AA 198 0.003
202 0.011
214 0.003
302 0.005
307 0.006

Mn.KK 172 0.005
196 0.003
204 0.003
208 0.003
212 0.008
216 0.003
223 0.005
231 0.022
235 0.003
291 0.006
295 0.003
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Table 6 cont.: Private allele frequencies for the 13 blue marlin micro satellite loci used in
this study.

Locus Allele Atlantic Pacific

Mn.K 338 0.003
342 0.003
361 0.013
365 0.003
369 0.003
372 0.003
436 0.003

Mn.M 205 0.005
276 0.011
288 0.003

Mn.S 316 0.003
329 0.003

Mn.Y 167 0.003
175 0.016
179 0.008
261 0.003
274 0.009
278 0.006
283 0.003

Mn.EE 209 0.011
228 0.009
233 0.013
309 0.032
325 0.003

Mn.GG 279 0.003
283 0.003
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Table 6 cont.: Private allele frequencies for the 13 blue marlin microsatellite loci used in
this study.

Locus Allele Atlantic Pacific

Mn.08 263 0.003
296 0.011
365 0.008
381 0.003
388 0.003
392 0.003
404 0.003
409 0.003
413 0.011
417 0.003
421 0.008
429 0.011
434 0.021
437 0.027
442 0.013
446 0.005
450 0.016
454 0.005
458 0.003
461 0.011
465 0.005
469 0.013
473 0.003
485 0.003

Mn.10 254 0.006
265 0.026
277 0.003
285 0.003
341 0.003
344 0.003
348 0.005
351 0.003
355 0.005

Mn.90 212 0.003
219 0.005
232 0.003
239 0.053
272 0.013
286 0.016
297 0.003
306 0.003
333 0.006
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Table 7: Pairwise Fst values for each of the 13 blue marlin microsatellite loci used in this
study.

Locus F st

Mn.E 0.003
Mn.I 0.038
Mn.AA 0.003
Mn.KK 0.016
Mn.K 0.007
Mn.M 0.005
Mn.S 0.001
Mn.Y 0.004
Mn.EE 0.005
Mn.GG 0.006
Mn.08 0.019
Mn.10 0.010
Mn.90 0.010

57



Table 8: GENECLASS2 reference database assignment accuracy results. The percentage 
of individuals from the Atlantic (A) (N = 190) and Pacific (P) (N = 158) collections 
assigned to each population is reported, as well as the overall percentage (N = 348) 
correctly assigned (correct) and misassigned (error). Three analyses were conducted in 
GENECLASS2, the probability resampling method (probability) of Paetkau et al. (2004), 
and a strict threshold method using likelihood scores (threshold) for datasets using 
genotypic data from 13 microsatellite loci (msat) and a combination of the 13 
microsatellite loci and the mitochondrial control region locus (combined).

To

From

Atlantic Pacific correct error

probability

total

A

P

94.2

19.0

4.2

79.7

87.6 10.9

threshold A 92.6 7.4

(msat) P 8.2 91.8

total 92.2 7.8

threshold A 94.2 5.8

(combined) P 7.6 92.4

total 93.4 6.6
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Table 10: Results for population assignment of unknown samples based on most likely 
origin from GENECLASS2 and STRUCTURE. The population each sample was 
assigned to using the different models in GENECLASS2 and STRUCTURE is denoted 
with an A (Atlantic) or P (Pacific). Those denoted with superscripts refer to assignments 
with high confidence. Three models were used in GENECLASS2; assignment using the 
resampling method of Paetkau et al. (2004) (probability resampling), and the strict 
threshold methods using likelihood scores conducted with the micro satellite only (msat) 
dataset and the combined micro satellite and mitochondrial locus dataset (combined). In 
STRUCTURE, model A used no a priori population information and allowed for 
admixture, model B also allowed for admixture, but no population information was 
incorporated, and model C used a priori population information and did not allow for 
admixture. Superscripts refer to assignments at the following threshold levels:a T = 0.05; 
b T = 0.01;c T = 0.001; * exclusion from both populations at T = 0.05 in GENECLASS2 |
1 T = 0.95; 2 T = 0.99 in STRUCTURE.

GENECLASS2 STRUCTURE
unknown probability likelihood likelihood model model model

sample
no.

resampling score (msat) score
(combined)

A B C

1 P P P P P P2
2 P P P P P P1
3 P P P P P P1
4 P P P P P P
5 P P P A P P
6 P P P P P P2
7 P* P P P P P2
8 Pa P P P P P2
9 P P P P P P1
10 P P P P P P
11 A A A A P A
12 Aa A A A P P
13 A A A A P P
14 P pb pb P P P2
15 P Pa pb P P P2
16 A Aa A° A A A
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Table 11: Proportions of membership, the average proportion of an individual’s genotype 
belonging to each of the inferred clusters (K), for the reference database using the three 
models run in STRUCTURE. Model A settings allowed for admixture, but no population 
information was considered. Models B and C allowed a priori use of population 
information, however, model B allowed admixture, but model C did not.

To

From

Cluster 1 Cluster 2

A 0.638 0.362
model A

P 0.344 0.656

A 0.042 0.958
model B

P 0.987 0.013

A 0.002 0.998
model C

P 0.999 0.001
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Table 12: STRUCTURE reference database assignment accuracy results. The percentage 
of individuals from the Atlantic (A) (N = 190) and Pacific (P) (N = 158) collections 
assigned to each cluster is reported for each of the models.

To

From

“Atlantic” cluster “Pacific” cluster

A 74.2 25.8
model A

P 19.6 80.4

A 100 0
model B

P 0 100

A 100 0
model C

P 0 100
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Table 13: STRUCTURE results using stringent threshold values (T = 0.999 -  0.95). The 
number (n) and percentage of reference database individuals from the Atlantic (A) (N = 
190) and Pacific (P) (N = 158) collections correctly assigned (correct) and misassigned 
(error) for the three models run in STRUCTURE. At the higher threshold levels, T = 
0.99 and T = 0.999, there were no erroneous assignments.

T = 0.95 T = 0.99 T = 0.999
correct error correct correct

n % n % n % n %

model
A

A 0 0.0 1 0.53 0 0.0 0 0.0
P 0 0.0 0 0.0 0 0.0 0 0.0
Total 0 0.0 1 0.29 0 0.0 0 0.0

model
B

A 153 80.5 0 0.0 0 0.0 0 0.0
P 92 58.2 0 0.0 66 41.8 0 0.0
Total 245 70.4 0 0.0 66 19.0 0 0.0

model
r*

A 8 4.2 0 0.0 29 15.3 151 79.5
P 4 2.5 0 0.0 29 18.4 125 79.1V-
Total 12 3.4 0 0.0 58 16.7 276 79.3
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FIGURES
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520 bp

Ubiquitous c lad e  Atlantic clade

Figure 1: Mitochondrial DNA clade assay results showing clade specific PCR product 
fragment size. The assay produces a PCR product fragment of 520 bp if the individual 
had the Atlantic haplotype, and a product size of 420 bp if the individual had the 
ubiquitous haplotype.
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a.

GENECLASS2

Method

probability
simulation1 strict threshold

microsatellite X X

combined X

b.

STRUCTURE

Model Assumptions

a priori population 
information admixture

model A X

model B2 X X

model C3 X

1 Paetkau et al. (2004)
2 Following Hubisz et al. (2009)
3 Following Manel et al. (2002)

Figure 2: Summary of the methods and models used to conduct exclusion and assignment 
tests in GENECLASS2 and STRUCTURE. Tests conducted in GENECLASS2 used the 
partial Bayesian method (Rannala & Mountain 1997). All models run in STRUCTURE 
were conducted using the correlated allele frequency model (Falush et al. 2003). In 
GENECLASS2, a dataset using genotypic data for 13 microsatellite loci (microsatellite) 
and a dataset using data from the 13 microsatellite and the mitochondrial control region 
locus (combined) was analyzed.
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Figure 3: Three sets of allele frequency distributions for 348 genotyped blue marlin 
samples from the Pacific and Atlantic oceans, a) Locus Mn.GG shows allele frequency 
overlap among the Atlantic and Pacific, b) locus Mn.KK exemplifies a locus where there 
is moderate separation between collections, and the distribution for Atlantic individuals at 
c) locus Mn.08 is bimodal, where one mode is found only in the Atlantic.
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Figure 4: GENECLASS2 reference database assignment results using stringent threshold 
values (T = 0.001 -  0.05). The total number of individuals correctly assigned at each T 
value using the strict threshold method on the a) microsatellite only dataset, and b) the 
combined dataset using genotypic data from the 13 microsatellite loci and the 
mitochondrial control region locus, are shown.
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0.95 0.99 0.999
Threshold value

Figure 5: STRUCTURE reference database assignment results using stringent threshold 
values (T = 0.999 -  0.95) and model C settings (no admixture, use of a priori population 
information). The total number of individuals correctly assigned at each threshold value 
is shown.
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